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Abstract: Research has been carried out on the optimization of initial treatment and hydrolysis using CEM 
microwave synthesizer and the production of bioethanol from Ulva reticulata seaweed. Optimization in the initial 
treatment was carried out by varying the concentration of HCl and H2SO4 (each in 1; 3; 5; and 7%), variations 
in time (30; 40; 50; and 60 minutes), temperature (100; 150; 200 and 250 °C), and electrical power (100; 150; 
200; and 250 W). Fermentation was carried out anaerobically at 10% inoculum concentration and a production 
time of 6 days. Characterization of reducing sugar using DNS method and characterization of ethanol using GC-
FID and HPLC. The results of the initial lignocellulosic analysis obtained the lignin content of 10.03%, cellulose 
14.38% and hemicellulose 22.29%. After the initial treatment, the lignin content decreased to 3.86%, while 

cellulose increased to 24.50% and hemicellulose to 41.57%. The reducing sugar content produced using HCl is 
97.10 g/L at optimum temperature 200 °C, for 60 minutes, using 7% concentration of HCl and 200 W of power, 
while the optimum reducing sugar content using H2SO4 is 76.40 g/L at optimum temperature 200 °C, time for 50 
minutes, using 3% concentration of H2SO4 and 200 W of power. Production of bioethanol through fermentation 
and distillation processes obtained a bioethanol level of 43.89% (GC) or 18.89% (HPLC) for optimum conditions 
using H2SO4, whereas for optimum conditions using HCl, the bioethanol level is 44.29% (GC) or 18.09% (HPLC).  
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1. INTRODUCTION  
 
Bioethanol can be produced through a fermentation 

process using raw materials that contain 
carbohydrates. The available raw materials are broken 
down into four main types. The first generation of 
bioethanol is mostly edible food crops such as rice, 
wheat, potatoes, corn, and sugar cane, so it competes 
with food consumption (1). Second generation 
bioethanol utilizes lignocellulosic biomass such as 
paper pulp, rice straw, corn cobs, and sugar cane 
bagasse. However, pretreatment is required which is 
expensive and difficult while producing large amounts 
of residue. Alternative raw materials with residues rich 
in monosaccharides or even polysaccharides other than 

lignin are needed. In this context, third generation 
bioethanol production from macroalgae is an 
alternative raw material solution to replace vegetable 
starch and lignocellulosic biomass. This is mainly due 
to the fast growth rate of macroalgae, the absence of 
competition with agricultural land, the high 

carbohydrate content and the relatively simple 
processing steps compared to lignocellulosic biomass 
(2). 

 
Ulva macroalgae is considered to be a third generation 
renewable energy source because it contains 
carbohydrates and lipids (3). In contrast to the high 
starch or sugar content found in first-generation 
feedstocks, second-generation bioethanol typically 
utilizes non-edible feedstocks (4), such as 
lignocellulosic materials and agricultural forest residues 
(e.g., macroalgae) (5). Yu-Qing et al. (2016) state that 
Ulva seaweed contains carbohydrates in the form of 
heteropolysaccharides of glucose, arabinose, 
rhamnose and xylose which are very abundant (6). 

This type of seaweed is widely spread in the East Timor 
Sea (East Nusa Tenggara). However, Ulva Reticulata 
has not been utilized by the people on Timor Island so 
it has become garbage that reduces the aesthetics of 
the coast. On the other hand, seaweed is not used as 
food, so it does not compete with food. 

https://doi.org/10.18596/jotcsa.1336106
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Ulva reticulata conversion is carried out through initial 
treatment, hydrolysis, fermentation, and distillation 
(purification) (7). The use of acid catalysts during 
hydrolysis is very influential on the production of 
reducing sugar. The effectiveness of the HCl type of 
catalyst is higher producing glucose at the same 
temperature, concentration and time compared to 
H2SO4. This is because the nature of HCl is stronger 
with higher reactivity compared to H2SO4. In addition, 
one alternative tool in the initial treatment 
(delignification and hydrolysis) is the use of CEM 

microwave synthesizer which has many advantages, 
such as a short hydrolysis time compared to 
conventional methods, a rate of starch hydrolysis 
reactions to glucose that increases 50-100 times, is 
cost-effective, and is environmentally friendly because 
the acid concentration used is lower (4). 
 
Kolo et al. (2021) reported that hydrolysis of Ulva 
reticulata seaweed with 2% H2SO4 for 50 minutes could 
maximize reducing sugar production of 33.4 g/L and a 
bioethanol concentration of 5.02% at an inoculum 
concentration of 10% for 6 days (8). Research by Kolo 

et al. (2022) also reported that the hydrolysis of Ulva 
reticulata macroalga through variations in temperature 
and reaction time using H2SO4 catalyst obtained a 
sugar content of 27.79 g/L and a bioethanol content of 
7.76% (9). Furthermore, research by Kolo et al. (2023) 
reported that hydrolysis of Ulva reticulata using the 
HNO3 catalyst obtained a sugar content of 86.5 g/L and 
a bioethanol content of 37.2% (10). The three previous 
studies that used the macroalga Ulva reticulata had not 
optimized the fermentation process, so the researchers 
tried to optimize the fermentation process to increase 

bioethanol levels. 
 
The main problem in the fermentation process in an 
effort to find alternative energy is finding the right 
fermentation time and inoculum concentration so as to 
get the highest bioethanol concentration. The novelty 
value of this research lies in optimizing the initial 
treatment converting Ulva reticulata into bioethanol 
using the CEM synthesizer, and refining fermentation 
time and inoculum concentration to obtain the highest 
bioethanol content. This research aims to determine 
the optimum reducing sugar concentration using HCl 

and H2SO4 catalysts through variations in time, 
temperature, and concentration and to obtain the 
highest levels of bioethanol through variations in 
fermentation time and inoculum concentration. 
According to Febriani et al. (2020) using an inoculum 
concentration that is too high (>15%) can cause a 

decrease in cell viability. Apart from that, too high 

levels of bioethanol resulting from long fermentation 
will be toxic to cells so that cells die and their viability 
decreases (11). This research also provides 
information for industry to increase the economic value 
of Ulva reticulata macroalga as a renewable energy 
source in the future. 
 
2. EXPERIMENTAL SECTION  
 
2.1. Material and Tools 
Materials: H2SO4 (Merck), NaOH (technical), HCl 

(technical), glucose (Merck), ethanol (Merck), acetic 
acid (Merck). Inoculum media consisted of 
Saccharomyces cerevisiae inoculum media (yeast 
extract 5 g/L; peptone 5 g/L; glucose 20 g/L as carbon 
source), fermentation media consisted of yeast extract 
5 g/L; peptone 5 g/L; KH2PO4 5 g/L; MgSO4.7H2O 0.4 
g/L; NH4SO4 0.5 g/L; glucose hydrolysate.  
 
Tools: Glassware, analytical balance, pH meter, 
autoclave, 37 °C temperature incubator, water bath, 
CEM Microwave Synthesizer, GC-FID, HPLC, UV-Vis 
Spectrophotometer, fermenter and SEM equipment, 

magnetic stirrer, loop wire, falcon tube. 
 
2.2. Ulva reticulata Macroalga Preparation 
The preparation of Ulva reticulata sp. involve two 
steps: drying and milling. The product is, then sieved 
using ± 100 mesh sieve to obtain Ulva reticulata sp. 
powder. The powder of Ulva reticulata sp. was analysed 
for lignocellulosic content using Surajit Method (4). 
 
2.3. Ulva reticulata Macroalga Powder 
Saccharification 

The saccharification stage of Ulva reticulata powder 
aims to hydrolyze cellulose into monosaccharides such 
as glucose. Saccharification was carried out with 
various concentrations of HCl and H2SO4, temperature, 
time, and power using a CEM microwave synthesizer 
(Table 1). 
 
Acid hydrolysis was carried out in the following way: 
10 g of Ulva reticulata powder and 100 ml of HCl or 
H2SO4 1; 3; 5; and 7% (v/v) were put into a 250 ml 
heating flask, then sterilized. The medium is then 
cooled to room temperature. The heating results are 

then filtered, and the glucose content analysis is 
carried out using UV-Vis, while the hydrolysis residues 
are surface analyzed using SEM (12). The optimum 
results in the hydrolysis process are then used to 
produce bioethanol. 
 
 

Table 1: Optimization of Ulva reticulata sp. powder hydrolysis with HCl or H2SO4 as catalysts. 
 

Treatment 

Optimization (HCl or H2SO4) 

% (v/v) Time (minute) Temperature (oC) Power (Watt) 

1. 1; 3; 5; 7 40 100 100 

2. Result 1 30; 40; 50; 60 100 100 

3. Result 1 Result 2 100; 150; 200; 250 100 

4. Result 1 Result 2 Result 3 100; 150; 200; 250 

Bioethanol Production with Optimum Concentration, Time, Temperature, and Power 
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2.4. The making of Fermentation Medium 
The fermentation medium used was 100 ml of 
hydrolysates in a 250 ml Erlenmeyer for each research 
treatment. The first step in making the starter was to 
inoculate the yeast culture of S. cerevisiae from the 
liquid culture into 100 ml of the fermentation medium, 
which was then incubated at room temperature for 24 
hours (13). 
 
2.5. Bioethanol Production 

Fermentation was carried out using S. cerevisiae. The 
fermentation volume for the hydrolysate medium is 
200 mL. The hydrolysate of Ulva reticulata powder was 
put in the fermentation medium and sterilized at 121 
°C for 15 minutes. The fermentation medium used 
demineralized water as a solvent. Fermentation is set 
at pH 4.5 and a temperature of 30 °C. The inoculum 
concentration was 10% (v/v), and the fermentation 
time was 6 days (14). 
 
2.6. Analysis of the Chemical Content of 
Lignocellulose Ulva reticulata 

A total of 1 g of Ulva reticulata powder was suspended 
in 150 mL H2O and then refluxed for 2 hours at 100 °C. 
The heating results are then filtered to separate the 
residue and filtrate. The dried residue was then 
refluxed again for 2 hours with 150 mL of 0.5 M H2SO4 
at 100 °C. The dried sample residue was immersed in 
10 mL of 72% (v/v) H2SO4 solution at room 
temperature for 4 hours, then diluted to 0.5 M H2SO4, 
refluxed at 100 °C for 2 hours, and dried. The residue 
was filtered and washed with demineralized water until 
neutral. The residue was then dried in an oven at a 

temperature of 105 °C until the weight was constant 
and counted as weight (d). After that, the residue was 
smoked into ash and weighed (e). The composition of 
the lignocellulosic components of Ulva reticulata 
sample was determined by the following calculations: 
 

Hemicellulose (%) : 
𝑏−𝑐

𝑎
 x 100%   (1) 

Cellulose (%)  : 
𝑐−𝑑

𝑎
 x 100%   (2) 

Lignin (%)  : 
𝑑−𝑒

𝑎
 x 100%     (3) 

 
Note: a is the initial weight of dry powder of Ulva 

reticulata sample; b is the weight of the dry sample 
residue after refluxing with hot water; c is the residual 
weight of the sample after refluxing with 0.5 M H2SO4; 
and d is the residual weight of the sample after being 
treated with 72% (v/v) H2SO4 solution (4). 

 

2.7. Surface Texture Analysis of Ulva reticulata 
Powder 
The results of the hydrolysis are filtered and then 
neutralized for further processing. The solid fraction 
was examined for its surface texture by SEM, while the 
liquid fraction was analyzed for reducing sugar content 
using the DNS method. 

 
2.8. Reducing Sugar Analysis (3.5-dinitrosalicylic 
acid (DNS) method) 
The hydrolysis solution of Ulva reticulata powders were 
analyzed for reducing sugar content using the DNS 
method. The analysis of reducing sugars was 
determined using a UV-VIS spectrophotometer (9), 
with the following steps: 

a. Standard glucose solutions were made with 
concentrations of 1000, 2000, 3000, 4000, and 5000 
ppm. 

b. Take 1 mL of each solution, and then add 1.75 mL of 
DNS reagent. 

c. The solutions were homogenized and heated in boiling 
water for 5 minutes. 

d. The cold solution was diluted 5 times and homogenized 
again. 

e. The absorbance was measured using a 
spectrophotometer at a wavelength of 540 nm, then a 
standard curve was made to obtain a linear regression 
equation. 

f. The measurement of the reducing sugar content in the 
sample is carried out in the same way at points b to e. 

g.  
2.9. Bioethanol Product Analysis 
Ethanol analysis was carried out using Gas 
Chromatography-Flame Ionization Detector (GC-FID) 
and High Performance Liquid Chromatography (HPLC) 
with detector temperature 40 °C, column temperature 
60 °C, mobile phase flow rate 0.6 mL/minute, 
Phenomenex ROA Organic Acid column and RI detector 
(Refractive Index).  
 
3. RESULTS AND DISCUSSION 

 
3.1. Ulva reticulata Powder Morphology before 
and after Pretreatment 
Ulva reticulata macroalga powder used as raw material 
in this study contains cellulose, hemicellulose, and 
lignin as the main components (4). However, before 
carrying out the initial treatment process, it is 
necessary to know the composition of the 
lignocellulosic constituents. It is necessary to develop 
an effective method for converting cellulose 
components into simple sugars and also as a basis for 
selecting suitable microorganisms to convert sugars 

into bioethanol. Therefore, the structural carbohydrate 
content of Ulva reticulata powder was determined 
before and after the initial treatment both by analyzing 
the surface morphology and by measuring the chemical 
content of Ulva reticulata powder. After initial 
treatment using CEM microwave synthesizer, the 
mixture was then filtered to separate the filtrate and 
Ulva reticulata residue. The filtrate was used for 
analysis of reducing sugar content, while the residue 
was washed until neutral pH and then dried for analysis 
of powder surface texture using SEM. The results of the 
morphological characterization of Ulva reticulata 

powder are shown in Figure 1. 
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Figure 1: The morphology of Ulva reticulata powder: A. Without initial treatment; B. After CEM Synthesizer 
(HCl), and C. After CEM Synthesizer (H2SO4). 

 
The surface morphology of Ulva reticulata macroalga 
showed that the powder surface was dense and stiff 
before initial treatment and acid hydrolysis (Figure 

1(A)). The initial treatment process removes acetyl and 
other acid substitutions in lignin, and hemicellulose 
protecting the cellulose. The SEM results revealed that 
the macroalga powder was broken and suffered 
significant damage after the initial treatment using HCl 
and H2SO4 (Figure 1 (B and C)). These results indicate 
that both treatments succeeded in degrading the lignin 
portion of the lignocellulosic part of Ulva reticulata 
powder. 
 
The lignin is not a sugar polymer, so it cannot be used 
as a substrate for bioethanol production through 

microbial fermentation. Lignin will also inhibit microbial 
growth during the fermentation process (15). Lignin is 
broken down and released from the structure of 
cellulose and hemicellulose due to initial treatment with 
dilute acid combined with the help of microwave (CEM 
Synthesizer synthesizer). Acid hydrolysis is required to 
degrade the -1,4-glycosidic bonds of linear glucan-
cellulose chains or -1,4-D-pyranosyl linkage of 
heterogeneous hemicellulose polysaccharides into 
sugar monomers, such as glucose, xylose, galactose, 
arabinose, and mannose (4). The initial treatment 
process combined with the CEM Synthesizer 

synthesizer helps to degrade and release lignin from 

cellulose or hemicellulose materials. Lignin is not a 
sugar polymer, cannot be used as a raw material for 
bioethanol production and inhibits microbial growth 

during fermentation (15). 
 
3.2. Chemical Ingredients of Ulva reticulata 
Macroalga Powder 
The results of the analysis of the lignocellulose content 
of Ulva reticulata showed that the cellulose content 
after initial treatment using microwave-assisted 
techniques increased from 14.38% to 24.50%, 
hemicellulose increased from 22.29% to 41.57%, while 
the lignin content decreased from 10, 03% to 3.86% 
(Table 2). 

 

The use of CEM synthesizer in the alkaline 
delignification process increased the cellulose content 
obtained in this study. This indicates that the alkaline 
delignification process with microwave-assisted 
treatment has succeeded in breaking the structural 
bonds between lignin and polysaccharides, thereby 
releasing free cellulose into the solution. Kolo et al., 
(2020), also reported that the cellulose and 
hemicellulose content decreased after acid hydrolysis, 
because this process would also break down the 
glycosidic bonds of cellulose or the -1,4-D-pyranosyl 
bonds of hemicellulose, resulting in monosaccharides 

(4). 
 

Table 2: Lignocellulose content of Ulva reticulata powder. 
 

Process 
Water content 

(%) 
Hemicellulose (%) Cellulose (%) Lignin (%)  

Pre-treatment 53.15 22.29 14.38 10.03 

Treatment (CEM Synthesizer) 29.95 41.57 24.50 3.86 

Sari et al. (2014) reported that the treatment of 100.0 
g of Sargasum duplicatum macroalga yielded 15.08 g 
of cellulose (16). Meanwhile, in our study, 100.0 g of 
Ulva reticulata macroalga yielded 24.50 g of cellulose. 
Adini et al., (2015) also reported that 100 g of 
Gracilaria sp. macroalga contains 19.7 g of cellulose 
(17). Wadi et al. (2019) used alkaline delignification 
(NaOH) for the pretreatment of Eucheuma cottonii. 

They reported that 50.2 g of cellulose was converted to 
6.1% bioethanol using the SSF method (18). The use 
of microwave irradiation can increase the rate of 
hydrolysis of starch into glucose by 100 times (9). 
 
3.3. Reducing Sugar Content in Ulva reticulata 
Powder 
The reducing sugar content in the sample was analyzed 
using a UV-Vis spectrophotometer at a wavelength of 

540 nm with 3,5-dinitrosalicylic acid (DNS) reagent. 
The hydrolyzed filtrate was determined based on the 
formation of a brownish red reduced product when the 
sugar in the sample was reduced from 3,5-
dinitrosalicylate to 3-amino-5-nitrosalicylic acid during 
heating. The brownish red color will be absorbed 
maximally at a wavelength of 540 nm. The reaction of 
glucose with DNS reagent will produce absorbance 

values that can be measured spectrophotometrically 
(19). 
The initial treatment process in this study was 
combined with microwave irradiation techniques using 
a CEM synthesizer. The use of this technique is to 
increase the efficiency of the hydrolysis reaction to 
obtain a higher reducing sugar content. The results of 
the hydrolysis of Ulva reticulata powder using CEM 
synthesizer are presented in Table 3. The optimum 
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yield of reducing sugar using HCl was influenced by 

microwave irradiation, as indicated by the 
concentration of reducing sugar increasing with 
increasing acid concentration, temperature, time, and 
microwave irradiation power (Table 3). 
 

3.4. Variation of Temperature, Time, Power, and 

Concentration of HCl 
The optimization results of the initial treatment are 
presented in Table 3, showing the analysis of reducing 
sugars from the hydrolysate of Ulva reticulata powder 
using HCl. 

 
Table 3: Results of Ulva reticulata powder reducing sugar using HCl. 

 

Temp 

(°C) 

GP (g/L) WR 

(Min) 

GP (g/L) HCl (% 

v/v) 

GP (g/L) DI 

(Watt) 

GP (g/L) 

100 19.5 30 24.7 1 
46.4 

100 79.7 

150 75.1 40 43.0 3 
56.4 

150 86.1 

200 79.6 50 56.3 5 
68.3 

200 97.1 

250 74.0 60 84.7 7 
84.7 

250 90.9 

Abbreviations: HCl: Hydrochloric Acid; GP: Reducing Sugar; WR: Reaction Time; Temp: Temperature; DI: 
Irradiation Power. 
 
The results of the hydrolysis in Table 3 show an 
increase in reducing sugars with an increase in the 
concentration of hydrochloric acid used and the 
hydrolysis time. However, it was different for the 
hydrolysis temperature, which increased from 100 °C 
to 200 °C and then decreased at 250 °C. Likewise, the 
irradiation power increases from 100 to 200 W and 

then decreases at 250 W of power. This condition is 
caused by an increase in temperature and excess 
power, so sugar products will be converted into 
secondary compounds such as furfural and 
hydroxymethylfurfural (HMF) (20). The most optimal 
conditions for hydrolysis of Ulva reticulata macroalga 
using hydrochloric acid (HCl) combined with CEM 
synthesizer are an acid concentration of 7% (v/v) with 
an irradiation power of 200 watts for 60 minutes at 200 
°C, which produces reducing sugars of 97.10 g/L. This 
result is higher than the study conducted by Kolo et al., 
(2021), which produced a reducing sugar content of 

33.4 g/L obtained at a concentration of 2% H2SO4 at a 
temperature of 150 °C with a reaction time of 50 
minutes using a Kirin type household microwave. 
 
3.5. Variation of Temperature, Time, Power and 
Concentration of H2SO4 
The results of the optimization of the initial treatment, 
obtained by analyzing the reducing sugars from the 
hydrolysate of Ulva reticulata powder using H2SO4 are 
shown in Table 4. The results of the hydrolysis in 
Table 4 show an increase in reducing sugars with the 

increase in the concentration of acid used, hydrolysis 
time, temperature, and irradiation power of CEM 
synthesizer. Kolo et al., (2022) reported that 

hydrolysis of acid (H2SO4) in Ulva reticulata using a 
Kirin type microwave with a combination of 
delignification and hydrolysis through variations in 
hydrolysis time and temperature obtained an optimum 
reducing sugar of 27.97 g/L at 150 °C, a concentration 
of 2% H2SO4, and a hydrolysis time of 50 minutes. 
These results are still low compared to those obtained 
in this study. Optimum conditions for hydrolysis of Ulva 

reticulata macroalga using sulfuric acid (H2SO4) 
combined with CEM synthesizer at an acid 
concentration of 5% (v/v) with an irradiation power of 
200 W for 50 minutes at 200 °C, produce reducing 
sugars of 76.40 g/L. 

 
Based on the variation of reaction time and hydrolysis 
temperature, it was seen that there was a color change 
in the Ulva reticulata hydrolysate. The longer the 
heating time at high temperatures, the darker the color 
of the hydrolysate. This indicates that there has been 
a complete degradation of hemicellulose and cellulose 

into glucose (21), but if the hydrolysis process is 
continued at high temperatures, charcoal will form on 
the flask wall (Figure 2). This proves that the resulting 
glucose is damaged or burned, and the caramelization 
is formed (Kolo et al., 2022). In addition, the longer 
reaction time causes the formation of secondary 
compounds such as hydroxymethylfurfural (HMF), 
which then reacts to form formic acid (22). The use of 
CEM synthesizer is considered to be more 
advantageous than the standard reflux method and 
simple microwave due to the shorter reaction time (in 

minutes), less solvent, and higher reducing sugar 
product. 

 
Table 4: Results of Ulva reticulata powder reducing sugar using H2SO4 

 

Temp 
(°C) 

GP (g/L) WR (Min) GP (g/L) 
H2SO4 (% 

v/v) 
GP (g/L) DI (Watt) GP (g/L) 

100 7.3 30 3.1 1 63.0 100 56.8 

150 12.0 40 19.2 3 64.7 150 60.0 

200 23.7 50 33.4 5 61.3 200 76.4 
250 17.1 60 28.0 7 59.7 250 69.9 

Abbreviations: H2SO4: Sulfuric Acid; GP: Reducing Sugar; WR: Reaction Time; Temp: Temperature; ID: 
Irradiation Power. 
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Figure 2: Hydrolysis results using CEM synthesizer (personal documentation). 
 

3.6. Ulva reticulata Powder Hydrolysate 
Fermentation 
The result sugar is then utilized in the fermentation 
process by selecting the optimum conditions of the two 
catalysts used, namely HCl and H2SO4. The optimum 
condition of glucose hydrolysate used during the 
fermentation process was 3% H2SO4 treatment at a 

temperature of 150 °C for 50 minutes. Meanwhile, the 
glucose hydrolysate in the HCl treatment had 7% HCl 
concentration at a temperature of 150 °C and a 
reaction time of 50 minutes. The fermentation process 
uses Ulva reticulata powder hydrolysate as a substrate 
using the yeast Saccharomyces cerevisiae. S. 
cerevisiae was chosen because it has various 
advantages, including a high survival rate and the 
ability to produce alcohol in sufficient quantities (23). 
Before proceeding with the gas chromatography and 
HPLC testing, we performed a qualitative analysis using 

potassium dichromate (K2CrO7) to ensure that the 
sample from the graded distillation yielded ethanol. 
The results of the analysis are presented in Table 5. 
The results of purification after fermentation are shown 
in Table 6. 
 
The results of the qualitative test showed that there 

was a color change from orange to bluish green in both 
standard ethanol and fermented samples. According to 
Kolo et al., (2023), stated that a positive test for the 
presence of ethanol was indicated by a change in the 
color of potassium dichromate from orange to bluish 
green. So, it can be concluded that in the fermented 
sample there has been a change in glucose to ethanol, 
which is marked by a change in the color of the 
potassium dichromate solution from orange to bluish 
green when the fermented sample is added (10). 

 

Table 5: Qualitative test results using K2Cr2O7. 

 

 
 

3.7. Ethanol Analysis Using Gas Chromatography 
The quantitative analysis of bioethanol content in 

Ulva reticulata powder samples was carried out using a 
gas chromatography instrument. Analysis using GC 
was carried out to determine the presence of ethanol 
produced from the fermentation process. The 
compound used as an internal standard is toluene to 
create a perfect separation between the sample peaks 
and the measurement of compound levels is not 

influenced by other compounds. Toluene was chosen 
as the internal standard because it has a molecular 
formula similar to that of ethanol. With this similarity, 
the solubility between the two solutions  
 
is easy to know based on the principle of like dissolved 
like (24). 

 
The GC chromatogram in Figure 3 shows that the 
fermented sample contains 3 peaks with different 
retention times, namely at retention times of 2.950, 
3.216, and 4.288 minutes where the compound that 

comes out or evaporates as a peak is hexane, then 

followed by ethanol and toluene. Sample 
chromatograms were confirmed using standard ethanol 
chromatograms which were detected at a retention 
time of 3.214 minutes. The peak of the hexane 
compound comes out first because hexane has the 
lowest boiling point (68.7 °C) compared to ethanol 
(78.3 °C) and toluene (110.6 °C) (8). This is because 
the components of the mixture in the sample will 
separate or come out according to their boiling point. 

The component that has a lower boiling point will 
evaporate first, so it will come out as the first peak on 
the chromatogram. In this study, hexane was used as 
a solvent to dissolve ethanol and toluene before being 
injected into the GC. Hexane is used as a solvent 
because it is a non-polar compound and is a good 
organic solvent because it has a low boiling point 
(volatile), harmless, non-toxic, not explosive or 
flammable, inexpensive and inert (does not react with 
solutes) (24). 
 
The chromatogram obtained can be used to calculate 

the concentration of bioethanol in the sample by 

 Sample Test 
Result 

Picture 

Pure ethanol + 

                   
Bioethanol of 
Ulva reticulata 

powder 

+            
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comparing the area of the ethanol peak with the area 

of the standard. The obtained calculation show that the 
optimum concentration of ethanol, at an inoculum 
concentration of 10% using glucose hydrolysate from 
optimization of H2SO4 was 43.8% and 44.2% from 
optimization using HCl. The low concentration of 
bioethanol produced in this study was caused by 
several factors, such as the fact that not all glucose 
molecules were converted into ethanol, and also 
because during the hydrolysis process using acid, 
hydroxymethylfurfural (HMF) compounds were usually 
formed, where this compound was an inhibitor 

compound that could inhibit the growth of 
microorganisms in the fermentation process. In 
addition, it is also caused by the slow fermentation 
process due to the small amount of nutrients in the 

medium. This situation is also due to the fact that 

ethanol has been oxidized to acetic acid either during 
the filtering process or when transferring the distillate 
sample from the distillation flask to the reagent bottle. 
According to Azizah et al., (2012), the products of the 
fermentation process include, in addition to ethanol, 
acetic acid, fussel oil, and acetaldehyde (25). Another 
factor that causes low concentrations of bioethanol is 
the presence of contaminants such as lactic acid 
bacteria, and acetic acid bacteria which are capable of 
being inhibitors in the fermentation process (26). 
Another influencing factor is the presence of residual 

water content in the distillation sample. 
 

 
 

 
 

Figure 3: Chromatogram (GC): A. Ethanol standard, B. Bioethanol sample. 
 
 

3.8. Ethanol Analysis Using High Performance 
Liquid Chromatography (HPLC) 
The production of bioethanol is carried out through a 
fermentation process using an inoculum concentration 

of 10% for 6 days. The results of HPLC analysis of the 
content of ethanol and acetic acid in the product after 
fermentation are presented in Figures 4 and 5. 
Ethanol and acetic acid in the product after 

fermentation were confirmed by comparing the 
retention times of standard ethanol and acetic acid with 
the fermentation samples. Concentrations of ethanol 
and acetic acid were calculated using HPLC 

chromatogram analysis data. The area data of each 
ethanol and acetic acid were entered into the standard 
regression equation of ethanol and acetic acid. 

 
 

Figure 4: Standard Chromatogram of Acetic acid and Ethanol. 
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Figure 5: Chromatogram of Acetic acid and Ethanol in Fermentation Products. 
 

The peak area of the ethanol product in the HPLC 
analysis chromatogram was then entered into the 
standard regression equation of ethanol and acetic  

acid as a variable (y) to obtain the concentration (x), 
as follows: 

 
 

 
 

Figure 6: Linear plot between area in chromatogram and concentration of acetic acid. 
 

 
 

Figure 7: Linear plot between area in chromatogram and ethanol concentration. 
 

Ethanol concentration (x): 
𝑦−𝑏

𝑎
 

Ethanol concentration (g/L): Ethanol conc. (%) x ρ x 
10 (correction factor) (4) 
 
The initial concentration of glucose, obtained directly 
from the initial treatment process of Ulva reticulata 
macroalga was 97.1 g/L. The hydrolyzate at the 
optimum conditions of H2SO4 was then fermented and 

obtained optimal concentrations of  

 
bioethanol and acetic acid of 18.8% and 0.013%, 
respectively, by using a 10% inoculum concentration 
for 6 days of fermentation. Under these conditions, the 
bioethanol yield was 23%, with the highest productivity 
rate of 0.2 g/L per day. Fermentation efficiency reaches 
a level of 34.41% and substrate conversion efficiency 
is 56.38%. 
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Table 6: Bioethanol yield from Ulva reticulata. 

Optimum 
Hydrolysis 

Inoculum 
(%) 

Fermentation 
time (days) 

Ethanol content (%) Acetic Acid 
content (%) GC HPLC 

H2SO4 3%, 150 °C, 

50 min 
10 6 43,8 18.8 0.013 

 
HCl 7%, 150 °C, 50 

min 
10 6 44,2 18.0 0.012 

 
Yadav et al. (2011) reported the results of research on 
the topic of bioethanol production from rice straw 
hydrolyzate using co-cultures, namely Sacharomyces 
cerevisiae and Pichia stipitis, and obtained an ethanol 
concentration of 1.2% and an ethanol productivity rate 

of 0.33 g/L a day (14). Kolo et al. (2020) reported a 
research on the topic of bioethanol production from 
Hydrolyzed Elephant Grass using 2 types of yeast, 
namely Sacharomyces cerevisiae-Pichia stipitis, and 
the resulting ethanol concentration was 10.97 g/L with 
a productivity rate of 0.45 g/L per hour and 
fermentation efficiency reaching 69.48%. Based on the 
results of ethanol and the parameters determined, it 

can be concluded that the highest ethanol 
concentration was obtained by fermentation using an 
inoculum concentration of 10% to produce 44.2% 
ethanol with a fermentation time of 6 days. The ethanol 
content was then used to calculate the fermentation 

efficiency, yield, productivity rate, and substrate 
conversion (Table 7). When viewed from the 
effectiveness and efficiency of the use of materials and 
time in this study, it is necessary to optimize the 
fermentation process to determine the best inoculum 
concentration and fermentation time so as to increase 
the yield and ethanol content obtained. 

 
Table 7: Substrate parameters and fermentation products. 

 

Initial treatment EF (%) Yp/s (%) Rate (g/L.day) Ks (%)  

H2SO4 3%, 150 °C, 50 min 23.68 24.59 0.13 40.68 

HCl 7%, 150 °C, 50 min 19.35 19.35 0.13 53.68 

Description: Ks = Total substrate conversion (%), Yp/s (%) = Yield or yield (ethanol/substrate), Theoretical 
yield = 51%, Rate(g/L,days) = ethanol productivity rate/day, EF= Fermentation efficiency(%). 
 
4. CONCLUSION 
 
In this study, the biomass content after pretreatment 
using the CEM synthesizer technique was 24.50% 
cellulose, 41.57% hemicellulose, and 3.86% lignin. The 
reducing sugar content obtained was 97.1 g/L at the 
optimum conditions of 5% HCl; 200 °C; 200 Watts of 

irradiation power; and a 60 minutes of hydrolysis time. 
Bioethanol production  
 
through fermentation and distillation processes 
resulted in bioethanol levels of 43.89% (GC) or 
18.89% (HPLC) under optimum conditions with H2SO4 
and 44.29% (GC) or 18.09% (HPLC) under optimum 
conditions with HCl. The efficiency of fermentation is 
23.68%, the optimal rate of ethanol productivity is 
0.13 g/L/day and the substrate conversion is 53.68%. 
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Abstract: Lipases are widely used in a variety of industries, both to develop products and to improve 
process efficiency. The need for lipase increased along with the wider application of this enzyme. Therefore, 
studies related to the search for potential lipase-producing microbes that answer the needs of the industry 
are required to be carried out continuously. Enzymes produced by microbes are preferred because they 
can be produced quickly compared to other sources. Bacillus flexus InaCC-B486 was used to produce lipase 
in this study with olive oil as substrate. This research aimed to observe the production of lipase from B. 

flexus InaCC-B486 and characterize its activity. The result shows that the production of B. flexus InaCC-
B486 lipase was optimal at day-4 which was 11.983 ± 0.101 U/mL. The activity of B. flexus InaCC-B486 
lipase was optimal at an incubation time of 15 minutes (2.810 U/mL), pH of 8.0 (3.173 U/mL), and a 
temperature of 35 oC (3.173 U/mL). These findings can be used for further applications, both in research 
and industry, that use B. flexus InaCC-B486 as a resource for lipase production or any related applications. 
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1. INTRODUCTION  
 

The touch of biotechnology has contributed to the 
development of industry. One application in the field 
of biotechnology is the use of enzymes in industry, 

both in the process of making a product and in the 
use of enzymes as ingredients of a product. There 
are potential industries using enzymes, such as food 
and beverages (dairy, bakery, fruit juices, beer, and 

wine) (1), cosmetics, detergents, and oil-mining 
industries (2). Moreover, the enzyme has already 
been applied in the ecological services industry as 
an agent to eliminate pollutants. One enzyme widely 
applied is lipase. Lipase works to break down the 
ester bond in acyl-glycerols to glycerol and free 
fatty acids by hydrolysis process. This versatile 

enzyme enhances flavors, pharmaceuticals, and 
cosmetics. Moreover, it serves as an essential 
component in wastewater treatment, including oil-

pollutant removal, detergent cleaning, and other 
water-wastes elimination (3,4). 

 
Research on lipase, especially in production, has 
been conducted for a long time and is still 

interesting today. Lipase production must be 
efficient in process and cost so that it can be more 
applicable.  Lipase is naturally present in the human 
stomach and pancreas, as well as in other animal 

species, to digest fats and lipids. Other than that, 
lipase is also produced by microbes such as 
bacteria, yeast, and fungi. We can use microbial as 
the source of lipase to enhance and optimize 
production. Microbial enzymes contribute to 
approximately 90% of the global lipase market and 
industry.  Moreover, the use of microbes tends to 

support sustainability since the microbes are 
relatively easy to grow and reproduce (5–7). Many 
microorganisms have been reported to produce 
lipase, such as Bacillus, Burkholderia, 
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Corynebacterium, Geobacillus, Idiomarina, 

Oceanobacillus, Pseudomonas, Staphylococcus, and 

Virgibacillus (8).  Bacillus sp. were found to be 
predominant in the production of enzymes because 
of their shorter generation time, and the ease of 
genetic and environmental manipulation (9). 
Bacillus sp. is known to produce extracellular 

enzymes such as amylase, lipase, and protease 
(10,11). Roy et al. (10), reported that Bacillus 
flexus is a potential source of lipase, protease, 
amylase, and cellulase. The strain B. flexus KP1-14 
cultivated in NB medium supplemented with 1% 
(v/v) Tween 80 was reported to have the highest 
lipase activity (29.68 ± 0.80 U mL-1) by using p-

nitrophenyl butyrate (8). The pathogenicity test 
performed in blood agar did not show any halo zone 
formation, thus indicating that B. flexus is non-
pathogenic (10). So, lipase produced by B. flexus is 

safe to be used in the food and beverage industry 
as well as for other commercial needs. Other than 
that, the activity optimization of lipase needs to be 

conducted since the artificial environment applied, 
such as temperature, pH, activator, inhibitor, or 
other factors, can significantly influence the work of 
the enzyme itself. 
 
The research on lipase from B. flexus needs to be 

enriched to fill the knowledge gap so that the further 
use of lipase could be complete and comprehensive 
enough to be applied in industry. Furthermore, the 
various collections of B. flexus exist and can be 
obtained from any culture collection organization. 
One of them is the collection of B. flexus from the 
Indonesian Culture Collection (InaCC), Indonesia. 

There was no report regarding the production and 

activity characterization of lipase from B. flexus 
collection from InaCC. Only a few isolates of B. 
flexus from Indonesia have been reported to have 
lipolytic activity, namely strains C13 and C14 (12) as 
well as SS5 (13). However, all these isolates have 
not been studied further regarding their lipase 

activity. Therefore, this research was designed to 
investigate the production and characterize the 
activity of lipase produced by Bacillus flexus InaCC-
B486. The lipase production was monitored daily for 
a 7-day period. Subsequently, activity 
characterization was systematically conducted, 

focusing on some parameters, including incubation 
time, pH, and temperature. 
 
2. EXPERIMENTAL  

 
2.1. Materials 
The materials employed in this research included 

glucose, peptone, yeast extract, NaCl, K2HPO4, 
MgSO4.7H2O, (NH4)2SO4, p-nitrophenyl palmitate 
(p-NPP), triton X-100, Arabic gum, acetone, 
ethanol, olive oil, aquadest, and a bacterial isolate 
of B. flexus InaCC-B486, obtained from the 
collection of the Indonesia Culture Collection 
(InaCC).  

 
2.2. Media Preparation 
Specific media was prepared for the growth of B. 
flexus InaCC-B486, following Soleymani et al., (14). 
The media was formulated to support lipase 

production. The media was made for 1 L and 

consisted of glucose and peptone (10 g), yeast 

extract and NaCl (5 g), K2HPO4 (1 g), CaCl2 (2 g), 
MgSO4.7H2O (0.2 g), (NH4)2SO4 (2 g). The pH was 
adjusted to 7.0 and then sterilized using an 
autoclave at 121oC for 15 minutes. A total of 20 mL 
of olive oil that had been sterilized by filtering was 

added afterward to the media. 
 
2.3. Lipase Production  
The 24-hour starter of B. flexus InaCC-B486 
inoculated in nutrient broth was added to the 
prepared media as much as 1% (v/v). The mixture 
was then incubated in a rotary shaker with an 

agitation time of 110 rpm at room temperature. The 
production was conducted in triplicate.  The lipase 
was obtained by centrifugating the culture at 4 oC, 
5000 rpm, and 20 minutes. The supernatant was 

collected since the lipase was soluble in the 
supernatant. The lipase was collected each day 
within 7 days for testing the activity of lipase. The 

incubation time with the highest lipase activity value 
is used as the production time for the next stage, 
which is the effect of reaction incubation time, pH, 
and temperature. 
 
2.4. Effect of Incubation Time, pH, and 

Temperature on Lipase Activity Assay 
Lipase obtained from the production process was 
used to characterize the lipase activity in several 
parameters. These observations were conducted 
sequentially for incubation time, pH, and 
temperature. The base temperature and pH were 
35oC and 7.0. The incubation time varied between 0 

and 60 minutes, with an interval of 15 minutes. 

After gaining the highest lipase activity during the 
incubation time, the effect of pH was observed. The 
pH was varied between 5 and 10, with an interval of 
1 scale. In the third step, the effect of temperature 
on lipase activity was observed. The highest lipase 
activity of incubation time and pH was used to 

observe the effect of temperature. The temperature 
varied between 25oC and 50oC with an interval of 
5oC. Experiments to determine each parameter 
were carried out in triplicate. 
 
2.5. Lipase Activity Assay 

The lipase activity was measured using p-
nitrophenyl palmitate (p-NPP) as a substrate. The 
substrate was prepared by dissolving 6.6 mg of p-
nitrophenyl palmitate (p-NPP) in 1 mL of 

isopropanol, which was then added to a detergent 
solution. The detergent solution was prepared from 
200 µL Triton X-100 dissolved in a 20 mL buffer to 

which 11 mg of Arabic gum had been added. The 
reaction solution consisted of 250 µL of substrate 
and 500 µL of crude lipase (culture-free 
supernatant). The reaction solution was 
homogenized using a vortex and then incubated at 
35oC for 15 minutes. The reaction was stopped with 
250 µL of acetone: ethanol (1:1) solution. The 

absorbance of the sample was read at a wavelength 
of 410 nm (15). Lipase activity was determined by 
measuring the concentration of p-nitrophenol (p-
NP) released during the hydrolysis reaction, utilizing 
the standard curve of p-NP. One unit of enzyme 
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activity using this method was defined as the 

amount of enzyme liberating 1 µmol of p-

nitrophenol per minute. 
 
2.6. Standard Curve of p-Nitrophenol (p-NP) 
Standard series of p-NP were prepared in 
concentrations of 10, 20, 30, 40, 50, and 60 µmol. 

The absorbance was measured at a wavelength of 
410 nm. The linear curve was drawn with the y-axis 
as absorbance and the x-axis as the concentration 
of p-NP. The formula and linear regression of the 
curve were determined to calculate the lipase 
activity (15). 
 

2.7. Data Analysis 
Data were analyzed using one-way ANOVA, and if 
the results were significant, they were then 
continued with Duncan's Multiple Range Test 

(DMRT) at a 95% confidence level. The data was 
processed using Microsoft Excel 2013. 
 

3. RESULTS AND DISCUSSION 
 
Bacillus is well known as the best lipase-producing 
source (1,3). The microbial lipases are mostly 
extracellular enzymes secreted into the lipase 
production medium. Submerged fermentation 

(liquid fermentation system) was widely used as a 
technique to produce lipase enzymes from 
microorganisms. This is a method of cultivation of 
microorganisms in a liquid broth medium that 

breaks down the supplied nutrients into a compound 

(3). In this study, olive oil was used as a lipidic 

substrate. Zarevúcka (16) reported that the use of 
olive oil in lipase production can enhance the lipase 
yield compared to other oil sources. 
 
3.1. Lipase Production Time 

Lipase production from B. flexus InaCC-B486 using 
olive oil as a substrate gave the best results on day 
4, with a value of 11.983 ± 0.101 U/mL, which was 
a significant difference compared to the three first 
days and day 5. Lipase production was first detected 
on the first day of incubation and continued to 
increase until the fourth day of incubation. Lipase 

production began to decrease on the fifth day. On 
the sixth and seventh day, there was a slight 
increase in lipase production, but it was not 
significantly different from the previous day. (Fig. 

1). Another study also reported that the optimum 
production of lipase time by B. subtilis PCSIR NL-38 
was found on day 4, but with an activity value of 8.8 

U/mL at 32oC (17). Meanwhile, the highest lipase 
production from B. cereus ATA179 was obtained on 
day 2 with a value of 6.6 U/mL (18).  The decrease 
in lipase activity observed after a longer incubation 
time could be attributed to decreased nutrient 
availability (19). Furthermore, the presence of 

proteolytic activity, which can decompose enzyme 
proteins, caused a decrease in enzyme activity 
(20,21). 

 

 
Figure 1. Lipase production time from Bacillus flexus InaCC-B486 on lipase activity. 

The difference in lowercase symbols between treatments indicated a significantly different (P<0.05) of 
lipase activity value according to Duncan’s Multiple Range Test (DMRT). 

 
3.2. Effect of Incubation Time, pH, and 
Temperature on Lipase Activity Assay 
The lipase activity assay in this study followed the 
spectrophotometric method using p-nitrophenyl 
palmitate (p-NPP) as the substrate. The assay was 
carried out based on the colorimetric principle with 

the hydrolysis of the ester substrate from palmitate 
by lipolytic enzymes, which had an effect on the 
release of the para-nitrophenol (p-NP) chromogenic 
product (22). This reaction produces the yellow-
colored product of p-NP, which is measurable 
spectrophotometrically at 410 nm. One unit of 
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enzyme activity was defined as the amount of 

enzyme liberating 1 µmol of p-nitrophenol per 

minute. This method was advantageous because of 
its short reaction time and the result can be read 
using spectrophotometric analyses (23). The 
standard p-NP curve in this study was linear in the 
range of 0.147‒0.819 µmol, with a determination 

coefficient (R2) of 99.95% (Fig. 2). The equation of 

this standard curve will be able to predict the 

concentration of p-NP products released by the 
reaction that occurs, which then the lipase activity 
can be calculated. 

 
 

 
 

Fig. 2. Standard curve of p-NP. 
 
Mostly, the active sites of bacterial lipases are 
covered by an alpha-helical flexible ‘‘flap’’ that can 

change from closed to open conformation when the 
lipase enzyme is absorbed by the lipid–water 
interface. The phenomenon of increased lipase 
activity at the lipid–water interface is referred to as 
interfacial activation (24–26). 
 
The characterization of lipase activity began with 

the search for the best reaction time. The data 
obtained showed that the reaction had not occurred 

initially (minute 0) and the best lipase activity with 
a value of 2.810 ± 0.106 U/mL was found at the 

15th, minute which was significantly different from 
the incubation time of other observation times. The 
lipase activity after 15 minutes of incubation 
continuously decreases until 60 minutes of 
observation (Fig. 3). The decrease in enzyme 
activity can be caused by denaturation, structural 
modification, or dwindling substrate availability, 

which eventually triggers the repression of enzyme 
action (27). 
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Fig. 3. Effect of reaction time conditions of lipase activity assay. 

The difference in lowercase symbols between treatments indicated a significantly different (P<0.05) of 
lipase activity value according to Duncan’s Multiple Range Test (DMRT). 

 
Subsequently, the effect of pH on lipase activity was 
observed.  The highest lipase activity was obtained 
at pH 8, with a value of 3.173 ± 0.070 U/mL, which 
was significantly different from the other pH 
conditions tested (Fig. 4). This finding indicates that 
the lipase enzyme produced by B. flexus InaCC-

B486 is of alkaline nature (alkaliphilic). The 
ionization of groups at the enzyme’s active site and 

on the substrate can change as the pH changes, 
influencing the rate of substrate binding to the 
active site (28). Different B. flexus strains also 
showed the highest activity at alkaline pH, which 
was even higher at 10 (21). Generally, lipase 

enzymes produced from bacteria have good yields if 
produced under alkaline and neutral pH conditions 
(3). However, the lipases produced by fungi have an 
optimum yield if produced at acidic pH conditions 
(29,30). Tambekar et al. (11) reported that B.  
flexus isolated from Lonar Lake was able to produce 

extracellular lipase enzymes, and the optimum 
activity was recorded at pH 9. Lipase from Bacillus 
cereus NC7401 was also reported to be optimal at 
pH 8.0 and stable in the pH range of 5–10 (31). B. 
subtilis DR8806 that has been reported, exhibiting 
a pH optimum of 8.0 (32).  Another alkaliphilic 

bacterial lipase has been reported from Cohnella sp. 

A01 exhibited maximum activity at pH 8.5 and was 
stable in the pH range of 8.5–10.0 (25). The alkaline 
lipases have great potential for use in food and 
beverage, detergent, flavoring, leather processing, 
pharmaceutical, and cosmetic industries (33). 
Alkaline lipases from bacteria are now popularly 
explored for a large variety of industrial purposes 

(34,35). 
 
The optimum temperature that showed the highest 
lipase activity was found at 35oC (Fig. 5). The lipase 

activity decreased dramatically when temperature 
increased to 40oC and 45oC. Interestingly, lipase 
activity was seen to increase again at 50oC but was 
lower than at 35oC. Increasing temperature 
enhances the rate of reaction at a certain point. On 
the other hand, higher temperatures denature 

enzyme proteins that change the shape of the active 
site of the enzyme, reducing or eliminating its 

activity (36). Another study found that lipase 
purified from B. methylotrophicus PS3 showed 
maximum activity at 55°C and was stable at 35°C 
(37). Bora et al. (38) reported that alkaline lipase 
has optimum activity at 30oC–65oC. The low 

optimum temperature can save an industry's 
production costs because it does not require high 
energy. According to its optimum temperature, the 
lipase produced by B. flexus InaCC-B486 belongs to 
the mesophilic family of enzymes. Mesophilic lipase 
has been used in several industrial applications, 

such as detergents, food processing, and waste 
treatment (39). 
 
The results of the study in this article are limited to 
obtaining a determination of lipase activity from 
Bacillus flexus InaCC-B486, which was produced 

using olive oil as a substrate, by observing the 

influence of incubation time, pH, and temperature 
using p-nitrophenyl palmitate (p-NPP) during the 
reaction. The use of olive oil with the main 
components being oleic acid (C18) and p-NPP (C16) 
can provide an overview of the work of the lipase 
enzyme in breaking down fats with ester bonds from 
long chain fatty acids, in contrast to esterase, which 

prefers short chain fatty acids (40). Further 
research needs to be carried out, including enzyme 
purification and characterization, and then it can be 
tested for specific application purposes. 
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Fig. 4. Effect of reaction pH solutions of lipase activity assay. 

The difference in lowercase symbols between treatments indicated a significantly different (P<0.05) of 
lipase activity value according to Duncan’s Multiple Range Test (DMRT). 

 

 
Fig. 5. Effect of reaction temperature of lipase activity assay. 

The difference in lowercase symbols between treatments indicated a significantly different (P<0.05) of 
lipase activity value according to Duncan’s Multiple Range Test (DMRT). 

 
4. CONCLUSION 
 
Lipase production from Bacillus flexus InaCC-B486 

was successfully achieved, reaching its optimum on 
day 4 with the addition of olive oil to the growth 
medium. We found that the lipase from B. flexus, 
InaCC-B486, has optimum activity at the first 15 
minutes of incubation, a pH of 8, and a temperature 
of 35oC. These findings can hopefully be used as a 

reference for further research or industry 

requirements, mainly in the use of lipase from B. 
flexus InaCC-B486.  
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DFT Calculations of Trilayer Heterostructures from MoSe2, PtS2

Monolayers in Different Orders with Promising Optoelectronic
Properties
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Abstract: Van der Waals (vdW) heterostructures have taken the dominant place in commercialization of
the  optoelectronic  devices.  MoSe2 and  PtS2 are  two-dimensional  semiconductors,  Using  first-principles
computations, the optical and electronic characteristics of trilayer van der Waals (vdW) heterostructures
with  four  distinct  orders  were  investigated.  We  demonstrate  that  all  innovative  heterostructures
investigated are semiconductors. In addition, it should be emphasized that the indirect band gaps of the
ABA, BAA, ABB, and BAB orders (where A is MoSe2 and B is PtS2) are approximately 0.875, 0.68, 0.595, and
0.594  eV,  respectively.  Positively,  the  optical  characteristics  reveal  that  the  trilayer  heterostructures
strongly absorb light with energies ranging from infrared to ultraviolet. Therefore, these heterostructures
can be utilized in optoelectronic devices in these regions. 
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1. INTRODUCTION

Shortly  after  the  discovery  of  graphene,  two-
dimensional  (2D)  materials  became  the  focus  of
material  research  (1).  The  effectiveness  of  using
graphene in  nanotechnology and nanodevices  has
started  a  thorough  investigation  and  study  into
layered low-dimensional materials (2). Graphene has
spurred  substantial  research  into  two-dimensional
(2D) materials such as TMDs (3), silicene (4), MXY
Janus  (5),  germanene  (6),  III-group
monochalcogenides  (7,  8),  phosphorene  (9),  and
stanene (10).

Vertical  heterostructures  comprised  of  transition
metal  dichalcogenides  (TMDs)  monolayers  are
attractive  prospects  for  next-generation
optoelectronic  and  thermoelectric  devices  (11).
These materials are more adaptable as candidates
for  thin,  flexible  device  applications  and  are
beneficial  for  numerous  applications,  including

photovoltaic  devices  (12,  13),  transistors  (14),
Electrochemical Energy Systems (15, 16), lubrication
(17,  18),  lithium-ion  batteries  (16,  19),
optoelectronic nanodevices (20), and thermoelectric
devices  (21).  Transition  metal  dichalcogenide
(TMDs)  semiconductors  and  their  bi-layer/tri-layer
heterostructures have attracted significant attention
because of their rich electronic/photonic properties
such as a high carrier mobility (22), indirect to direct
band  gap  transition  (23),  and  abundance  of
multiexcitons  (24),  as  well  as  importance  for
fundamental research and novel device applications
(25, 26). TMDs monolayers are the most researched
2D semiconductors, with substantial exciton states
and  accessibility  to  the  valley  degree  of  freedom
(27).  TMDs  materials  are  atomically  2D MX2
semiconductors of the type MX2, with M a transition
metal atom (Mo, W, etc.) and X a chalcogen atom
(S, Se, or Te), Many of these materials have been
made  in  the  laboratory,  such  as  MoS2  (28,  29),
MoSe2 (30), GeSe2 (31), PtS2 (32), MoTe2 (33), and
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WS2 (34)...etc. Specifically,  PtS2 and  MoSe2

monolayers,  among  other  TMDs  materials,  have
become a focus of study in recent years due to their
remarkable  features,  which  make  them  ideal
materials  for  transistors  (35,  36),  solar  energy
applications  (37), and  electrocatalysts  (38).  PtS2

monolayer  is  a  semiconducting  material  with  a
bandgap of about 1.7 eV (39). On the other hand,
MoSe2 monolayer is also a semiconducting material
with a bandgap of about 1.5 eV (40).

Moreover,  to  my  knowledge,  no  investigation  into
the  optical  and  band  structure  characteristics  of
trilayer  vdW  heterostructures  has  ever  been
published. We shall thus study these characteristics
of  trilayer  vdW  heterostructures.  The  density
functional  theory  was  utilized  to  examine  the
optoelectronic  characteristics  of  the
heterostructures composed of three monolayers of
PtS2 and MoSe2. Because the orders that form in the
heterostructures may have a significant influence in
determining the properties of the heterostructures,
the  examined  properties  are  studied  with  four
orders  of  trilayer  vdW  heterostructures.  Our
research could lead to a material that could be used
to make optoelectronic devices.

2. COMPUTATIONAL METHODS

In this study, we calculate the optical and electronic
properties of  the trilayer heterostructures by first-
principles calculations using castep code (41), with
the generalized gradient approximations (GGA) (42).
In  the  current  work,  the  exchange-correlation

energy function developed by Perdew,  Burke,  and
Ernzerhof (PBE) has been applied. The interaction of
valence  electrons  is  defined  by  the  ultrasoft
pseudopotential  (43).  The cutoff energy for  plane-
wave basis  was  taken to  be  500 eV.  The  4×4×1
supercell is the model system used in this work to
replicate  the  heterostructure,  The  relativistic
treatment follows out  via the function of  Koelling-
Harmon. The self-consistent energy tolerance in the
calculations was deemed to be converged at 4×10-6

eV/atom,  while  the  force's  convergence  threshold
was established at 1.5×10-2 eV/Å. A vacuum gap of
25 Å along the perpendicular direction to the surface
was utilized to exclude the interaction between two
adjacent  layers.  To  compute  the  geometry
optimization  and  optical  characteristics,
respectively, the Brillouin zone is integrated with a
12×12×1  and  30×30×1  Monkhorst-Pack  k-point
mesh (44).

3. RESULTS AND DISCUSSION

3.1. Structural and Electronic Properties
Fig.  1 shows the geometrical  atomic structures of
MoSe2 and PtS2 monolayers from various angles. At
equilibrium, MoSe2 and PtS2 monolayers correspond
to the space group P-6m2 and P-3m1, respectively.
the lattice constant of the single-layer MoSe2 is a =
b = 3.29 Å, c = 18.25 Å  and the length of Mo-Se (d)
is 2.522 Å,  while the lattice constant of the single-
layer PtS2 is a = b = 3.58 Å, c = 17.56 Å and the
length of Pt-S (d) is 2.418 Å,  These results are in
good  agreement  with  previous  experimental  and
theoretical data (45-49).

Figure 1: The top (a), side (b), and front(c) views of MoSe2 and PtS2 monolayers.

The  three-layer  heterostructures  include  four
different  arrangements  where  the  monolayers  are
arranged  perpendicular  in  the  z-direction.  These

arrangements are; ABA, AAB, ABB, and BAB (where
A is MoSe2 and B is PtS2) as shown in Fig. 2. The
calculated interlayer distances (h), lattice constants

422



ABA 
order

ABB orderBAA order BAB order

h

1
h
2

Al-Issawe JM, Oreibi I. JOTCSA. 2024; 11(2): 421-430 RESEARCH ARTICLE

(a),  bond lengths  (d),  formation  energy,  and bind
energy  have  been  summarized  in  Table  1.  These
values  are  comparable  with  the  mean  value  of
monolayers  MoSe2  and  PtS2.  Our  findings  suggest
that  the  arrangement  of  trilayer  heterostructures
has a significant effect on structural properties. The

formation  and  bind  energies  were  calculated  to
identify  the  stability  of  ABA,  BAA,  ABB,  and  BAB
orders. Manifestly, all the formed orders are stable
due  to  their  possessing  formation  energies  with
negative values.

Table 1: The computed structural and electronic properties of trilayer heterostructures.

Orders a=b(Å) h1(Å) h2(Å) DMo-Se

(Å)
DPt-S

(Å)
Formation
energy(eV)

binding
energy
(eV)

ABA 3.387 3.928 4.258 2.544 2.385 -20.43 0.47
BAA 3.385 4.005 3.976 2.729 2.385 -20.41 0.49
ABB 3.491 4.391 4.240 2.570 2.4 -18.33 0.57
BAB 3.489 4.388 4.104 2.571 2.4 -18.31 0.58

Figure 2: Atomic structures of trilayer heterostructures by different orders where A and B are MoSe2 and
PtS2, respectively.

The  calculations  of  band  structure  show  that  the
MoSe2 monolayer has a direct bandgap (1.489 eV)
lying  at  ᴦ  point  and  is  very  comparable  with
previous experimental data (50, 51). On the other
hand, the PtS2 monolayer having the properties of a
semiconductor with indirect bandgap (1.776 eV), the
conduction band minimum (CBM), and valence band
maximum (VBM) placed in the ᴦ-M and K-ᴦ paths,
respectively,  as  exhibited  in  Fig.  3.  This  result  is
found to be in a very good agreement with previous
reports (46, 52).

Figure 4 shows the phonon dispersion of the trilayer
heterostructures. We note that the BAA order is the
most  dynamically  stable,  as  it  is  devoid  of  any
negative values, unlike the ABA order, which shows
one  branch  that  shows  negative  values  that  may
indicate  instability  or  numerical  noise.  As  for  the
ABB and BAB orders, we notice that there are few
negative  values  at  ᴦ,  which  is  mostly  due  to
numerical noise.
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Figure 3: The band structure of the monolayers (a)MoSe2, (b)PtS2.

Figure 4: Phonon dispersions of trilayer heterostructures (a) ABA, (b) BAA, (c) ABB, (d) BAB orders.

Figure  5  depicts  the  band  structure  of trilayer
heterostructures. The bandgaps are 0.875 eV (ABA),
0.68 eV (BAA), 0.595 eV (ABB), and 0.594 eV (BAB).
These values are corresponded to the wavelengths,
1416.96 nm, 1823.29 nm, 2083.77 nm, and 2087.27
nm, respectively. From the band structure of ABA,
BAA, ABB, and BAB orders, it can be seen that ABA
and BAA orders have a lot in common when it comes
to their direct and indirect energy gaps. The same is
true for ABB and BAB orders. It should be pointed
out that the VBM for all trilayers is positioned at ᴦ

point whereas CBM is placed in (ABA and BAA) ABB
and BAB orders at (K-ᴦ path) ᴦ path. However, the
sites  of  VBM  are  unchanged  irrespective  of  the
heterostructure  order  in  contrast  to  CBM,  which
depends on the heterostructure type. Although the
values  of  bandgaps  of  ABB  and  BAB
heterostructures  are  very  comparable,  the  values
are  much  smaller  than  those  in  MoSe2 and  PtS2

monolayers  counterparts.  More  precisely,  the
construction of trilayer heterostructures reduces the
energy gap to nearly a third of its value. In another
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development, there a direct bandgaps for ABA, BAA,
ABB, and BAB orders are positioned at ᴦ path with
comparable values; 1.22, 1.16, 1.013, and 1.014 eV,
respectively.  This  indicates  that  the values  of  the
direct bandgap are approximately twice the indirect
bandgap.  Based  on  these  values,  we  can
unambiguously  deduce  that  the  bandgaps  are
situated in  the infrared (IR)  range.  These findings
revealed that there is a high probability of utilizing
heterostructures  as  promising  materials  as
photovoltaic devices. 

This  suggests  that  controlling  the  number  and
arrangement of  the monolayers  to  form the triple
layers  leads  us  to  obtain  a  band  structure  with

different energy gaps. This is the important feature
of the triple layers that make them preferable to the
monolayers that are involved in their formation. In
addition, we computed the total and partial densities
of  state  (TDOS  and  PDOS),  and  the  results  are
shown in Fig. 6, It can be observed that the valence
band (VB) and conduction band (CB) near the Fermi
level (near zero) are composed of the p orbitals of
sulfur  and  selenium  atoms  and  the  d  orbitals  of
molybdenum and platinum atoms. The far region (-
12 to -15 eV) of the valence band (VB) is dominated
by the 3 s and 4 s orbitals of sulfur and selenium,
whereas the far region of the conduction band (VB)
is dominated by the s and p orbitals of platinum and
selenium. This data provides the strongest support
for the band structure results.

Figure 5: The band structure of trilayer heterostructures (a) ABA, (b) BAA, (c) ABB, (d) BAB orders.
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Figure 6: TDOS and PDOS of trilayer heterostructures (a) ABA, (b) BAA, (c) ABB, (d) BAB orders.
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3.2. The Optical Properties
To  determine  the  possible  uses  of  a  material  in
optical detection and electronic devices, its optical
properties are crucial. Within the energy range of
up to 30 eV,  the optical  properties of  the layers
were determined in the current study.

To  employ  a  material  in  high-performance  solar
cells and other photovoltaic devices, it is necessary
to understand its optical  absorption, which offers
essential  information  on  how  efficiently  it
transforms solar energy. The absorption coefficient
(α) of trilayer heterostructures is illustrated in Fig.
7(a),  After  a careful  analysis,  we notice that  the
beginning of α in the infrared (IR) range, then, α
increases with the growth of photon energy. This
rise continues up to the highest value of α;  15.2×
104,  15× 104,  15× 104,  and 14.9 × 104  cm-1,  for
ABB, ABA, BAA, and BAB orders,  respectively,  all
these  values  are  positioned  in  the  ultraviolet
region.  To  be  precise,  this  does  not  mean
neglecting the value of the absorption coefficient in
other regions, as its value in the visible region is
also  very  high  and  equal  to  8  ×  104 cm-1.  In
addition, the absorption coefficient of the ABA and
BAA have two peaks, not three as in ABB and BAB
orders. 

Reflectivity  as  a  function  of  phonon  energy  is
depicted in Fig. 7(b) Clearly, the static reflectivity
of ABA, BAA, ABB, and BAB orders at zero energy is
22.5%,  22.2%,  21.9%,  and  21.5%,  respectively.
However,  the maximum values of  reflectivity  are
33.1% (ABA), 33% (BAA), 32.9% (ABB), and 32.7%
(BAB); hence, the maximum values of reflectivity
cannot  exceed  33.1%  for  all  trilayer  vdW
heterostructures. In addition, there are two peaks
of  reflectivity  for  ABA and BAA orders and three
peaks for ABB and BAB orders, with the principal
peaks for ABA, BAA, ABB, and BAB orders occurring
in the visible range at energies of 2.67, 2.78, 2.78,
and  2.67  eV,  respectively.  Reflectivity
demonstrated a  notable  amount  of  anisotropy in
the energy range of 0 to 21 eV, which decreases
gradually  to  zero  above  27  eV.  Trilayer  vdW
heterostructures can therefore be used as coating
nanomaterials  in  the  visible  and  ultraviolet
spectrum. The optical  conductivity (σ) versus the
photon energy of heterostructures described in Fig.
7(c) Clearly, there are two main peaks for ABA and

BAA orders and three main peaks for ABB and BAB
orders. Although the conductivity commences from
the  IR region, their main peaks are positioned at
the end of the infrared region and the beginning of
the  visible  light  region.  Precisely,  the  uppermost
values of conductivity are 2.8, 2.77, 2.65, and 2.6,
positioned at 1.6 eV for all orders. After about 13.5
eV,  the  optical  conductivity  begins  to  decrease
with the growth of photon energy. 

The real (Re ε) and imaginary (Im ε) components of
the dielectric function are computed and depicted
in Fig. 7(d) and (e). The results of the (Re ε) portion
indicate  that  the  topmost  peaks  of
heterostructures are 9.66 (ABA), 9.58 (BAA), 9.45
(ABB),  and  9.23  (BAB)  at  phonon  energies  of
approximately  1.47  eV,  1.53  eV,  1.58eV,  and
1.64eV, respectively. After about 21 eV, the (Re ε)
part becomes constant. Generally, it is notable that
the superior  (Re ε)  part  is  located in  the visible
region. In contrast, the results indicate that for all
cases, the imaginary parts (Im ε) of the dielectric
function have one maximum peak in visible light.
Nevertheless, the (Re ε) and (Im ε) peaks of the
dielectric function of ABA layers are always greater
than  those  of  other  layers.  These  peaks
demonstrate that there is no additional transition
between  the  valence  and  conduction  bands.
Because  the  number  of  peaks  increases  or
decreases with the amount of electron transitions,
when  the  number  of  peaks  increases,  more
electrons are transferred between the valence and
conduction bands.

Materials'  optoelectronic  properties  are
substantially  influenced  by  the  refractive  index.
Fig. 7(f) depicts the refractive index as a function
of phonon energy (f). At zero photon energy, the
static refractive indices of the real part for the ABA,
BAA, ABB, and BAB orders are 2.82, 2.80, 2.77, and
2.72,  respectively.  Additions For all  trilayers,  The
maximum  refractive  index  occurs  near  2  eV,
Beyond  these  values,  the  refractive  index
decreases  gradually  as  photon  energy  increases.
The  refractive  index  remains  constant  after
approximately 21 eV, In other words, after 21 eV,
these heterostructures become anisotropic. These
trilayers can be used as an internal layer coating
between  the  substrate  and  ultraviolet  absorbing
layer due to their high refractive indices.
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Figure 7: The optical characteristics of triple-layer heterostructures (a) the Absorption coefficient, (b) the
reflectivity, (c) the conductivity, (d) the real part of the dielectric function, (e) the imaginary part of the

dielectric function, (f) the refraction index.

4. CONCLUSIONS

In  summary,  we  studied  four  orders  of  trilayer
heterostructure.  Using the PBE method the band
gaps of All trilayers are between 0.594 to 0.875 eV,
appealing  for  applications  in  nanoelectronics.
Additionally,  their  direct  energy  gaps  are  nearly
twice as great as their indirect energy gaps. On the
other hand, it  is  found that the bandgaps of  the

trilayer  heterostructures  are  much  smaller  than
those in the monolayer counterpart. the VB and CB
near the Fermi level are composed of the p orbitals
of S and Se atoms and the d orbitals of Mo and Pt
atoms.  According  to  optical  simulations,  the
absorption  coefficient  of  these  unique  trilayer
heterostructures  is  extremely  high  in  the  visible
light spectrum. ABA and BAA orders have higher
optical  property  values  in  lower  energy  regions
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before 6  eV. Due  to  the  unique  optical  and
electronic  features  of  trilayer  vdW
heterostructures,  it  is  hypothesized  that  these
heterostructures can be utilized in optoelectronics
and nanoelectronics applications.
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Abstract: This study examined the sorption of Mn(II) ions from waste using dried and blended water hyacinth 
root (WHR). It focused on how the major process parameters influenced the sorption process. Mathematical 
models were proposed to explain both the equilibrium and kinetics of biosorption. A desorption study was 
conducted using different HNO3 and NaOH concentrations. An application study using actual industrial effluent 

was evaluated to analyze the fitness of the biosorbent at optimal batch conditions. The results demonstrated 
that the increasing initial Mn(II) ion concentration decreased Mn(II) ion removal, while an increase in the 
sorbent dosage increased its removal. For the rate of biosorption, the contact time was rapid between 15 and 
45 min, and the maximum Mn(II) ion was removed within the initial 60 min. Equilibrium sorption was attained 

at pH 7, where maximum Mn(II) ion uptake was 94 %. The results also showed that Mn(II) ion biosorption 
at 30 °C and pH 7 for water hyacinth roots could be modeled by Langmuir and Freundlich isotherms and the 
pseudo-2nd order model. Furthermore, an effective desorption of Mn(II) was obtained with solutions of both 

NaOH and HNO3. The results also showed that the percentage biosorption and desorption of Mn(II) from the 
industrial wastewater were 64.68 and 27.95 %, respectively. 
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1. INTRODUCTION 

 
Water, a vital natural resource, is progressively being 
contaminated by urbanization and industrialization 
(1). Contamination of water is occurring due to the 
continuous discharge of both industrial effluents from 
chemical and textile industries, compromising the 
biotic and abiotic components of the ecosystem (2). 

Consequently, problems like alteration of the 
chemical oxygen demand (COD) by aquatic 
organisms, and reduced availability of potable water 
for human consumption have been on the increase 
due to the increased toxicity of the discharge of 

colored substances into water bodies from the 
textile, pulp, dye, and pigment industries (3,4). 

These colored substances contain a significant 

amount of heavy metal ions that pose several toxicity 
risks to the adjoining water bodies (5). 
 
Over the years, conventional wastewater treatment 
processes, which include membrane filtration, 
oxidation, precipitation, and coagulation, have been 
employed to remove toxic heavy metals from 

wastewater (6–8). However, adsorption has been 
recognized and reported to be a cost-effective and 
economical choice for the exclusion of metals from 
industrial effluents via the use of low-cost biosorbent 
materials with high adsorption capability and 

minimizing waste dispersal problems (9). 
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There has been increased attention on an aquatic 
plant, the water hyacinth (Eichhornia crassipes), for 

use in the adsorption of contaminants, especially 
toxic metal ions, from aquatic environments due to 
its rapid proliferation resulting from its absorption 
efficiency, higher than normal growth rate, low 
operation cost, and renewability (10, 11). The plant 

has been well studied, and literature has it that E. 
crassipes is capable of improving the quality of 
effluent from oxidation ponds. E. crassipes is also 
reported to play a key role in the treatment of 
industrial, agricultural, municipal, and agricultural 
wastewaters of any sort (12, 13). E. crassipes have 

been reported to thrive in profoundly polluted water 
and thus possess a high capability for the 
accumulation of metal ions (14). The dried root of 
the plant is reported to possess a strong affinity to 
adsorb metal ions like lead (Pb), copper (Cu), 

cadmium (Cd), chromium (Cr), and zinc (Zn) from 
aqueous media, with varying sorption performance 

for each metal, its solution chemistry and 
concentration (15-17). With many studies reporting 
on heavy metal adsorption onto water hyacinth 
biomass (18), there is currently no literature relating 
to the biosorption of Mn(II) ions exploitation of 
powdered roots of water hyacinth. Herein, the 
kinetics and adsorption-desorption studies on Mn(II) 

ion sorption from industrial wastewater with the 
roots of water hyacinth as a biosorbent were 
investigated and reported. 
 
2. EXPERIMENTAL DETAILS 
 

2.1. Preparation of Water Hyacinth Roots 
(WHR) Adsorbent 
E. crassipes employed in this experiment were 
derived from wild specimens growing in Oba Dam, 
Ibadan. The collected plant root was washed several 
times with tap water, air-dried, and ground into 
powder using an electric blender, and thereafter 

sieved using a 2 mm sieve before being used directly 
as a biosorbent without further pretreatment. The 
morphology of the dried WHR was captured on an 
FEI-110730002486 SEM instrument. 
 
2.2. Preparation of Adsorbate  
A stock solution of Mn (II) ions was made in a 1L 

flask by dissolving 3.0766 g of MnSO4.H2O in distilled 

water. The prepared Mn(II) stock solution was 
standardized with a standard EDTA solution using 
suitable indicators and buffer solution at different pH. 
Working solutions of Mn(II) ion were made from the 
stock by serial dilution. Each sample was analyzed in 

triplicate to reduce experimental error and obtain 
reproducible results. 
 
2.3. Batch Adsorption Experiments 
The adsorption of Mn (II) ion on WHR, desorption 
studies and application to real industrial wastewater, 
isotherms modeling, and kinetics of the sorption 

process were done using procedures and model 
equations previously described (13, 18-20). 
 
2.3.1. Effect of pH 

The effect of the sorbent pH was determined by 
providing 25 mL of Mn(II) ions working solution in a 
flask and adding 1.0 g of the powdered WHR to it. 

The mixture was gently stirred using a rotary shaker 
at 30 oC, for 1 h and then filtered using Whatman 

No.1 filter paper. The Atomic Absorption 
Spectrophotometer (AAS), Perkin Elmer (Analyst 
200) was used to determine the concentration of 
filtrate of the Mn(II) ions. The pH of these 
suspensions was adjusted to a range between 4.0, 

and 9.0 with a 2M HCl or 2M NaOH solution. 
 
2.3.2. Effect of contact time 
The effect of the contact time was studied and 
determined at different time intervals, 15, 30, 45, 
60, 75, and 90 min. 1.0 g of powdered WHR was 

weighed into different flasks for the different contact 
time intervals. 25 mL of the prepared Mn(II), at pH 
7 and containing equal concentrations (5 mg/L), was 
added and mixed at 30 oC. At 15 min, the bottle was 
withdrawn, and the mixture was filtered by gravity 

using Whatman No.1 filter paper. This was repeated 
for the different time intervals, and the metal ion 

concentrations of the filtrate were determined using 
AAS. 
 
2.3.3. Effect of initial metal concentration 
Several standard solutions containing equal 
concentrations of Mn(II) ions were prepared, and 1.0 
g of the biosorbents was weighed into several flasks. 

Thereafter, 25 mL of the prepared Mn(II) (pH 7) 
containing an equal concentration of 5 mg/L was 
added to the flask and mixed thoroughly for 1 h using 
a rotary shaker at 30 oC. At 15 mins, the flask was 
withdrawn, and the mixture was filtered by gravity 
using Whatman No.1 filter paper. This was repeated 

for the different time intervals, and the metal ion 
concentrations of the filtrate were determined using 
AAS. 
 
2.3.4. Effect of dosage 
The effect of the sorbent dosage was determined at 
different concentrations (0.2, 0.4, 0.6, 0.8, 1.0, and 

1.2 g) of powdered WHR with 25 mL of Mn(II) (pH 7) 
in each volumetric flask. The mixture was stirred for 
1 h at 30 oC with a rotary shaker to ensure 
equilibrium. At each time interval, the flask was 
withdrawn, and the mixture was filtered by gravity 
using Whatman No.1 filter paper. The concentrations 
of the metal ions in the filtrate were determined 

using AAS. 

 
2.4. Desorption Studies 
The desorption study was conducted at 2, 4, and 6 M 
concentrations of NaOH and HNO3 solutions. A 25 mL 
mixture of the adsorbent and adsorbate was shaken 

for 1 h and left undisturbed for 24 h; thereafter, the 
solution was filtered. AAS was used to measure the 
concentration of Mn(II) ions. The percentage 
desorption was computed as follows: 
 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑚𝑒𝑡𝑎𝑙
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑠𝑜𝑟𝑏𝑒𝑑
𝑚𝑒𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

× 100   (1) 

 
2.5. Application to Real Industrial Wastewater 
Industrial wastewater was obtained from along the 

Omi-Asoro river, Ilesa, Nigeria, 25 mL of which was 
introduced to a tightly closed flask wherein 1.0 g of 
the sorbents was added. The pH of these suspensions 
was regulated to 7 and the mixture was gently 
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shaken with a rotary shaker at 30 oC for 1 h. 
Thereafter, the mixture was filtered using Whatman 

No.1 filter paper, and AAS was used to measure the 
concentration of Mn(II) ions. The desorption study 
for the water sample was also carried out as 
discussed in Section 3.3.5 above using 4M HNO3. 
 

2.6. Calculation of Mn(II) Ions Concentration 
Removal by the Sorbent 
A series of batch examinations was done, and the 
amount of Mn(II) sorbed was determined using the 
mass balance equation expressed below: 
 

𝑞𝑒 =
𝑉

𝑀
(𝐶0 − 𝐶𝑒)    (2) 

 
Where, 

qe = Metal concentration on biosorbent (mg/g) at 

equilibrium 

Ce = Metal concentration in solution (mg/L) at 
equilibrium 

V = Volume of initial metal solution used (mL) 
M = Mass of adsorbent used (g) 

 
More so, the percentage removal of Mn(II) ions was 
calculated using the following equations, 

 

𝐶𝑅 = 𝐶0 − 𝐶𝑒    (3) 

 

% 𝑅 =
𝐶𝑟

𝐶𝑒
× 100   (4) 

 
Where, 

R = Removal 
Co = Initial metal ion concentration in solution 

(mg/L) 
Ce = Metal ion concentration removed or adsorbed 

by adsorbent (mg/L) 
 
2.7. Equilibrium Sorption, Adsorption 

Isotherms, and Kinetics of Mn(II) Removal 
The sorption equilibrium offers vital physicochemical 
information for estimating the applicability of the 
physisorption processes as a unit operation typically 
defined by isotherm models, whose parameters 
express the affinity and surface properties of the 
sorbent at a fixed pH and temperature. The sorption 

data were tested against two adsorption isotherm 

models: the Freundlich model and the Langmuir 
model. 
 
The Langmuir equation was elected for use in the 
estimation of maximum adsorption capacity 

equivalent to the biosorbent surface saturation. The 
linearized equation after reshuffling is given in the 
equation below: 
 
𝐶𝑒

𝑞𝑒
=

1

𝑄𝑚𝐾𝑎
+

𝐶𝑟

𝑄𝑚
    (5) 

 
Where, 

Qm is the maximum sorption upon complete 
saturation of the biosorbent surface (mg/g). 

K is a constant related to the adsorption 
/desorption energy (L/mg). 

 
The experimental data was fitted into equation (4) by 

plotting 𝐶𝑒 𝑞𝑒⁄  against 𝐶𝑒. 

 

The slope and intercepts were used to obtain the 
constants. 
 
For the Freundlich model, it was selected for use to 
estimate the intensity of adsorption by the 

biosorbent powder. The linear form  of the equation 
is represented below: 
 

log 𝑞𝑒 = log 𝐾𝑓 +
1

𝑛
 (𝑙𝑜𝑔𝐶𝑒)  (6) 

 
Where, 

qe = Metal ion uptake/ adsorption density per unit 
weight of WHR powder (mg/g). 

 𝐶𝑒= concentration of a metal ion in solution at 

equilibrium (mg/l). 

The Freundlich constants are n and Kf  
 
Kf measures the degree of adsorption, while ‘n’ 
signifies the affinity of the sorbent for the biosorbent 
powder. 
 
A plot of log qe against log Ce in equation (5) yielding 

a straight line is an indication of a positive 
confirmation of the Freundlich adsorption isotherm. 
The constant ‘n’ can be obtained from the slope and 
Kf from the intercept. 
 
Furthermore, prediction of the rate of sorption is a 
requisite in the design of batch sorption systems. The 

kinetics of the solute is also an essential requisite 

when choosing the optimal operational environment 
for the batch process. This data is often collected 
from pseudo-first- and second-order kinetic models. 
These models are correlative solute uptake, a vital 
component when forecasting the reactor volume. 

These models are clarified below. 
 
The pseudo-first-order equation is expressed as 
follows: 
 
𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡)   (7) 

 
Where, 

qe = sorption capacity (mass of metal ion adsorbed) 

at equilibrium (mg/g). 
qt = sorption capacity (mass of metal ion sorbed) 

at time t (mg/g). 
k1 = pseudo-first order sorption rate constant 

(L/min) 
 
Following the application of boundary conditions and 

integration, qt =0 to qt =qt at      t =0 to t =t; the 
modified equation (6) is: 
 

log(𝑞𝑒 − 𝑞𝑡) = log(𝑞𝑒) −
𝑘1

2.303
𝑡 (8) 

 

This equation applies only to experimental outcomes 
but differs from a true first-order equation in the 
following ways. 

• k1 (qe - qt) does not epitomize the summation of 
the existing sites. 
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• log (qe) is modifiable. It is most often different 
from the intercept of a plot of log (qe - qt) against 

‘t’, even though log (𝑞𝑒) should be equal to the 

intercept of a plot of log (qe - qt) against ‘t’ in a 
true first-order sorption reaction. 

 
To fit the equilibrium sorption capacity (qe) in 

equation (7) with the experimental data, qe must be 
known. Where ‘qe’ is unknown (as in most cases), 
and as chemisorption tends to be unhurried, the 
expanse sorbed is significantly lower than the 
equilibrium volume. Moreover, there needs to be a 
method for inferring the experimental data to t= 
infinity, with the assumption that qe can be resolved 

by trial and error. It is thus vital to use trial and error 
to attain the equilibrium sorption capacity (𝑞𝑒) and to 

analyze the pseudo-first-order model kinetics. The 

slope of the plot between log (qe - qt) versus time, t, 
and a linear plot confirms this model and hence can 
be used to obtain the pseudo-first-order rate 
constant k1. 

 
Moreover, if the rate of sorption follows the second-
order mechanism, the pseudo-second-order 
chemisorption kinetic rate equation is expressed as, 
 

t

t

d

dq
    = k (qe - qt)2    (9) 

 
Where; 𝑞𝑒 = sorption capacity at equilibrium (mg/g). 

  qt  =  sorption capacity at time t (mg/g) 
k = rate constant of pseudo-second order sorption 

(g/mg/min) 

 
For the boundary conditions 𝑞𝑡  = 0 to qt   = qt  at t = 

0 to t = t; the modified equation (8) becomes: 
 

te qq −

1
  = 

eq

1
  + kt    (10) 

 
The linear form below is used: 
 

tq

t
 = 

2

1

ekq
   +

eq

1
  t   (11) 

 
Where t is contact time (min) 
qe is solute adsorbed at equilibrium (mg/g) 

qt is solute adsorbed at time, t (mg/g). 
 
Equation (10) has no problem assigning an effective 
qe. If pseudo-second-order kinetics is appropriate, 
the plot of t / qt against t in equation (10) would 

display a linear relationship, from which qe and K can 

be deduced from the intercept and slope even when 
there are no other earlier known parameters. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Morphological Studies 
Figure 1 gives the result of the morphology of the 

sorbent material. Typically, plant roots are critical as 
they facilitate plant growth, and are responsible for 
the absorption of water, inorganic salts, and other 
nutrients. However, WHRs are characterized by tap- 
and fibrous root systems with potential voids that are 
capable of adsorbing toxic pollutants (21). This is 
because these voids could develop into air passages, 

with numerous support mechanisms for Mn (II) 

sorption. The water hyacinth powder obtained in this 
study demonstrated a pore-like spherical 
morphology that could serve as channels for trapping 
Mn(II) ions in the wastewater owing to the large 
space between the root and water (22). 

 
Figure 1: (a) WHR (b) SEM micrograph of dried WHR. 

 
3.2. Effect of pH 
It has been established that pH influences the 

solubility and concentrations of metal ions and 

counters, respectively on functional groups in the cell 
walls of the sorbent. It also impacts metal speciation 
in the solution, calcium carbonate solubility, and the 

protonation of metal binding sites (23). Therefore, 
pH is a key factor to be considered when dealing with 

sorption. Figure 2 shows the impact pH has on the 

sorption of Mn(II) ions. 
 
From observation, a rise in pH from 4 – 7, influenced 
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the uptake of Mn(II) by WHR, but beyond a pH of 7, 
the uptake efficiency is almost insignificant (24). The 

ion-exchange mechanism of sorption explains the 
effect of pH, and it uses ligands with cation exchange 
characteristics. At low pH, Mn (II) removal was 
repressed. This could be contingent upon the 
interaction of hydrogen and Mn (II) at the sorption 

spots, with an ostensible superiority of H+ restricting 

the action of Mn(II) ion as a result of the action of 
the abhorrent force. With increasing pH, the oxygen-

containing compounds would be exposed, thereby 
resulting in a total negative charge density on the 
sorbent and also enhancing the magnetism of 
positively charged metal ions, permitting sorption 
(25, 26). 

 

 
Figure 2: Effect of pH on sorption of Mn(II) by WHR. 

 
3.3. Influence of Contact Time 
Contact time influence on the biosorption capacity of 

Mn(II) with the biosorbent is displayed in Figure 3. 
By increasing the time of contact from 15 to 90 min, 
there was a resultant increase in Mn(II) removal 

from 89.5 % to 91.3 %. The result indicates a higher 
adsorption rate at the beginning, which resulted from 
the WHR's many active sites. As the experiment 
progresses, these sites are used up, and the uptake 

rate becomes a function of the Mn (II) transportation 
rate from the outward to the innermost sites of the 
WHR (27). The highest removal was reached within 

the first 60 min with no significant change in sorption 
thereafter. Therefore, the following sorption 

experiments were limited to a 60 min contact time. 
This study uses a lower equilibrium time for the 
adsorbents compared to some reported in the 

literature. This equilibrium time is significant as it is 
of vital importance when considering economical 
water, and wastewater applications. In process 
applications, swift biosorption is advantageous since 

the shorter contact time directly results in fewer 
contact pieces of equipment and ultimately lower 
processing and operational costs (9).

 
Figure 3: Contact time as a function of Mn(II) removal by WHR. 

 
3.4. Impact of Mn(II) Ion Concentrations 
The practicability and effectiveness of biosorption 

depend both on the absorbate concentration in the 
solution and the biosorbent properties. The initial 
absorbate concentration is a vital factor needed to 

conquer the resisting mass transfer between the 
aqueous phase and the solid (28). Figure 4 displays 
the effect of initial Mn (II) ion concentration on the 

sorption process. As the strength of the Mn(II) ion 
increased, there was a decrease in Mn(II) removal 

from 95.9 % to 90.1 %. Certain factors are thought 
to play a contributing role, including ensuring that 
adsorption sites stay unsaturated throughout the 

reaction. However, an accumulation of adsorbent 
particles at higher concentrations could be a vital 
contributing factor. Such accumulation causes a 
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reduction of the available surface area needed for 
adsorption, thereby resulting in length extension of 

the diffusional path (29, 30). At lower 
concentrations, however, Mn (II) ions in solution 
could lead to interactions between the Mn(II) and the 

binding sites, resulting in a greater sorption 
percentage compared to a higher metal ion 

concentration. A lower adsorption yield at higher 
concentrations is a result of active site saturation.

 

 
Figure 4: Initial metal ion concentration as a function of Mn(II) removal by WHR. 

 
3.5. Effect of Dosage 
The adsorbent dosage has a significant influence on 

the biosorption process. This was obtained by 
varying the adsorbent dosage. Figure 5 below clearly 
displays the removal efficiency. The Mn(II) removal 
increased with an increase in the WHR mass. The 

increase in sorption is probably a consequence of the 
binding site number and the increasing sorbent 

surface area (16). The removal efficiency increased 
from 99.5 % to 99.9 % with an increase in dosage 
from 0.2 g to 1.2 g. 

 

 
Figure 5: Effect of WHR dosage on Mn(II) removal. 

 
3.6. Adsorption Equilibrium 
A plot of Ce/qe against Ce for Mn(II) for the adsorbent 
(Figure 6a) with the regression coefficient (R2) and 
Langmuir isotherm parameters Qm, Ka, and KR, is 
given in Table 1. The adsorption of Mn (II) ions by 

WHR fits well into the Langmuir model, as evidenced 
by the obtained R2 value of 0.986. The sorption 
process follows the Langmuir adsorption equation, 
suggesting that the uptake of Mn(II) ions occurs 
independently of the type of binding site (31). The 
adsorption of Mn(II) by WHR ensues principally 

because of the ion exchange at the surface level. It 

is therefore expected that the tendency of adsorption 
will be greatly influenced by the electronegativity of 
Mn(II) (1.55) (20). However, the adsorption affinity 

of the metal observed arising from the sorption 
capacity (Qm) values opposes the order of 
electronegativity. It is also known that the removal 
of metals of greater ionic radius is superior to that of 
lesser ionic radius. Besides, other factors such as the 

ionic radius and the initial metal ion may be 
responsible for the sorption of Mn(II) onto WHR. This 
infers that initial metal ions and several factors play 
a role in the sorption process. 
 
The adsorption coefficient Ka (l/mg) about the energy 

of sorption is given in Table 1. The results show that 

the energy of sorption is significantly favorable for 
the adsorbents, with a Ka value of 0.65. The 
separation factor (KR) is a crucial property of the 
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Langmuir isotherm. For this study, the values of KR 
obtained revealed that the adsorption of Mn(II) ions 

by WHR is favorable, as the KR value obtained was 
greater than 0 but less than 1 (32).

 
Figure 6: Langmuir (a) and Freundlich (b) isotherms for Mn(II) adsorption by WHR. 

 
Furthermore, a plot of log qe against log Co is shown 
in Figure 6b. The linear plot of the log qe against log 
Co shows that Mn(II) ion adsorption by WHR fits well 

with the Freundlich model. The Freundlich isotherm 
parameters R2, n, 1/n, and Kf of the Mn(II) ion and 
WHR are shown in Table 1. The R2 (0.977) value 
obtained for WHR adsorption of Mn(II) ions showed 

that the Freundlich model is an ideal model for Mn(II) 
ion adsorption by WHR. In this study, the 1/n value 
obtained was < 1 suggesting that there is significant 

adsorption at lower concentrations (33). The 
adsorption capacity Kf (0.36) obtained for the Mn(II) 
ion and adsorbent was appreciable. 

 
Table 1: Freundlich isotherms and Langmuir parameters for the adsorption of Mn(II) ions by WHR. 

 Langmuir isotherm parameters   Freundlich isotherm parameters 

 Ka Qm KR R2  1/n n Kf R2 

Mn 0.65 1.03 0.24 0.986  0.65 1.54 0.37 0.977 

 
3.7. Kinetics of Sorption 
The plots of log (qe - qt) versus t and of t/qt against t 

for the adsorption of Mn(II) are shown in Figure 7, 
while the kinetic data are presented in Table 2. The 
regression value (0.088) obtained for the 1st order 
model indicates that the 1st order model is not fitting 

when describing the process of adsorption of Mn(II) 
by WHR. The qe value (calculated) for the adsorbent 

differs greatly from that of the experimental. This is 
predictable, as the pseudo-1st order is not an ideal 
model to describe the process (34). 

 

 
Figure 7: Sorption Kinetics of Mn (II) removal by WHR (a) Pseudo 1st order (b) Pseudo 2nd order. 

 
Table 2: Obtained kinetic data for the biosorption process. 

 
Experimental 

qe (mg/g) 
Calculated 
qe (mg/g) 

k1 
(1/min) 

k2 
(g/mg.min) 

h 
(mg/g.min) R2 

Pseudo-1st order 0.1141 3.19× 10-4 -0.03 - - 0.088 

Pseudo-2nd order 0.1141 0.11490 - 13.41 0.18 0.999 
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However, Figure 7b shows an exceptional fit between 
the data points. It shows ideal linearity in the 

experimental data. The R2 value (0.999) obtained for 
the 2nd order model was very high, and the qe 
(calculated) and qe (experimental) were very close. 
These signify that the 2nd order model is fitting when 
describing the process of adsorption of Mn(II) by 

WHR and supporting the proposal that chemisorption 
is the rate-determining stage (35). 
 
3.8. Desorption Studies 
Land disposal and incineration are possibilities for 
discarding used adsorbent. These methods, 

however, result in pollution of the environment, 
whether directly or indirectly. A less used possibility 
would be the regeneration of Mn from the used 
adsorbent. With the regeneration of Mn, there would 
be the option of recycling Mn and WHR, hence 

contributing to the possible protection of the 
environment. Desorption studies aid in clarifying the 

adsorption pathway and recovering metals from 
adsorbent and wastewater (36). Table 3 gives the 
desorption efficiencies (DE) of the Mn (II) ion from 
the WHR. 
 
The desorption efficiency increased from 4.58 % to 
4.84 % as NaOH concentration increased from 2M to 

4M. However, as NaOH concentration increased from 
4M to 6M, the DE decreased to 2.05 %. Concerning 
HNO3, the DE increased from 32.26 % to 33.22 % as 
HNO3 concentration increased from 2 M to 6 M. 
Overall, effective desorption of Mn(II) was obtained 
with both NaOH and HNO3 solutions. The resulting 

desorption phenomenon seen in both HNO3 and 
NaOH is due to ion exchange interaction rather than 
chemisorption (37). The results indicated that HNO3 

and NaOH are satisfactorily beneficial in desorbing 
Mn (II) from WHR. 
 

Table 3: Desorption of Mn(II) loaded water 

hyacinth roots adsorbent. 

 Percentage 
desorption (%) 

Strength of NaOH (M)  
2 4.58 
4 4.84 
6 2.05 
Strength of HNO3 (M)  

2 32.26 

4 33.01 
6 33.22 

 
3.9. Application Studies Using Real Industrial 
Wastewater 

Further investigation on real industrial wastewater 
was conducted to examine the fittingness of the 
adsorbent at optimal batch conditions. The obtained 
result demonstrates a 64.68 % adsorption of Mn(II) 
by the adsorbent and a substantial percentage 
desorption of Mn(II) from WHR of 27.95 %. The 
result of the desorption study has a similar trend to 

that obtained for the aqueous solution of synthetic 
wastewater. 

 
 
 

4. CONCLUSION 
 

WHR has been effectively applied as an adsorbent for 
removing Mn(II) ions from wastewater. The results 
showed that with an increasing initial Mn(II) ion 
concentration, there was a decrease in Mn(II) ion 
removal while increasing sorbent dosage increased 

Mn (II) ion removal. Equilibrium sorption was 
attained at pH 7 within the first 60 min. The 
mechanism of sorption suited Freundlich and 
Langmuir isotherms, while the kinetics suited the 
pseudo-2nd order model. Effective desorption of 
Mn(II) was obtained with both NaOH and HNO3 

solutions, however, desorption was more suited for 
HNO3. Appreciable results were also obtained for real 
industrial wastewater applications.  
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1. INTRODUCTION  
 
Cholic acid is an essential biliary acid and has a 
chemical name 4-(3,7,12-trihydroxy-10,13-

dimethylhexa-decahydro-1H-cyclopenta[a] phenan-
thren-17-yl) pentanoic acid (1). It is a kind of 
endogenous steroid that naturally occurs in many 
animals, including humans (2). It is being studied 
increasingly as a structural element in supramolecular 
chemistry. It has been discovered that the liver is 

where this acid is typically generated (3). Additionally, 

they function as surfactants to make vitamins and 
lipids soluble, so they may be absorbed in the colon 
(4). This occurs by combining with taurine or glycine to 
create water-soluble salt, and then micelles are formed 
around molecules that are attracted to lipophilicity (5). 
Cholic acid with chenodeoxycholic acid, known as an 

important primary bile acid, is synthesized by 
cholesterol, and it is also produced in the liver. The 
concentration of these two acids is equal in humans, 
and they are converted to amino biliary acids (6). 
Figure (1) gives An illustration of intestinal bacteria 
further transforming deoxycholic acid and lithocholic 
acid, respectively, into biliary acid (7,8).  

 
1,3,4-Oxadiazoles are interesting compounds (10-12). 
The unique structure of these compounds has attracted 
researchers' interest in finding new therapeutic 

molecules (13). It has been found that these 
compounds have a great range of biological 
applications, which include antiviral (14), 
anticonvulsant (15), anti-inflammatory (16), anti-
tubercular (17), antimicrobial, anti-allergic, 
antineoplastic, analgesic, antiproliferative, monoa-

mine oxidase and tyrosine kinase inhibitory effects 

(18). Thiadiazols are also heterocyclic moieties 
consisting of one sulfur atom with two nitrogen atoms 
(19). Thiadiazols and their analogs are interesting 
chemical compounds due to their bioactivity effect, 
such as anti-tubercular and antimicrobial activity 
(20,21). Recently, it was found that 1,3,4-thiadiazole 

sulfonamide derivatives work as a modulator of 
anticancer treatment when joined with some cytotoxic 
substances. It can also be a lead molecule in treating  
new diseases, for instance, COVID-19 and black fungus 
infection (22). 
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Figure 1: The Production of Biliary Acids from Cholesterol (9) 

 
Nowadays, compounds based on 1,3,4-thiadiazoles 

have been shown to have activity against various 
cancers by focusing on unchecked DNA replication and 
cell division, and malignancies in vitro and in vivo can 
be reduced (23). Furthermore, heteroatoms in 
thiadiazoles can form interactions with biological 

targets, including key kinases involved in 
tumorigenesis (24). Triazoles are good examples of 
heterocyclic compounds due to the exhibition of high 
aromatic stability compared to other organic 
compounds (25,26). Triazoles can form hydrogen 
bonds suitable for many biologically active molecules 

(27). Medicinal chemists emphasize the anticancer 
activity of such compounds (28) due to their crucial 
roles in the design of anticancer drugs (29). Biological 
studies have shown that the five-membered triazole 

heterocycles have a broad and potent biological activity 
(30), notably in antiviral activities such as those 
against the human immunodeficiency virus (HIV)(31), 

the hepatitis C virus (HCV), the hepatitis B virus 
(HBV)(32), the influenza virus (IV), the herpes simplex 
virus (HSV), the hepatitis A virus (HAV), the varicella-
zoster virus (VZV), and the human cytomegalovirus 
(HCMV) (33). Currently, other molecules, such as Schiff 
bases derived from heterocycles, are the subject of 
many investigations because of their diverse range of 

biological functions (34). They are very important in 
various biological systems and have found applications 
in different industries (35). Schiff bases derived from 
various sources exhibit the ability to fight against 
several biological problems, including cancer, 

inflammation, and allergies. These can be treated using 

antibacterial, antifungal, antitumor, and antiviral 
substances containing Schiff bases. (36,37). In 
addition, the field of research dealing with Schiff-base 
chemistry has expanded greatly nowadays(38).  
 

2. EXPERIMENTAL SECTION 

 
2.1 General  
Sigma Aldrich provided the cholic acid, while BDH and 
Fluka companies supplied the other reagents. All 
chemicals were used without further purification. 

Melting points (MP) were determined on the Electro 
Thermal IA1900. IR spectrometer with a 4000-400 cm-

1 range was utilized using KBr disks on a Shimadzu FT-
IR-8400. 1H and 13C NMR spectra were recorded using 
a Varian Agilent USA 400 MHz spectrometer at Laboret 
Center, University of Tehran. Thin layer 

chromatography (TLC) was performed on TLC 
aluminum sheets to verify the purity of the compounds. 
 
2.1.1 Synthesis of compound (1) 

A mixture of cholic acid (0.01 mol) and conc. sulfuric 
acid (10 mL) was stirred in an ice bath. Then, the 
solution was heated in a steam bath 10 hrs) until one 

distinct spot-on TLC. This hot mixture was poured onto 
crushed ice, and ammonium hydroxide was 
concentrated to precipitate the free base. It 
recrystallized from ethanol to give a brown solid, m.p: 
116-118 °C and 78% yield. νmax: 3560, 3380, 2929, 
2852, 1665, 1107,1050 cm-1. 
 

2.1.2 Synthesis of compound (2) 
0.01 mol of compound (1), ethyl alcohol (50 mL), and 
4-aminoacetophenone (0.01 mol) were refluxed 
together for 5 hrs and then cooled down to room 
temperature when TLC showed the end of the reaction. 

The resulting precipitate was filtered and then dried. 

Ethyl alcohol was used to recrystallize the product to 
produce a bright yellow solid m.p.: 107-109 °C and 
70% yield. νmax: 3541, 3376, 3050-3117, 1686-1661 
cm-1. 
 
2.1.3 Synthesis of compound (3) 
0.01 mol of compound (2) was dissolved in absolute 

EtOH (50 mL), bromoethyl acetate (0.01 mol) and 
sodium bicarbonate (3 g) were added. The mixture of 
reaction was refluxed for 8 hrs, and the mixture was 
monitored via TLC. Crushed ice was added to the 
residue after the solvent was evaporated, and the 
solution was extracted with dry ether (2x30 mL). The 
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mixture was then filtered, concentrated, and given a 

dark brown solid with m.p: 112 °C and 71% of yield. νmax: 

3310, 2927, 2855, 1741, 1411, 1372 cm-1.  
  
2.1.4 Synthesis of compound (4) 
A mixture of 10 mL of hydrazine hydrate (85%) and 
0.01 mol of compound (3) in 50 mL abs. ethyl alcohol 
was refluxed for 3.5 hrs. TLC was used to follow the 

reaction, and then evaporation was done to obtain acid 
hydrazide (4); it produced a white solid after 
recrystallization from ethanol m.p: 200–201 °C and 
92% yield. νmax: 3360, 2957, 2862, 1669, 1531, 1581, 
1462 cm-1. 
 

2.1.5 Synthesis of compound (5) 
0.01 mol of acid hydrazide (4) and ammonium 
thiocyanate (0.01 mol) were combined and dissolved 

in absolute ethanol (50 mL). Hydrochloric acid (8 mL) 
was added to the reaction mixture and then re-
condensed for 2 hrs. Product formation was monitored 
using TLC. After the primary compounds disappeared 

from TLC, the crude product was combined with silica 
gel after the solvent had been evaporated under 
decreased pressure, and it was then purified using 
column chromatography, eluting with petroleum 
ether/EtOAc (1:1) gave pale brown solid, m.p: 145-
147°C and 77% of yield νmax: 3314, 3012, 1667, 1583, 
1549, 1420, 1210 cm-1. 

 
2.1.6. Synthesis of compound (6) 
Refluxing of substituted thiosemicarbazide (5) (0.01 
mol) with NH2NH2.H2O 85% (12 mL, 0.2 mol) for 2 hrs 
gave a solid that was isolated, dried, and recrystallized 

from ethyl alcohol to give yellow solid, m.p: 143-145 

°C and 52% of yield. νmax: 3419, 3320, 3054, 2923, 
1620 cm-1. 
 
2.1.7. Synthesis of compound (7) 

A solution containing ten drops of glacial acetic acid and 
0.01 mol of chlorobenzaldehyde in 15 mL of ethanol 
was added to a mixture containing 0.01 mol of 

compound (6) in ethanol (30 mL) and refluxed for 3 
hrs when TLC revealed no starting material, the 
resultant solution is concentrated to half, the residue 
was then added to crushed ice. The product is filtered 
and washed with water to give a white solid, m.p.: 
165–167 °C and 79% yield; recrystallization from 
methanol gave the desired compound. νmax: 

3035,1706, 1430-1544, 688 cm-1. 
 
2.1.8. Synthesis of compound (8) 
A mixture of 0.01 mol thiosemicarbazide (5) and 0.01 
mol HgO in 25 mL of methanol was refluxed for 6 hrs, 
the reaction was observed using TLC, and the mixture 

was filtered while still hot. The solvent was evaporated 
and purified via column chromatography using 
petroleum ether/EtOAc (5:2) as eluent gave a deep 
yellow solid, m.p: 210-211 °C and 64% of yield. νmax: 
3424, 3162, 3055, 2926, 2850, 1612, 1164, 1033 cm-1. 
 
 

 

2.1.9. Synthesis of compound (9) 

The mixture of five drops of glacial acetic acid and 0.01 

mol chlorobenzaldehyde was combined with compound 
(8) (0.01 mol) in 30 mL of ethanol. The same 
procedure of compound (7) was followed to prepare 
compound (9), column chromatography with 
CH2CH2/MeOH (5:1) as eluent was used for purification 
to give a white solid, m.p: 222-224 °C and 69% of 

yield. νmax: 3032, 1663, 1544, 1433, 687  
cm-1. 
 
2.1.10. Synthesis of compound (10) 
A substituted thiosemicarbazide (5) (0.01 mol) was 
added to a round-bottomed flask along with 10 mL of 

concentrated H2SO4 and refluxed in a water bath at 90 
°C for (2 hrs), then the mixture was neutralized using 
a solution of concentrated NH4OH with cooling. The 

resulting precipitation was filtered, washed, dried, and 
recrystallized from benzene to offer a white solid, m.p.: 
214–215 °C and 71% of yield, νmax: (3421-3370), 
1623, 3053, and 1034 cm-1. 

 
2.1.11. Synthesis of compound (11) 
Compound (10) (0.01 mol) was dissolved in ethyl 
alcohol (30 mL) and then added to a solution 
comprising five drops of glacial acetic acid with 
chlorobenzaldehyde (0.01 mol). The synthesis 
conditions of compound (7) were employed to obtain 

the title compound (10), which gave a pale green solid, 
m.p: 230-231°C, and 74% yield. νmax 3025, 2922, 
2850, 1670, 1544, 1433, 687 cm1 

 
3. 3. RESULT AND DISCUSSION 

 

The preparation of new substituted oxadiazoles, 
thiadiazols, triazoles, and Schiff bases starting from 
cholic acid, hydrazide, and substituted 
thiosemicarbazide, as well as their antibacterial 
evaluation, have been carried out according to a known 
protocol. Firstly, treating cholic acid with 
thiosemicarbazide gave 2-choly-5-amino-1,3,4-

thiadiazol (1). The structure was confirmed by IR, 
which gave absorption at 3380, 1665, 1107,1050  
cm-1 related to N-H, C=N, and C-S-C, respectively. 
Compound (1) was then treated with 4-
aminoacetophenone and conc. HCl in ethyl alcohol to 
produce hydrazone (2), F.T-IR spectrum for compound 
(2) showed absorption for the C=N group at 1686–

1661 cm-1 and for the aromatic C–H at 3050–3117 cm-

1. The 1H-NMR spectrum showed two doublets at 7.41 
and 6.68 ppm, which belong to aromatic protons of 
para-substitution, a singlet at 5.49 for the NH2 group 
and a singlet at 2.42 for (3H) corresponding to methyl 
(CH3) group of hydrazone. The ester compound (3) was 

then synthesized through the reaction between 
hydrazone (2) with ethyl 2-bromoacetate. The 
structure of the product was elucidated and confirmed 
by IR spectrum, which gave an absorption band at 
1741 cm-1 for the carbonyl group; also 1H-NMR 
recognized the structure by demonstrating a quartet at 
4.15 ppm for methylene group (CH2) and a triplet at 

1.36 ppm for methyl group (CH3).13C-NMR gave two 
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distinguished peaks belong to carbonyl at 170.2 ppm 

and 60.6 ppm for the carbon of methylene group. The 

conversion of ester (3) to acid hydrazide (4) was 
completed via the reaction with N2H4.H2O \ EtOH. The 
structure of (4) presented bands in IR spectroscopy at 
3360 and 1669 cm-1 for (N-H) and (C=O) groups, 
respectively. 1HNMR gave two peaks at 7.10 and 2.63 
ppm for NH and NH2. The substituted thiosemicarbazide 

(5) was prepared via the reaction of acid hydrazide and 

ammonium thiocyanate, which clearly showed IR 

absorbance at 3314 (N-H), 1667 (C=O) and 1210 (C=S) 
cm-1. The 1H-NMR exhibited a signal at 6.18 ppm for NH2 
next to the (C=S) group, and 13C-NMR appeared peaks 
at 181.3 and 169.6 ppm for (C=S) and (C=O), 
respectively. All spectral data confirmed the structure 
formation of the compound (5). 

 

  
Scheme 1: Preparation of substituted thiosemicarbazide (5).  

 
Reagents and conditions:(i) Cholic acid, conc. H2SO4, steam bath (ii) EtOH, 4-aminoacetophenone, refl. (iii) 
abs. EtOH, bromo ethyl acetate, NaHCO3, refl (iv) N2H4.H2O 85% abs.EtOH, refl (v) ammonium thiocyanate 

abs. EtOH. HCl, refl. 

 
The following steps showed the suggested mechanism for the Schiff base formation reaction (39). 

 

 
 

The substituted thiosemicarbazide (5) was then divided 

into three portions, which were converted to 
substituted 1,2,4-triazole (6), 1,3,4-oxadiazole (8), 
and 1,3,4-thiadiazole (10) via the reaction with 
hydrazine hydrate, mercuric oxide, and concentrated 

sulfuric acid, respectively. The IR spectral data of 

substituted 1,2,4-triazole (6) presented absorption at 
3419,3320 cm-1 due to (NH) and 1620 cm1 belonging 
to the (C=N) group. The 1HNMR gave signals for two 
NH2 groups at 5.42 and 4.56 ppm, respectively. The 
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cyclization of (5) was successfully accomplished to 

offer the corresponding compounds [substituted 1,3,4-

oxadiazole (8) and substituted 1,3,4-thiadiazole (10)]. 
Infrared spectrum gave absorbance in cm-1 at 3382, 
3289 (NH2), 1620 (C=N), 1110 (C-O-C) for compound 
(8) while compound (10) offered 3385,3278 
(NH2),1635 (C=N), 1096 (C-S-C). Finally, a series of 
Schiff bases (7, 9, and 11) were synthesized 

successfully via the reaction of substituted 1,2,4-
triazole (6), 1,3,4-oxadiazole (8), and 1,3,4-
thiadiazole (10) with 4-chlorobenzaldehyde and 
concentrated hydrochloric acid in ethanol. Again, the 
structure of the prepared Schiff bases was 
characterized by IR, compound (7) showed bands at 

3035 cm-1 related to aromatic C-H, 1706 cm-1 for C=N 
and 688 cm-1 due to C-Cl, the 1H- NMR confirmed the 
structure of the desired product by presenting two 

singlets at 8.83 (1H) and 8.66 (1H) ppm related to 
protons in two azo-methane CH=N groups, in 
addition,13C-NMR gave peaks at 167.7 and 160.7 ppm 
for carbon atoms in two CH=N groups, peaks at 138.6, 

138.5 ppm were also obtained for C-Cl. The IR 

spectrum proved the structure of compounds 8 and 10 

by the disappearance of the stretching bands belonging 
to the carbonyl and thione groups. However, it was 
demonstrated absorption in cm-1 at  (3424-3162), 
(3421-3370),1612,1623, 3055,3053, (1164-1033), 
and 1034 corresponding to the following groups NH, 
C=N, aromatic C-H, C-O-C, and C-S-C respectively. For 

compounds (8 and 10), the structures were also 
verified by NMR data. Also, characteristic peaks that 
are required to approve the chemical structure of 
compounds (9 and 11) were shown by 1H-NMR 
spectrum, which exhibited multiple in the range of 
7.02-8.28 ppm related to aromatic protons, singlet of 

CH = N proton at (8.34 ppm/ comp. 9), (876 ppm/ 
comp 11) respectively. 
 

The proposed mechanism below shows the steps for 
the cyclization of substituted thiosemicarbazides (5) to 
substituted 1,2,4-triazole (6). 
 

 

 
Scheme 2: Preparation of compounds (6-11).  

Reagents and conditions:(i) N2H4.H2O 85% refl., (ii) EtOH, glacial acetic acid,chlorobenzaldehyde, refl.;(iii) 
HgO, MeOH, refl (iv) EtOH, glacial acetic acid,chlorobenzaldehyde, refl; (v) conc. H2SO4,90 °C (vi) EtOH, glacial 

acetic acid, chlorobenzaldehyde, refl.
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4. THE BIOLOGICAL STUDY 
 

In the current work, the two bacteria S. aureus and P. 
aeruginosa have been used in sensitivity tests by the 
disc diffusion method for the synthesized compounds 
(2, 5, 7, 8, and 11), with the results shown in Table 1. 
These different compounds have shown antibacterial 
activities against the bacteria mentioned above and 

can inhibit the growth of these two types. The species 

S. aureus was inhibited at a concentration of 200 
mg/mL for compound 11 (23 mm) and (21 mm) for 

compound 8, while compounds 2, 5, and 7 have 
inhibition zones (15, 20, and 19 mm), respectively. The 
species P. aeruginosa was inhibited at a 200 mg/mL 
concentration for compounds 5, 8, and 11 (21, 20, and 
18 mm), respectively. Compounds 7 and 2 at 200 
mg/mL have (16 and 14 mm), respectively.  

 
Table 1: Biological activity of some prepared 

compounds. 
 

Compoun
d No. 

Concentrati
on 

mg/mL 

Bacteria 

S. 
aureu

s 

P.aerugino
sa 

2 

200 15 14 

100 12 11 

50 7 8 

25 7 5 

12.5 0 0 

5 

200 20 21 

100 17 14 

50 15 13 

25 13 8 

12.5 8 0 

7 

200 19 16 

100 16 12 

50 9 9 

25 0 5 

12.5 9 0 

8 

200 21 20 

100 17 17 

50 9 17 

25 0 8 

12.5 0 0 

11 

200 23 18 

100 19 14 

50 15 11 

25 12 8 

12.5 6 0 

Amikacin 
(amk) 

20 mg/dick 21 20 

 
5. CONCLUSION 

 
The target compounds, including 1,3,4-oxadiazoles, 
1,3,4-thiadiazoles, 1,2,4-triazoles, and Schiff bases, 
were successfully synthesized utilizing cholic acid as 
the initial substance. The chemical structures 
developed have been elucidated and confirmed using 

FTIR and 1H,13C-NMR spectroscopy. A preliminary 

assessment of bio-activity has indicated that several 
chemicals (refer to Table 1) exhibit noteworthy action 
against specific pathogenic organisms. In addition, the 
synthesized chemicals could be examined for a range 
of further bio-applications. 
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Abstract: The present study aims to determine the contents of total polyphenol (TPC) and total flavonoid 
(TFC) and evaluate the antioxidant and antimicrobial activities of Cistanche violacea (Desf.) Beck. The 
extraction of bioactive compounds from the whole plant of C. violacea (Desf.) Beck was carried out by three 
different methods, including maceration, Soxhlet, and ultrasound, with ethanol and water as solvents. The 
results showed that the ultrasound ethanolic extract recorded the greatest amounts of TPC with 188.95 ± 
2.2μg gallic acid equivalent/mg dry extract, while for TFC, it was the maceration ethanolic extract with 40.26 

± 6.02µg quercetin equivalent/mg dry extract. The High-Performance Liquid Chromatography (HPLC) results 
showed the presence of phenolic compounds, with 32 identified compounds in the ethanolic and aqueous 
extracts. The different extracts showed antioxidant capacities for DPPH, ABTS, phenanthroline, and reducing 

power assays. The highest antioxidant ability was observed with the ethanolic extract obtained by the 
maceration method (IC50 33.35 ± 1.4 and IC50 < 12.5 μg/mL for DPPH and ABTS tests). The antimicrobial 
investigation on seven microbial strains revealed that the ethanolic extract ultrasound showed moderate 
antibacterial activity (18.66 ± 1.1mm) against only Staphylococcus aureus ATCC25923, while the other 

extracts showed weak or no antimicrobial activity. This work suggests that C. violacea (Desf.) Beck has 
antioxidant properties of natural origin, which justify its traditional use in treating many conditions related to 
oxidative stress.  
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1. INTRODUCTION 
 
The Orobanchaceae family comprises more than 
2000 species in about 100 genera and contains the 
most significant number of parasitic angiosperm 
plants (1, 2). This family comprises facultative or ob-

ligate parasite plants distributed in all climatic zones 
and continents except Antarctica (2, 3). 
 
The genus Cistanche Hoffmanns. & Link (1813) 
includes around 25 species of obligate parasite 
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plants, meaning they cannot complete their life 

cycles without host plants1 (4). As a result, they have 
lost their photosynthetic abilities and are thus called 

holoparasites (5). They are found in different envi-
ronments, including halophytic habitats and semi-
arid and arid zones across Eurasia and North Africa 
(4). Long underground stolons, fleshy stems and col-
ored inflorescences characterize the Cistanche spe-

cies. Generally, species belonging to the Cistanche 
genus grow on the roots of plants of the following 
families: Plumbaginaceae, Zygophyllaceae, Cheno-
podiaceae, and Tamaricaceae (6). 
 
In the Algerian flora, three species of Cistanche are 

reported, namely C. tubulosa in Tassili N'Ajjer (Cen-
tral Sahara of Algeria), C. tinctoria (Desf.) Beck a 
species with a Saharo-Mediterranean distribution and 
C. violacea (Desf.) Beck2 (1893), the holoparasitic 
endemic species of North Africa (7). In Algerian pop-

ular medicine, the locally known plant Danoun (C. 
tinctoria (Desf.) Beck) is traditionally used to treat 

diabetes, diarrhea, and abdominal pains. In addition, 
this plant is used as an aphrodisiac, analeptic and, for 
muscle contractions, bruises and as a lactation stim-
ulant (8). On the other hand, C. phelypaea (L.) syn-
onym of C. tinctoria (Desf.) Beck is used in North Af-
rican traditional medicine for diarrhea, diabetes, in-
testinal troubles, infection, and as a diuretic. In addi-

tion, several species of Cistanche are used in tradi-
tional Chinese medicine as food additives and tonics. 
Moreover, they are used to treat conditions like renal 
deficiency, impotence, infertility, profuse metrorrha-
gia and chronic constipation (9).  
 

Information about the traditional use of C. violacea is 

lacking in Algeria, but a few studies have been con-
ducted on its phytochemical and biological proper-
ties. Indeed, Bougandoura et al. (10) revealed the 
chemical constituents and the anti-inflammatory ac-
tivity of the ethanolic extract of the aerial parts of C. 
violacea collected from southwest Algeria. Further-

more, Alia et al. (11) studied the extent to which host 
plant variation affected the natural product extracts 
of C. violacea (Desf.) Beck growing in the Oued Souf 
region (southeast Algeria). In Tunisia, Debouba et al. 
(12) have shown that the flowers and bulbs of C. vi-
olacea collected from the seashore of Hassi Jerbi vil-
lage, located in the southeast of Tunisia, had im-

portant amounts of total phenolic compounds. In ad-
dition, Ben Attia et al. (13) highlighted the antioxi-
dant and cytotoxic activities of C. violacea collected 

from Tataouine (southeast Tunisia). Finally, the re-
cent study of Bouzayani et al. (14) for samples col-
lected from Sfax (southeast of Tunisia) showed im-

portant phenolic content and antioxidant activities for 
polar extracts, while evaluating the antimicrobial ac-
tivity indicated that the methanol extracts had the 
highest activities. However, the methanol and etha-
nol extracts of C. violacea collected from the Qassim 
region of Saudi Arabia exhibited no or weak antimi-
crobial activity, except for Staphylococcus epider-

midis, which had good activity (15). 
 

 

1 http://www.gbif.org 

As part of our project to study the Algerian desert 

flora and search for plants with therapeutic value, we 
were interested in studying C. violacea (Desf.) Beck 

growing in a spontaneous state in Ghardaïa Province. 
This work aims to evaluate the chemical composition 
of different extracts (ethanolic and aqueous) ob-
tained by three extraction methods: maceration, 
Soxhlet, and ultrasound of the whole plant of C. 

violacea (Desf.) Beck. We explored the phenolic and 
flavonoid contents, antioxidant properties and 
antimicrobial activities of the obtained extracts. In 
addition, we evaluated the relationship and 
correlation between the phytochemical contents of 
the different extracts and the tested antioxidant 

activity. 
 
2. EXPERIMENTAL SECTION 
 
2.1. Plant Material 

Whole plants of C. violacea (Desf.) Beck were col-
lected from Noumerate (32°23’30.7"N 3°46’03.3"E) 

at the campus of the University of Ghardaia. This re-
gion is characterized by a semi-arid climate and is 
located in the Septentrional Sahara (16). First, the 
freshly collected plants are washed with running tap 
water and put to dry in the laboratory. Then, the 
samples were grounded using a mechanical grinder 
(Sayona Electric, France) and finally stored pending 

subsequent analysis. 
 
2.2. Extraction Methods 
Bioactive compounds were extracted from the ana-
lyzed plants by three extraction methods. The con-
ventional methods used were maceration and Soxhlet 

and the unconventional method was ultrasound-as-

sisted extraction.  
 
For the maceration method, 10 g of the plant powder 
was macerated in 100 mL of ethanol (70%) or water 
under magnetic stirring for 24 h. The extracts were 
filtered, and the ethanol was evaporated using the 

rotavaporator R-210 (Buchi, Switzerland), while wa-
ter was eliminated by the lyophilizer (Telstar 
lyoQuest, Spain). For the Soxhlet extraction, 10 g of 
the plant powder was placed in a Soxhlet cartridge. 
The extraction was performed using a Soxhlet appa-
ratus with a 500 mL flask containing 100 mL of eth-
anol (70%) or water and the extraction cycle lasted 

4 h, and the temperature was fixed at 60 °C or 100 
°C, respectively. Then, the resulting ethanolic solu-
tions were evaporated using the rotavaporator R-210 

and a lyophilizer was used for removal of water. The 
ultrasound-assisted extraction was carried out in a 
Sonorex Digetec DT 514 (Bandelin, Germany) using 

a 250 W power and 35 kHz frequency. Ten grams of 
plant powder was put separately in a beaker and put 
through a 1 h extraction with 100 mL of ethanol or 
water. Then, the obtained extracts were evaporated 
using the rotavaporator R-210 and a lyophilizer. Fi-
nally, the yield (%) of each extract was determined 
after weighing and then stored in a refrigerator at 4 

°C pending further analysis. 
 

2 http://www.gbif.org 
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2.3. Total Phenols Content (TPC) 

The determination of Total Phenols Content (TPC) 
was performed according to the Folin-Ciocalteu 

method described by Singleton et al. (17). First, 20 
μL of each extract was added to 100 µL of Folin-Cio-
calteu reagent (diluted 10-fold with distilled water). 
Next, the mixtures were shaken and then added to 
75 μL of sodium carbonate (7.5% Na2CO3) and al-

lowed to incubate in the dark at room temperature 
for 2 h. The absorbance was measured at 765 nm 
using a 96-well microplate reader (Thermo Scien-
tificTM Multiskan Sky, France). Finally, the results are 
expressed in µg gallic acid equivalent/mg dry extract 
(µg GAE/mg DE) with reference to the calibration 

curve of different concentrations of gallic acid. 
 
2.4. Total Flavonoids Content (TFC) 
The Total Flavonoids Content (TFC) of the plant ex-
tracts was evaluated by the method described by 

Zhishen et al. (18). First, 50 μL of each extract was 
added to 50 μL of 2% aluminum chloride hexahy-

drate. Next, the mixtures were stirred and then 150 
µL of 5% (w/v) sodium acetate was added and incu-
bated in the dark at room temperature for 2.5 h. After 
incubation, absorbance was determined at 440 nm 
using a 96-well microplate reader. The results were 
expressed in µg quercetin equivalent/mg dry extract 
(µg QE/mg DE) by referring to the calibration curve 

of different concentrations of quercetin. 
 
2.5. High-Performance Liquid Chromatography 
(HPLC) Analysis  
In order to characterize the phenolic composition of 
the various extracts of C. violacea (Desf.) Beck, a 

high-performance liquid chromatography system 

(Agilent 1100) was used, as described in Meguellati 
et al. (19). For this, a Hypersil BDS C18 analytical 
column (4.6 X 250 mm and 5 µm particle size, a UV 
Diode Array Detector (DAD) ranging from 200 to 400 
nm and equipped with a quaternary rapid separation 
pump were used. The injected sample volumes were 

5 µL and the flow rate of the mobile phase was 1.5 
mL/min. Acetic acid (0.2% in water) as solvent A and 
acetonitrile as solvent B in a linear gradient for 30 
min were used as the mobile phase. The analysis 
started with 95% of solvent A and finished with 100% 
of solvent B. Comparing the obtained retention times 
of the compounds with the standards that were in-

jected under the same conditions revealed the iden-
tity of the compounds in the extracts. 
 

2.6. Antioxidant Assays 
The evaluation of the antioxidant activity was carried 
out on the different extracts using four different 

methods. 
 
2.6.1. DPPH radicals scavenging assay 
The free radical scavenging activity was carried out 
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
assay described by Blois et al. (20). Forty microliters 
of each extract were diluted to 12.5, 25, 50, 100, 

200, 400, and 800 µg/mL concentrations. Then, they 
were blended with 160 µL of a methanolic DPPH 
solution (0.1 mM). After 30 min of incubation in the 
dark, the absorbance was measured at 517 nm using 
a microplate reader. Butylated hydroxytoluene (BHT) 

and ascorbic acid were used as positive controls and 

the results were expressed as % Inhibition and IC50 
values in µg/mL.  

 
% Inhibition = [(Ac–As/Ac)]×100. 
 
Where Ac and As were the absorbance of the negative 
control and the absorbance of the sample at 30 min, 

respectively. IC50 (µg/mL) corresponds to half the 
maximal inhibitory concentration. 
 
2.6.2. ABTS•+ scavenging activity 
ABTS radical-scavenging activities were carried out 
based on the method of Re et al. (21). ABTS+ was 

prepared by combining 5 mL of a 7 mM ABTS solution 
with 5 mL of a 2.45 mM potassium persulfate 
solution. The resulting mixture was then stored in a 
dark environment in a refrigerator at 4 °C for 16 h. 
Subsequently, the mixture was modified using 

distilled water till achieving an absorbance of 0.700 
± 0.020 at a wavelength of 734 nm. Sample solutions 

at different concentrations were prepared with 
distilled water (12.5, 25, 50, 100, 200, 400, and 800 
µg/mL). Then 40 µL of sample solutions were mixed 
with 160 µL of ABTS•+ solution. After 10 min of 
incubation, the absorbance was recorded at 734 nm 
using a 96-well microplate reader. Results were 
expressed as inhibition percentage (%) and as IC50 

values (µg/mL). BHT and ascorbic acid were used as 
the positive controls and the inhibition of ABTS free 
radical was determined as below;  
 
% Inhibition = [(A0– A1/A0)]×100. 
 

Where A0 is the absorbance of the negative control, 

A1 is the absorbance of the sample at 10 min. IC50 
(µg/mL) corresponds to half of the maximal inhibitory 
concentration. 
 
2.6.3. Reducing antioxidant Power (RP) assay  
The reducing antioxidant power (RP) assay was 

carried out according to the Oyaizu (22) method. Ten 
microliters of the different concentrations of the 
extracts (3.125, 6.25, 12.5, 25, 50, 100, and 200 
µg/mL) were added to 40 μL of 0.2 M phosphate 
buffer (pH 6.6) and 50 μL of 1% potassium 
ferricyanide. The plate was incubated at 50 °C for 20 
min. Then, 50 μL of tricarboxylic acid (TCA, 10%), 40 

μL of distilled water and 10 μL of ferric chloride (FeCl3 
0.1%) were added to each mixture. The absorbance 
was measured in the microplate reader at 700 nm. 

BHT and ascorbic acid were used as positive controls. 
Results were expressed as absorbance against a 
reagent blank and A0.5 values (µg/mL) corresponding 

to the concentration indicating 0.50 absorbance 
intensity. 
 
2.6.4. Phenanthroline activity 
Phenanthroline activity (Phen) was determined 
according to the method of Szydlowska-Czerniak et 
al. (23). Ten microliters (10 µL) of the extracts, 50 

µL of FeCl3 (0.2% in water) and 30 µL of 
phenanthroline (0.5% in methanol) were placed in a 
10 mL volumetric flask and then 110 µL of methanol 
were added. The obtained solution was homogenized 
and put in the dark at room temperature. The 



 
Djemouai N et al. JOTCSA. 2024. 11(2): 449-468.   RESEARCH ARTICLE 

452 
 

absorbance of the resulting solution was measured at 

510 nm after 20 min against a reagent blank that 
consisted of 1 mL of FeCl3 (0.2%) and 0.5 mL of Phen 

(0.5%). BHT and ascorbic acid were used as positive 
controls. Results were expressed as absorbance 
against a reagent blank and A0.5 values (µg/mL) 
corresponding to the concentration indicating 0.50 
absorbance intensity. 

 
2.7. Antimicrobial Activity 
2.7.1. Preparation of microbial suspensions  
In order to evaluate the antibacterial activity of the 
extracts, six bacterial strains were used in this study. 
The Gram-negative strains were Escherichia coli 

(ATCC 25922), Salmonella typhimurium (ATCC 
14028) and Pseudomonas aeruginosa (ATCC 27853) 
and the Gram-positive bacteria were Listeria 
monocytogenes (ATCC 35152), Bacillus cereus (ATCC 
14579) and Staphylococcus aureus (ATCC 25923). 

One yeast, namely Candida albicans (ATCC 10231), 
was used to test the antifungal activity. Bacterial and 

fungal suspensions were prepared using a sterile 
saline solution. 
 
2.7.2. Disk diffusion assay  
The antimicrobial activity of C. violacea extracts was 
investigated using the disk diffusion method (24). 
The Mueller–Hinton and Sabouraud chloramphenicol 

agar plates were surface inoculated using the 
bacterial and fungal suspensions containing 106 and 
108 CFU/mL, respectively. Then, 6 mm sterile discs 
(Whatman filter papers) were soaked with the 
extracts (dissolved in 2.5% DMSO and sterilized 
through 0.22 μm filters) and placed on the surface of 

the inoculated agar plates. DMSO was used as a 

negative control, while gentamicin and fluconazole 
were used as positive controls for antibacterial and 
antifungal activities, respectively. The plates were 
then incubated at 37 °C for 24 h for bacteria and 28 

°C for 48 h for fungi and the diameters of the 

inhibition zones were measured using a Vernier 
caliper. The experiment was performed in triplicate. 

 
2.8. Statistical Analysis  
Results are expressed as mean values (n = 3) with 
standard deviation (SD). Data were analyzed by Sta-
tistica software. An analysis of variance (ANOVA) fol-

lowed by testing the significance of differences using 
a Tukey LSD test (p ≤ 0.05) was applied. Correlations 
between the variables were determined with a Hier-
archical Cluster Analysis (HCA) and a Principal Com-
ponent Analysis (PCA). Pearson correlation analysis 
was performed based on the results of the TPC, TFC, 

DPPH, ABTS, RP and Phen tests.  
 
3. RESULTS  
 
3.1. Phytochemical Composition 

The present study shows the contents of total 
phenolics and flavonoids in the ethanolic and aqueous 

extracts of C. violacea (Desf.) Beck (Table 1). The 
content of total phenolics was the highest for the 
ultrasound extraction method, with a value of 188.95 
± 0.4 µg GAE/mg DE, followed by the maceration 
extraction (183.51 ± 2.2 µg GAE/mg DE) and the 
Soxhlet extraction (159.17 ± 3.3 µg GAE/mg DE) for 
ethanolic extracts. In contrast, the lowest results 

were obtained with the aqueous extraction for TPC. 
In the same manner, the highest results of the total 
flavonoids contents were obtained for ethanolic 
extracts, with contents of 40.26 ± 6.02 µg QE/mg DE 
for maceration, 27.73 ± 0.8 µg QE/mg DE for 
ultrasound and 19.76 ± 3.7 µg QE/mg DE for Soxhlet. 

In addition, we did not obtain a significant difference 

in the total flavonoids contents for the three types of 
extraction methods for the aqueous extract of C. 
violacea (Desf.) Beck.

 
Table 1: Quantitative analyses of total phenolics (µg GAE/mg DE) and total flavonoids (µg QE/mg DE) 

contents of the ethanolic and aqueous extracts from Cistanche violacea (Desf.) Beck. 
 

Extract Extraction method TPC (µg GAE/mg DE) TFC (µg QE/mg DE) 

Ethanolic extract Maceration 183.51 ± 2.2b 40.26 ± 6.02c 

Soxhlet 159.17 ± 3.3d 19.76 ± 3.7ab 

Ultrasound 188.95 ± 0.4b 27.73 ± 0.8b 

Aqueous extract Maceration 79.48 ± 2.4a 17.05 ± 0.1a 

Soxhlet 107.22 ± 5.7c 17.45 ± 0.2a 

Ultrasound 71.48 ± 5.3a 18.35 ± 0.3a 

Values are the mean of three replicates (n = 3) ± SD. Results with different superscript letters are significantly 
different (p ≤ 0.05). 
 
In the HPLC analysis, the retention times of the samples 
and standards were identified. The composition of the 
obtained extracts was recorded in Table 2 and the 
chromatograms (280, 300 and 355 nm) were presented 
in Figure 1. The different HPLC profiles showed many 
peaks corresponding to different phenolic compounds. A 

total of 32 compounds were identified in the six extracts, 
with 29 compounds each in maceration, Soxhlet and 
ultrasound for the ethanolic extracts, while we recorded 
22 compounds in maceration and Soxhlet and 20 

compounds in ultrasound for the obtained  aqueous 
extracts. The phenolic acids included hydroxybenzoic 
acids like salicylic and gallic acids and hydroxycinnamic 
acid derivatives such as trans-cinnamic and caffeic 
acids. Some of the identified phenolic acids were ferulic, 
syringic, vanillin, m-anisic, cinnamic, and 3, 4, 5-

trimethoxybenzoic acids. The flavonoids included, for 
example, luteolin-7-glycoside, apigenin-7-glycoside and 
rutin. Also, other phenolic compounds were identified, 
like resorcinol and hydroxyquinone. 
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Table 2: HPLC results of the ethanolic and aqueous extracts from Cistanche violacea (Desf.) Beck. 

Compound 
number 

Identified compound Ethanolic extract Aqueous extract 

  
Maceration 

(retention time 
in min) 

Soxhlet 
(retention time 

in min) 

Ultrasound 
(retention time 

in min) 

Maceration 
(retention time 

in min) 

Soxhlet 
(retention time 

in min) 

Ultrasound 
(retention time 

in min) 

1 Ascorbic acid +(2.197) +(1.963) +(2.197) +(2.180) 
+ 

(1.950) 
+ 

(1.997) 

2 Gallic acid +(3.180) +(3.171) +(3.174) +(3.251) 
+ 

(3.209) 
+ 

(3.220) 

3 Hydroxyquinone +(3.906) +(3.542) +(3.900) / +(3.553) +(4.327) 

4 Tannic acid / +(3.899) / +(3.048) +(3.553) +(3.046) 

5 Resorcinol +(4.542) +(4.539) +(4.539) +(5.424) / +(5.031) 

6 
p-hydroxybenzoic 

acid 
+(5.852) +(6.280) +(8.855) +(5.545) +(6.282) +(5.546) 

7 
1,2 

dihydroxybenzene 
+(5.948) +(6.280) +(5.952) +(5.794) +(6.281) +(5.672) 

8 
Dihydroxycinnamic 

acid 
+(7.111) +(7.105) +(7.106) +(7.211) / / 

9 Caffeic acid +(7.113) +(7.108) +(7.108) +(7.210) / (7.653) 

10 Syringic acid +(7.268) +(7.250) +(7.265) / / / 

11 
p-

hydroxybenzaldehyde 
/ / +(7.799) +(7.542) / +(7.531) 

12 Isovanillic acid +(7.276) +(7.255) / +(7.539) / +(7.516) 

13 Sinapic acid +(8.815) +(9.115) +(9.116) +(8.816) +(9.115) + (9.118) 

14 Vanillin +(9.125) +(8.537) +(9.114) +(8.544) +(9.113) +(8.543) 

15 
n-hydroxy cinnamic 

acid 
+(9.127) +(8.550) / / / +(8.532) 

16 Rutin +(9.127) +(9.115) +(9.116) / +(9.115) / 

17 Ferulic acid (9.381) / +(9.367) +(9.390) +(9.832) +(9.382) 

18 Salicylic acid +(9.830) +(9.830) +(9.813) +(9.387) +(9.832) +(9.380) 

19 
3-hydroxy-4-

methoxycinnamic 
acid 

+(9.839) +(9.830) +(9.824) / +(9.833) / 

20 Luteolin-7-glycoside +(9.914) +(9.904) +(9.901) +(9.401) +(9.912) / 

21 
Quercetin-3-B-

glucoside 
/ +(10.031) (10.024) / / / 

22 Rosmarinic acid +(10.429) +(10.415) +(10.414) +(10.526) +(10.430) / 

23 
Naringenin-7-

glucoside 
+(10.429) +(10.415) +(10.414) +(10.518) +(10.430) +(10.493) 

24 Apigenin-7-glycoside +(10.429) +(10.415) +(10.414) / +(10.430) / 

25 Myricetin +(10.937) +(10.918) +(10.924) +(11.130) +(11.184) / 
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Compound 
number 

Identified compound Ethanolic extract Aqueous extract 

  
Maceration 

(retention time 
in min) 

Soxhlet 
(retention time 

in min) 

Ultrasound 
(retention time 

in min) 

Maceration 
(retention time 

in min) 

Soxhlet 
(retention time 

in min) 

Ultrasound 
(retention time 

in min) 

26 
3, 4, 5 

trimethoxybenzoic 
acid 

+(10.946) +(10.909) / / +(11.009) +(11.336) 

27 Spiracoside +(11.180) +(10.782) +(11.167) / +(11.328) / 

28 Coumarin +(12.032) +(12.016) +(12.019) +(11.839) +(12.026) +(11.848) 

29 m-anisic acid +(12.032) +(12.016) +(12.019) +(12.019) +(12.026) +(11.846) 

30 
3,4,5-trimethoxy-

trans cinnamic acid 
+(12.220) +(12.202) +(12.666) +(12.209) / +(12.223) 

31 Rosmarinic acid +(13.739) / +(13.720) / +(10.430) / 

32 Cinnamic acid +(13.752) +(13.746) +(13.735) / / / 

Total  29 29 28 21 22 20 

/: non detected, +: present. 
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Figure 1: HPLC chromatograms of Cistanche violacea (Desf.) Beck extracts. A, B and C: Ethanolic extract.  

 
Maceration; D, E and F: Aqueous extract Maceration; 

G, H and I: Ethanolic extract Soxhlet; J, K and L: 
Aqueous extract Soxhlet; M, N and O: Ethanolic 
extract Ultrasound; P, Q and R: Aqueous extract 
Ultrasound at 280, 300 and 355nm. 

 

3.2. Antioxidant Activity 
The results of the antioxidant activity of C. violacea 
(Desf.) Beck extracts are presented in Table 3 and 
Figure 2. 

 
Table 3: Antioxidant activity of Cistanche violacea (Desf.) Beck extracts. 

 
Values are the mean of three replicates (n = 3) ± SD. Results with different superscript letters are significantly 
different (p ≤ 0.05). BHT: Butylated hydroxytoluene, DPPH: 2,2-diphenyl-1-picryl-hydrazyl, ABTS: 2,2'-azino-

bis(3-ethylbenzothia-zoline-6-sulfonic acid), Phen: phenanthroline, RP: reducing power. IC50 (mg/mL): 
concentration at which 50% is inhibited. A0.5 (mg/mL): concentration indicating 0.50 absorbance intensity. 
 

Standard/ 
extract 

Extraction 
technique 

IC50 A0.5 

DPPH (µg/mL) ABTS (µg/mL) Phen (µg/mL) RP (µg/mL) 

BHT / 42.60 ± 2.3e 35.52 ± 1.05c 8.84 ± 0.7f 10.73 ± 0.7f 

Ascorbic acid ˂12.5g ˂12.5e ˂3.125g 1.48 ± 0.5g 

Ethanolic extract Maceration 33.35 ± 1.4f ˂12.5e 24.79 ± 1.9e 38.67 ± 1.2f 

Soxhlet 46.29 ± 0.7de ˂12.5e 36.34 ± 0.7cd 103.73 ± 0.5b 

Ultrasound 48.39 ± 1.1d ˂12.5e 32.71 ± 2.9d 60.61 ± 3.3e 

Aqueous extract Maceration 78.73 ± 1.4c 32.91 ± 0.6d 42.71 ± 1.9c 69.35 ± 2.7d 

Soxhlet 90.62 ± 2.5b 38.09 ± 1.1b 53.41 ± 4.88b 84.26 ± 2.1c 

Ultrasound 138.43 ± 1.5a 42.82 ± 0.3a 62.23 ± 2.38a 142.63 ± 3.8a 

O 
R 
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Phen 

  

RP 

  

 

Figure 2: DPPH and ABTS scavenging effects and absorbance values in phenanthroline and reducing power assays of different extracts of Cistanche violacea (Desf.) 
Beck with BHT and ascorbic acid were used as the positive controls. BHT: Butylated hydroxytoluene, A and B: DPPH (2,2-diphenyl-1-picrylhydrazyl) for ethanolic 
and aqueous extracts, C and D: ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) for ethanolic and aqueous extracts, E and F: Phen (phenanthroline 
assay) for ethanolic and aqueous extracts and G and H: RP (reducing power assay) for ethanolic and aqueous extracts.
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The DPPH and ABTS scavenging effects of C. violacea 

(Desf.) Beck extracts were evaluated. From Table 3, 
the obtained results show that the IC50 values of the 

DPPH assay were variable for the different extracts. 
Furthermore, we noted that the IC50 value was found 
to be 33.35 ± 1.4 μg/mL for the maceration ethanolic 
extract, which was higher than the ascorbic acid (IC50 
< 12.5 μg/mL) and lower than BHT (IC50 = 42.60 ± 

2.3 μg/mL). So, we conclude that the maceration 
ethanolic extract had an important antioxidant 
activity than BHT. For ABTS results, the IC50 values 
were < 12.5 μg/mL for the three extraction methods 
of the ethanolic extract. Thus, these different 
extracts had important antioxidant capacities when 

compared to BHT (IC50 = 35.52 ± 1.05 μg/mL). 
 
The phenanthroline and reducing power assays were 
used to determine the potential of the different 
obtained extracts of C. violacea (Desf.) Beck to 

reduce metallic ions. However, all the tested extracts 
were less efficient than BHT (A0.5 = 8.84 ± 0.7 µg/mL 

and A0.5 = 10.73 ± 0.7 µg/mL) and the ascorbic acid 
(A0.5 = < 3.125 µg/mL and A0.5 = 1.48 ± 0.5 µg/mL) 
for the phenanthroline as well as the reducing power 
assays, respectively. Hence, BHT and ascorbic acid 
had more important antioxidant activities than our six 
analyzed extracts.  
 

The antioxidant activity of C. violacea (Desf.) Beck is 
also presented in Figure 2 for the ethanolic and aque-
ous extracts. On one hand, the obtained results 
showed that the inhibition percentage increased with 
increasing fraction concentrations for the six extracts 
for DPPH and ABTS scavenging effects. On the other 

hand, the results of the phenanthroline and reducing 

power assay showed that the absorbance values of 
various extracts of C. violacea (Desf.) Beck increased 
with increasing fractions. 
 
Overall, the results showed that the ethanolic 
extracts obtained by the three extraction methods 

from C. violacea (Desf.) Beck exhibited interesting 
high scavenging activities against DPPH and ABTS 

free radicals, while all the extracts showed weaker 

antioxidant properties than the used standards. 
 

3.3. Antimicrobial Activity 
The results of the antimicrobial activity of C. violacea 
(Desf.) Beck extracts are summarized in Table 4 and 
shown in Figure 3. 
 

 

 
 
Figure 3: Representative photo showing S. aureus 
ATCC25923 (Staph) susceptibility to Cistanche 
violacea (Desf.) Beck extracts with negative and pos-
itive controls. EEM: Ethanolic extract Maceration, 
EEU: Ethanolic extract Ultrasound, EAU: Aqueous 
extract Ultrasound, EAS: Aqueous extract Soxhlet. T-

: negative control, T+: positive control. 
 
The antimicrobial activity of C. violacea (Desf.) Beck 
extracts revealed that the aqueous extract Soxhlet 
had mild antibacterial activity against S. aureus 

ATCC25923 with an inhibition zone of 18.66 ± 1.1 

mm. In addition, a weak antifungal activity against 
C. albicans ATCC10231 was obtained by the ethanolic 
extract Soxhlet and the aqueous extract ultrasound 
with inhibition zones of 7.33 ± 0.5 mm. The other 
tested microorganisms did not show any 
susceptibility to the tested extracts.
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Table 4: Antimicrobial activity of Cistanche violacea (Desf.) Beck extracts. 

Control 
/Extract 

Extraction 
technique 

E. coli 
ATCC25922 

P. aeruginosa 
ATCC27853 

S. typhimurium 
ATCC14028 

S. aureus 
ATCC25923 

B. cereus 
ATCC14579 

L. monocytogenes 
ATCC35152 

C. albicans 
ATCC10231 

Positive 
control 

 
/ 

 
19.1 ± 0.7 

 
31.44 ± 1.1 

 
22 ± 0.9 

 
30.11 ± 0.9 

 
33.22 ± 0.8 

 
33 ± 0.7 

 
19.55 ± 0.7 

Ethanolic 
extract 

Maceration 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 

Soxhlet 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 7.33 ± 0.5* 

Ultrasound 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 

Aqueous 
extract 

Maceration 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6.66 ± 0.5* 

Soxhlet 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 18.66 ± 1.1* 6 ± 0.00* 6 ± 0.00* 6.66 ± 0.5* 

Ultrasound 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 6 ± 0.00* 7.33 ± 0.5* 

Values are the mean of three replicates (n = 3) ± SD. *p < 0.001 is significant compared to the positive control (one-way ANOVA followed by Tukey’s test). Zone 
diameter equals 6 mm = no inhibition. In bold represents the highest antibacterial activity. 
 
 
Table 5: Matrix of correlation between TPC, TFC and antioxidant assays. 

*Significant correlation with p < 0.05. TPC: Total Phenolics Content, TFC: Total Flavonoids Content, DPPH: 2,2-diphenyl-1-picrylhydrazyl, ABTS: 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid), Phen: phenanthroline, RP: reducing power. 
 

 
TFC DPPH ABTS Phen RP 

TPC 0.74* -0.87* -0.94* -0.84* -0.62* 

TFC 1.00 -0.65* -0.65* -0.73* -0.69* 

DPPH 
 

1.00 0.93* 0.95* 0.79* 

ABTS 
  

1.00 0.92* 0.59* 

Phen 
   

1.00 0.81* 
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3.4. Correlation between total phenolics and 
flavonoids contents and antioxidant activity 

Pearson correlation was used to analyze the 
relationship between the total phenolics and 

flavonoid contents and the antioxidant activity of C. 
violacea (Desf.) Beck extracts (Table 5). 

 
The obtained results showed strong correlations be-
tween the DPPH, ABTS and Phen antioxidant assays, 

indicating the antioxidant properties of the tested ex-
tracts (r = 1, p < 0.05). Significant negative correla-
tions were also found between the TPC of the extracts 
and their ABTS radical scavenging (r = -0.94 p < 
0.05), DPPH radical scavenging (r = -0.87, p < 0.05), 
Phen (r = -0.84, p < 0.05) and RP (r = -0.62, p < 

0.05) activities. Also, TFC showed a negative corre-
lation with all the antioxidant activities measured by 
ABTS (r = -0.65, p < 0.05), DPPH (r = -0.65, p < 
0.05), RP (r = -0.69, p < 0.05) and Phen (r = -0.73, 
p < 0.05) assays. On the other hand, a positive cor-

relation was found between the DPPH and RP (r = 
0.79), ABTS (r = 0.93) and Phen (r = 0.92). These 

findings indicated that TFC and TPC are not the key 
determinants associated with the antioxidant activity 
of the different extracts of C. violacea (Desf.) Beck. 
 
 
 
 

 

3.5. Multivariate Analyses 
Based on TFC and TPC as well as the antioxidant ac-

tivity results from C. violacea (Desf.) Beck, multivar-
iate analyses, including HCA and PCA, were con-
ducted on the different extracts used in this study. 
These analyses were used to differentiate the differ-
ent extraction methods and the used solvents on the 
TFC, TPC and antioxidant activities of the studied 

plant. HCA is a classification method that is fre-
quently used to identify homogeneous groups based 
on the assessed variables. The dendrogram that re-
sults from the HCA analysis is based on Ward’s link-
age algorithm and Euclidean distances. 

 
Based on the extraction method and the solvents 

used, HCA dendrogram (Figure 4) showed that C. 
violacea (Desf.) Beck extracts were clearly divided 
into three main clusters. The first cluster contained 
the ethanol extracts obtained by the three extraction 
methods. The second cluster contained the aqueous 
extracts after maceration and Soxhlet extractions, 
while the third cluster was the aqueous extract ob-

tained by the ultrasound extraction method.
 

 

Figure 4: Hierarchical clustering analysis for the different extracts of Cistanche violacea (Desf.) Beck based 

on TFC, TPC as well as ABTS, DPPH, RP and Phen antioxidant activities. EM: Ethanolic extract Maceration; 
AM: Aqueous extract Maceration; ES: Ethanolic extract Soxhlet; AS: Aqueous extract Soxhlet; EU: Ethanolic 
extract Ultrasound; AU: Aqueous extract Ultrasound. 

 
A score plot was used to assess the similarities and 
differences between the different extracts of C. 
violacea (Desf.) Beck. It was clear that the ethanolic 
extract using the maceration method was distin-
guished from the other extracts. Since the highest 
component with eigen values larger than 1.0 was 

chosen, two factors were retrieved. Our research re-
vealed that factor 1 accounted for up to 83.53% of 
the total variation and factor 2 accounted for up to 
8.90% of the total variance, totaling 92.43%. There-
fore, the test samples were divided into factor 1 and 

factor 2 based on the PCA loading plot (Figure 5A), 
which showed differences in the test samples' TFC, 
TPC, and antioxidant activities as determined by the 
ABTS, DPPH, RP and Phen assays. 
 
The PCA plot's first two principal components axes 

accounted for 92.43% of the total variance. PC1 de-
scribed 83.53% of the total variability, while PC2 ac-
counts only for 8.9%. According to the loading plot of 
PCA, two principal components PC1 and PC2 were ap-
plied to supply a convenient visual aid for recognizing 
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the dissimilarity in the data and to show how strongly 

each characteristic (or variable) influences a principal 
component. The results showed that the main con-

tributors to the first component were TPC and TFC. 
The second component (PC2) was associated with 
DPPH, ABTS, RP and Phen antioxidant activities. The 
ethanolic extracts of C. violacea (Desf.) Beck were 
distinguished from the aqueous extracts based on 

their polyphenolic content and antioxidant activities 
by representing factor 1 vs factor 2 in the scatter plot 
(Figure 5B). Therefore, PC1 and PC2 explained the 
relation between the phenolic composition and the 
antioxidant activity of different extracts of C. violacea 
(Desf.) Beck. According to the results of HCA and 

PCA, polyphenolic composition and antioxidant activ-
ities can be used to distinguish between the different 
extracts of C. violacea (Desf.) Beck.  
 
4. DISCUSSION 

 
The phytochemical study, antioxidant capacity and 

antimicrobial activity of the ethanolic and aqueous 
extracts of C. violacea (Desf.) Beck obtained by 
maceration, Soxhlet and ultrasound extraction 
methods were investigated in this study.  
 
4.1. Phytochemical Study 
Many phenolic compounds found in plants have a 

positive effect on counteracting the oxidation process 

and function as reducing agents and antioxidants. To 

characterize C. violacea (Desf.) Beck, the TPC and 
TFC were determined for the different extracts 

obtained by two solvents (water and ethanol) and 
three different extraction methods (maceration, 
Soxhlet and ultrasound). The obtained results show 
that TPC in the ethanolic extracts were significantly 
higher (p < 0.05) than those in the aqueous extracts, 

ranging from 159.17 ± 3.3 to 188.95 ± 0.4 mg 
GAE/mg DE and from 71.48 ± 5.3 to 107.22 ± 5.7 
mg QE/mg DE, respectively. Furthermore, ultrasound 
and maceration extractions were significantly higher 
for TPC than the obtained results for Soxhlet 
extraction when using ethanol as an extraction 

solvent. In contrast, Soxhlet extraction gave 
significant results compared to maceration and 
ultrasound extraction methods when using water as 
a solvent. For TFC, Highly significant results were 
obtained for maceration after using ethanol as an 

extraction solvent (40.26 ± 6.02 µg QE/mg DE), 
followed by ultrasound extraction (27.73 ± 0.8 µg 

QE/mg DE) and finally, Soxhlet (19.76 ± 3.7 µg 
QE/mg DE). No significant differences between the 
extraction methods for the aqueous extracts were 
observed despite the high TFC content of the 
ultrasound aqueous extract (18.35 ± 0.3 µg QE/mg 
DE).  

 

 

Figure 5: Principal component analysis loading plot (A) and score plot (B) for the different extracts of 
Cistanche violacea (Desf.) Beck based on TFC, TPC as well as ABTS, DPPH, RP and Phen antioxidant assays. 
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EM: Ethanolic extract Maceration; AM: Aqueous extract Maceration; ES: Ethanolic extract Soxhlet; AS: 

Aqueous extract Soxhlet; EU: Ethanolic extract Ultrasound; AU: Aqueous extract Ultrasound. 
 

A study conducted by Alia et al. (11) showed that the 
TPC and TFC of the methanolic extract of C. violacea 
collected from Oued Souf region (southeast of the 
Algerian Sahara) were 19.055 ± 0.197 mg GAE/mg 
DE and 5.769 ± 0.353 µg QE/mg DE, respectively. As 

was observed, our results were higher than those 
obtained by Alia et al. (11). This difference can be 
explained by the Folin-Ciocalteu reagent used in 
dosage, the biogenetic, geographical and 
environmental factors (25, 26). In addition, the com-
position of phenolic compounds is influenced by the 

solvent used and the extraction method. This fact 
was also reported by Ben Attia et al. (13), who 
showed that a cascade maceration using different 
solvents with increasing polarity (n-hexane, ethyl 
acetate, acetone, methanol, and water) gave 

different TFC and TPC contents for C. violaceae 
collected from Tataouine (southeastern Tunisia). 

According to Bouzayani et al. (14), C. violaceae 
(Desf) Hofmanns & Link, all extracts of the aerial 
parts and underground stems collected from Sfax, in 
the southeast of Tunisia, were rich in phenolic 
compounds, particularly the acetone–water extracts 
of the aerial parts (877 mg GAE/g DW) and the 
underground stems (814 mg GAE/g DW). Flowers 

were the most enriched in TPC compounds (394 mg 
GAE/g DW) compared to bulbs (116 mg GAE/g DW) 
in the study of Debouba et al. (12) on C. violacea 
collected from the seashore of Hassi Jerbi village 
located in the southeast of Tunisia. According to 
Piwowarczyk et al. (4), the quantity of polyphenolic 

compounds found in the stems and flowers of 

Cistanche was very diverse and depended on the host 
plant. Cistanche armena samples that were collected 
from southeastern Armenia gave a quantity of 
polyphenols of 568 mg/100 g (4). 
 
In contrast to our TFC results, Bouzayani et al. (14) 

proved that C. violaceae extracts were rich in TFC. In 
their study, the highest TFC (342 mg QE/g DE) was 
derived from the underground stems acetone–water 
(8–2, v/v) extract, followed by 303 mg QE/g DE rec-
orded in the underground stems methanol extract. In 
addition, Debouba et al. (12) showed that C. violacea 
flowers were the lowest enriched in TFC (95 mg QE/g 

DW) to bulbs (287 mg QE/g DW) but still higher than 
our TFC results. Our results are higher than those ob-
tained by Ben Attia et al. (13), who reported that the 

highest TFC was observed in acetone and ethyl ace-
tate for C. violaceae with 0.8 ± 0.08 and 0.79 ± 0.03 
mmol CE/g, respectively. 

 
The chemical variation between the different extracts 
of C. violacea (Desf.) Beck revealed that all the ex-
tracts are rich in phenolic compounds after HPLC 
analysis. Approximately twenty-nine compounds 
were revealed in each of the obtained extracts using 
ethanol as the solvent, while a lower number was ob-

tained for the different aqueous extracts. Constitu-
ents including para-hydroxybenzaldehyde (phenolic 
aldehyde), cinnamic acid, dihydroxycinnamic, n-hy-
droxycinnamic, 3-hydroxy, 4-methoxycinnamic, 3, 4, 
5-trimethoxy-trans-cinnamic, salicylic, and gallic 

acids (phenolic acids), and apigenin-7-glycoside, 
luteolin-7-glycoside, spiracoside and rutin (flavo-
noids) were detected. In addition, other compounds 
like resorcinol and hydroxyquinone were revealed. 
Rutin and gallic acid were also reported in the study 

of Alia et al. (11) on the crude extract of C. violaceae, 
whereas they also reported the presence of chloro-
genic acid and naringin. On the other hand, Piwowar-
czyk et al. (4) identified polyphenolic compounds 
based on MS and MS/MS data of C. armena, revealing 
phenylethanoids and their glycosides in morphologi-

cal parts (flowers and stem with tubers separately). 
In the phytochemical study carried out by Beladjila et 
al. (9) on C. phelypaea n-butanol extract, four new 
phenylethanoid glycosides (1-β-p-hydroxyphen-yl-
ethyl-3,6-di-α-L-rhamnopyranosyl-4-p-coumaroyl-β-

D-glu-copyranoside, 1-β-p-hydroxyphenyl-ethyl-3,6-
O-di-α-L-rhamnopyranosyl-β-D-glucopyranoside, 1-

β-p-hydroxy-phenyl-ethyl-2-O-acetyl-3,6-di-α-L-
rhamnopyranosyl-4-p-coumaroyl-β-D-glucopyra-
noside and 1-β-p-hydroxy-phenyl-ethyl-2-O-acetyl-
3,6-di-α-L-rhamnopyranosyl-β-D-glu-copyranoside) 
and the three known compounds brandioside, pi-
noresinol 4-O-β-D-glucopyranoside and apigenin 7-
O-β-glucuronopyranoside were reported. This last 

compound was also revealed in our study. 
 
Several studies have indicated that many of the 
identified compounds in our extracts have been 
isolated from various plants and have a wide range 
of biological effects, including anti-inflammatory, 

antioxidant, antimicrobial, antitumor, and others 

(27-35). 
 
From the 32 identified compounds, ten were found in 
our six extracts, namely ascorbic acid, gallic acid, 
para-hydroxybenzoic acid, 1, 2 dihydroxybenzene, 
sinapic acid, vanillin, salicylic acid, naringenin-7-glu-

coside, coumarin, and m-anisic acid. These com-
pounds were studied by many researchers and re-
ported to possess many biological and pharmacolog-
ical effects. Ascorbic acid, which was recorded in all 
analyzed extracts, is a known potent antioxidant and 
free-radical scavenger. It acts primarily as a donor of 
single hydrogen atoms, and the radical anion 

monodehydroascorbate reacts mainly with radicals 
(29). Gallic acid is a low molecular weight tri-phenolic 
molecule that has outstanding anti-inflammatory, an-

tioxidant, antitumor, antidiabetes, antiobesity, anti-
microbial, and anti-myocardial ischemia properties 
(31). p-hydroxybenzoic acid and its derivatives have 

been reported by Singab et al. (33) to have potential 
antimicrobial, antiviral action against SARS-CoV-2, 
antimutagenic, anti-inflammatory, antioxidant, hy-
poglycemic, antiestrogenic, and antiplatelet aggre-
gating activities. This compound can be chemically 
synthesized or recovered from various plants (33). 
Sinapic acid is a prevalent component of the human 

diet since it is found in a wide variety of dietary and 
medicinal plants. The antioxidant, antibacterial, anti-
inflammatory, anticancer, and antianxiety properties 
of sinapic acid are demonstrated by Nićiforović and 
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Abramovič (27). This compound has been recom-

mended for potential use in food processing, cosmet-
ics, and the pharmaceutical industry, mostly due to 

its antioxidative action (27). Vanillin is a well-known 
natural aromatic flavoring compound that is widely 
used in foods, drinks, pharmaceuticals, perfumes, 
and cosmetics. Many studies have documented the 
pharmacological effects of vanillin, including its diu-

retic, anticancer, antidiabetic, antioxidant, antisick-
ling, antibacterial and anti-inflammatory properties 
(34). Salicylic acid is a phenolic derivative that is 
widely present in plants. It is known to be a regulator 
of several physiological and biochemical processes, 
including thermogenesis, plant signalling or plant de-

fense, and response to biotic and abiotic stresses. 
Salicylic acid plays an important role in protection 
against pathogens and has anti-inflammatory and 
antioxidant effects (28). Coumarins are naturally and 
widely occurring in plants and have been reported to 

possess varied biological actions like antitumor, anti-
HIV, antimicrobial, anti-inflammatory and anticoagu-

lant properties, as well as triglycerides lowering and 
stimulant effects on the central nervous system (30). 
p-hydroxybenzaldehyde found in the maceration of 
the aqueous extract and the ultrasound for both 
aqueous and ethanolic extracts has various pharma-
cological effects, such as antioxidant, anti-inflamma-
tory, vasodilation effects, and a protective effect on 

transient focal cerebral ischemia in normal rats (35). 
Moreover, it has been demonstrated that other poly-
phenols reported in different plants, including quer-
cetin, apigenin, syringic acid, caffeic acid, rutin, and 
ferulic acid, boost the plant's antioxidant capacity by 
altering antioxidant processes and preventing lipid 

peroxidation (32). Some of the identified compounds 

were not found in the obtained extracts from our 
study. This can be explained by the fact that the pro-
duction of secondary metabolites by plants is a very 
complex process that depends on many factors, in-
cluding internal developmental genetic circuits (reg-
ulated genes and enzymes), as well as aspects re-

lated to external environmental factors (light, tem-
perature, water, salinity, etc.) (36). 
 
On the other hand, some of the peaks were not iden-
tified in our study. This is due to the lack of stand-
ards; thus, it could be interesting to search for phe-
nylethanoid glycosides as Deyama et al. (37) re-

vealed their isolation from many Cistanche species, 
including C. deserticola, C. salsa, C. tubulosa, C. 
sinensis and C. phelypaea. 

 
4.2. Biological Activities Study 
It is known that plants develop defense mechanisms 

to survive in their ecosystems, and hence, they rep-
resent a rich source of antimicrobial agents and other 
compounds of pharmaceutical interest. As the biolog-
ical activities of C. violaceae are largely unknown and 
not all its active substances are identified, we as-
sessed the antioxidant (DPPH, ABTS, reducing power 
and phenanthroline) and antimicrobial capacities of 

six different extracts.  
 
Many antioxidant tests are employed for the assess-
ment of the antioxidant properties of plant extracts. 

This is caused by the complicated composition of bi-

oactive molecules, which react differently to different 
assay techniques (38). Four in vitro antioxidant as-

says were employed in our study to assess the scav-
enging and reducing the potential of the aqueous and 
ethanolic extracts from C. violaceae for this purpose. 
The obtained results showed mild antioxidant capac-
ities of the analyzed extracts. The ethanolic extracts 

exhibited important antioxidant activities compared 
to the aqueous extracts, with the highest activity rec-
orded for the ABTS test (IC50 values of < 12.5 
µg/mL). These differences in the antioxidant activity 
between the extracts could result from the difference 
in the composition (39). 

 
Generally, the antioxidant activity of our extracts was 
of average values, which was comparable to the ob-
tained results of Alia et al. (11). Ben Attia et al. (13) 
evaluated the antioxidant activity by DPPH, ABTS and 

Ferric Reducing Antioxidant Power (FRAP) assays of 
hexane, ethyl acetate, acetone, methanol, and water 

extracts obtained by sequential maceration. Their re-
sults revealed that the highest antioxidant activity, 
based on all the tests combined, was obtained with 
C. violacea. Bouzayani et al. (14) used five comple-
mentary methods to assess the antioxidant activity 
of C. violacea, namely DPPH, ABTS, Nitric Oxide 
(NO), Total Antioxidant Capacity (TAC), and FRAP. 

These authors showed that most tested extracts dis-
played notable antioxidant capacities for aerial and 
underground parts. Our results are not comparable 
with those obtained by Debouba et al. (12), who re-
ported that Cistanche flowers had the highest free 
radical scavenging activity and the strongest reduc-

ing power while Cistanche bulb was the most efficient 

in chelating ferrous ions.  
 
Different extracts made from other Cistanche species 
presented relevant antioxidant properties. For exam-
ple, Rahim et al. (38) showed that the aqueous ex-
tract of C. phelypaea roots presented an interesting 

antioxidant potential related to the synergistic effects 
of several antioxidant compounds. Similarly, Aboul-
Enein et al. (40) tested the DPPH scavenging abilities 
of the aqueous and ethanolic extracts from the whole 
C. phelypaea plants from Egypt and found that the 
aqueous extract produced better results. Moreover, 
the water extracts of roots and flowers exhibited the 

highest antioxidant capacity for C. phelypaea, which 
was collected from Ludo, Ria Formosa (Portugal) 
(41). According to the study of Wang et al. (42), all 

tested extracts had good dose-dependent inhibitory 
activity against the DPPH radical test. However, all of 
them were less potent than the reference antioxi-

dants Trolox and ascorbic acid for C. deserticola from 
China. 
 
For the antimicrobial activity, only one extract 
showed mild antibacterial activity against S. aureus. 
This last, when compared to the positive control that 
was tested under identical conditions, was less active 

in absolute terms with a high significant difference. 
 
The activity against S. aureus can be explained by 
the presence of phenylethanoid glycosides, as 
suggested by Deyama et al. (37), who isolated them 
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from many Cistanche species, including C. deserti-

cola, C. salsa, C. tubulosa, C. sinensis and C. phely-
paea and reported their anti-Staphylococcus activity.  

 
Our results corroborate those obtained by Hamed and 
El-Kamali (43) for the methanolic extract of C. 
phelypaea roots that did not show any activity 
against the tested bacteria. On the other hand, 

Keymanesh et al. (44) revealed mild antimicrobial 
activity of hydro-alcoholic extract of C. tubulosa 
aerial parts collected in Iran. The only antibacterial 
activity of C. violacea methanol and ethanol extracts 
was recorded against S. epidermidis ATCC® 12228TM 
in the study of Abdallah (15), while for the other 

microorganisms, the results showed weak activity or 
not at all. In contrast to our results, the study of Ullah 
et al. (45) revealed that the crude methanolic extract 
and aqueous, chloroform, n-hexane, n-butanol and 
ethyl acetate fractions of C. tubulosa from Pakistan 

were active against six tested bacterial strains. Also, 
the butanolic extract of C. tubulosa at concentrations 

of 2 and 4 mg/mL showed mild inhibition against E. 
coli (46). Bouzayani et al. (14) revealed that the 
aerial parts and underground stems of C. violacea 
had good efficiency against the tested bacterial 
strains. These authors showed that the methanolic 
extract at the concentration of 10 mg/mL was active 
against S. aureus with an inhibition zone of 15 mm. 

 
4.3. Correlation 
The DPPH and ABTS assays use a similar mechanism 
of action, which is a scavenging activity that may be 
the reason for the correlation between them. Similar 
studies have reported a strong relationship between 

the antioxidant capacity using these tests, including 

Bouzayani et al. (14), Fidrianny et al. (47) and Ali et 
al. (48). Also, Wang et al. (49) showed that the 
different antioxidant tests like DPPH scavenging 
capacity, Trolox Equivalent Antioxidant Capacity 
(TEAC), and RP correlated well with each other. 
Therefore, the antioxidant effect of the extracts may 

be assigned to phenolic compounds and flavonoids. 
Furthermore, positive correlations were observed in 
the study of Bouzayani et al. (14) between the TPC, 
TFC and CT and antioxidant activity of C. violacea. 
Other studies reported that the mechanism of action 
of flavonoids is through scavenging or chelating 
processes (50). In addition, Kalia et al. (51) and Amri 

et al. (52) reported that the potential antioxidant 
activity of an extract depends on its content in 
polyphenols and flavonoids. 

 
5. CONCLUSIONS 
 

This study was conducted to valorize a parasitic plant 
from the south of Algeria, C. violaceae. This research 
revealed that the plant had phenolics and flavonoids 
contents, antioxidant and antimicrobial activities. 
Furthermore, statistical methods using HCA, PCA, 
and Pearson correlation were employed based on the 
results to highlight the existing correlation between 

the TPC, TFC and antioxidant activity. Furthermore, 
the composition of the parasitic plant, identified using 
HPLC analysis, testifies to the plant’s potential 
properties as for example, the presence of active 
ingredients, including ascorbic acid, that possesses a 

strong antioxidant activity. Thus, our findings sup-

port the role and value of the parasitic plant C. viola-
ceae as a source of bioactive compounds from the 

harsh climate conditions of Ghardaia Province (Alge-
ria). Further studies on the isolation and purification 
of bioactive components from this plant are highly 
recommended to verify their practical use. 
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Abstract: Limonene constitutes a significant amount in citrus oils. It has a chiral structure and has two 
different optically active isomers, R-limonene and S-limonene, which are symmetrical to each other. 

Determining the chiral configurations of limonene plays an important role in determining the beneficial use 
areas of essential oils. Citrus oils are used in a wide variety of industrial areas, depending on their limonene 
content. This paper presents the analytical method optimization, validation, and chirality studies of limonene 
in the citrus oils acquired from different citrus waste peels in Türkiye. An inlet temperature of 250 °C and an 
injection volume of 2 µL were decided as the optimal conditions for the most accurate measurement of both 
limonenes in the citrus oil. This method produced results for linearity, sensitivity (LODs and LOQs), 

repeatability, and reproducibility that were acceptable within the scope of the validation studies. The chirality 
of limonene was investigated in twenty-six citrus oils (fifteen orange oils, six lemon oils, four mandarin oils, 
and one grapefruit oil) in Türkiye. While the content of R-limonene in orange oil varied between 56.39% and 
72.85%, the content of S-limonene changed from 2.53% to 5.71%. Whereas the constituent of R-limonene 
in lemon oils ranged from 54.73% to 73.99%, the content of S-limonene varied between 3.78-4.79%. In 
mandarin oils, the content of R-limonene was determined to be 58.02% and 65.05%, while the content of S-
limonene was found as 3.05% and 4.87%. In single grapefruit oil, R-limonene content was 60.69% and S-

limonene content was 3.12%. 
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1. INTRODUCTION 
 
Limonene is a naturally occurring compound found in 
the peels of citrus fruits such as lemons, mandarins, 

oranges, and grapefruits. It is commonly used as a 
flavoring agent in food and beverages, as well as a 
fragrance in cosmetics and cleaning products (1). 
The limonene molecule (C10H16) has a chiral structure 
and has two enantiomers, which are mirror images 
of each other (Figure 1). R-limonene (or D) and S-

Limonene (or L), which are symmetrical to each 
other (2,3). R-limonene is one of the enantiomers of 
limonene that is the naturally occurring form and has 
a fresh citrus aroma, often described as orange-like. 
This enantiomer is commonly found in citrus fruits 
and is used in various applications, including 
flavoring agents, fragrances, and cleaning products. 

S-limonene is a specific enantiomer of limonene, 
which is a naturally occurring compound found in the 
peels of citrus fruits. They have the same chemical 

formula but differ in their spatial arrangement. In 
terms of its potential beneficial uses, S-limonene 
shares similar properties and potential health 
benefits as limonene in general (5,6). 

 
There is a significant amount of scientific research 
conducted on limonene in citrus oils due to its wide 
range of applications and potential health benefits. 
Here are a few examples of scientific research studies 
related to limonene in citrus oils: (a) "Anticancer 

activity of citrus peel oil components limonene". The 
researchers found that these compounds exhibited 
anti-tumor activity against various types of cancer 
cells (7-9). (b) “Antioxidant and anti-inflammatory 
roles of limonene”. Limonene’s potential therapeutic 
applications in the prevention and treatment of 
several diseases are also highlighted (10-13). (c) 

“Limonene and its role in chronic diseases”. 
Researchers are looking into limonene's potential for 
use in the treatment and prevention of chronic 
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illnesses like diabetes, obesity, and cardiovascular 
diseases. They discuss the mechanisms of action and 
the potential health benefits of limonene (14). (d) 

“Antimicrobial activity of the citrus fruit peel oils 
against pathogenic bacteria”. The studies 
investigated the antimicrobial activity of citrus fruit 
peel oils, including limonene, against various 

pathogenic bacteria. The results showed that these 

oils exhibited significant antimicrobial effects, 
suggesting their potential use as natural 
antimicrobial agents (15,16). (e) “Limonene 

inhalation reduces stress and improves immune 
function”. The researchers found that limonene 
inhalation reduced stress-induced behaviors and 
improved immune function, suggesting its potential 

as a natural stress-relieving agent (17,18).
 

 
Figure 1: The chemical structure of limonene enantiomers (4). 

 
The detection of limonene in citrus oils can be done 
using various analytical techniques. Here are a few 
commonly used methods: (a) Gas Chromatography 
(GC): GC is a widely used instrumental technique for 
analyzing volatile compounds like limonene. It in-
volves separating the components of a sample based 

on their volatility and then detecting and quantifying 
them. GC coupled with a flame ionization detector 

(FID) or a mass spectrometer (MS) is commonly used 
for limonene analysis (19). (b) High-Performance 
Liquid Chromatography (HPLC): HPLC is another 
technique used for the analysis of limonene in citrus 

oils. It involves separating the components of a sam-
ple based on their chemical properties using a liquid 
mobile phase. Detection can be done using UV-Vis 
spectroscopy or other detectors (20). (c) Fourier 
Transform Infrared Spectroscopy (FTIR): FTIR spec-
troscopy can be used to identify and quantify limo-
nene in citrus oils based on the characteristic absorp-

tion bands of the compound. It provides information 
about the functional groups present in the sample 
(21). (d) Nuclear Magnetic Resonance (NMR) Spec-
troscopy: NMR spectroscopy can be used to identify 
and quantify limonene in citrus oils. It provides infor-
mation about the chemical structure and can be used 

to differentiate between different isomers of limo-

nene (22). These are just a few examples of the tech-
niques used for the detection of limonene in citrus 
oils. The choice of method depends on factors such 
as sensitivity, selectivity, and the equipment availa-
ble in the laboratory. 
 

In this study, we present the analytical method opti-
mization, validation, and chirality studies of limonene 
in the citrus oils obtained from different citrus waste 
peels in Türkiye. It is thought that this study will con-
tribute to the accurate chiral identification of limo-
nene in citrus oils and different plant-based oils. The 
authors believed that the results of method optimi-

zation and validation studies would provide signifi-
cant support for analytical method studies in this 
field. 
 
2. EXPERIMENTAL SECTION 
 

2.1. Reagents and Chemicals 
Single standards (≥99.9% purity) of S-limonene 

(1000 µg/mL in isopropanol) and R-limonene (1000 
µg/mL in isopropanol) in ampoule form were 
purchased from Dr. Ehrenstorfer (Augsburg, 
Germany). To make the corresponding stock 

solutions, Merck (Darmstadt, Germany) provided 
hexane with the highest analytical purity (GC 
gradient grade). By combining the aforementioned 
standards at equal concentrations (100 and 250 
µg/mL stock solutions in hexane), the desired 
concentrations were formed. The dilution of the 
required solutions for matrix-matched calibration 

curves or validation assays in hexane was conducted 
progressively. 
 
2.2. Analytical Method Optimization 
GC is a programmable analytical technique to 
successfully separate relative analytes in an analysis. 

Some GC parameters were optimized to get the best 

MS and analysis conditions in the experiments in this 
study. Thus, trial runs were carried out on the inlet 
temperature and injection volume parameters of the 
GC-MS device to determine the optimal conditions for 
the sensitive and accurate determination of 
enantiomers of limonene. 

 
2.3. GC-MS Analytical Condition 
Within the scope of this study, the determination of 
chirality of limonene (the amounts of R-limonene and 
S-limonene) was done by using GC-MS with Cyclosil-
B column (length 30 m, id. 0.250 mm, film thickness 
0.250 µm; Agilent Technologies) as chiral column. 

Analytical separation was carried out by 
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temperature-programmed analysis and detection by 
electron ionization MS in full-scan mode. Details of 

the GC analysis program for chirality testing of 
limonene in citrus oils are presented in Table 1.

 

Table 1: GC analysis program for chirality testing of limonene in citrus oils. 

Instrument Agilent 6890N GC Single Quadropole MS 

Carrier Gas Helium 
Carrier Gas Flow 1.1 mL/min. 

Column  Cyclosil-B 

Column Length 30 m 
Column Inner Diameter 0.25 mm 

Film Thickness 0.25 µm 
Detector Type MS 
Detector Temperature 220 °C 
Electron Energy 70 eV 
Injection Volume 2 µL 
Auxiliary Temperature 230°C 

Oven Temperature Program 
Ratio 

(°C/min) 
Temperature 

(°C) 
Retention Time 

(min.) 

Initial  50 3 
 10 100 5 

 20 220 5 

 
2.4. Sample Collection and Sample Preparation 
The sampling studies were carried out to determine 
the chirality of limonene content in twenty-six citrus 
oils (fifteen orange oils (POR), six lemon oils (LİM), 
four mandarin oils (MAN), and one grapefruit oil 
(GREY)) from Anadolu Etap Agriculture and Food 

Products Industry and Trade Inc. obtained from 
Türkiye at different times. Citrus peels were used in 
the cold-pressed extraction process to produce the 
citrus oils that were provided. The TÜBITAK MAM 
laboratories received these oils in tightly sealed 1L 
containers with a cold chain. Up until the end of the 

studies, all samples were kept at +4 °C. 

 
The water content in the citrus oil samples was 
eliminated by passing them through a sodium sulfate 
column before GC/MS analysis was performed on 
them. About 0.5 g of citrus oil samples were added 
into a glass tube and the samples were then spiked 

with 4.5 mL of hexane. In an ultrasonic bath, they 
were mixed for ten minutes. Finally, 2 µL of the 
sample in hexane was injected into the GC-MS after 
the mixture was diluted to 1 mL and put into a vial. 

2.5. Performance of GC-MS method 
The validation of the optimized GC-MS method 
involved conducting various studies, including an 
assessment of parameters such as linearity, 
sensitivity (limit of detections (LODs) and the limit of 
quantifications (LOQs)), repeatability, and 

reproducibility. This validation process adhered with 
EURACHEM Guidelines (23) and the Guidelines for 
Standard Method Performance Requirements (24). 
 
3. RESULTS AND DISCUSSION 
 

3.1. Assessment of Analytical Method 

Performance Studies 
In this study, the retention times of R-limonene and 
S-limonene were determined in the GC 
chromatogram, at first. Figure 2 shows the GC-MS 
chromatogram obtained from the analysis of a 
mixture of R-limonene and S-limonene at a 

concentration of 10.0 mg/L. The retention times 
(min.) of S-limonene and R-limonene were 8.07 and 
8.23, respectively. 

 

 
Figure 2: GC-MS chromatogram of R-limonene and S-limonene. 
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The method optimization stage aims to find the most 
suitable conditions for the most successful 
chromatographic separation of both limonenes. 

Considering the volatility of limonene, the 
determination of optimum conditions of the analytical 
method was conducted depending on the parameters 
of inlet temperature and injection volume of the GC-

MS. First, the behaviour of terpenes was studied at 
five different inlet temperatures (230 °C, 240 °C, 
250 °C, 260 °C, and 270 °C) (Figure 3a). After 

determining the ideal inlet temperature, the signal 
efficiency of the limonene on the GC system was 
assessed at four different injection volumes (0.5 µL, 

1 µL, 1.5 µL, and 2 µL) (Figure 3b). In accordance 
with the graphical results in Figure 3, an inlet 
temperature of 250 °C and an injection volume of 2 
µL were decided as the optimal conditions for the 

most accurate measurement of both limonenes in the 
citrus oil. 

 

 
Figure 3: Effect of a) inlet temperature (°C), and b) injection volume (µL) on MS measurement of R-

limonene and S-limonene. 
 
Table 2 demonstrates information about the 
analytical method performance results of limonene 
enantiomers in citrus oils. Seven different 

concentration levels of each limonene - 1.00 mg/L, 

2.00 mg/L, 5.00 mg/L, 10.0 mg/L, 25.0 mg/L, 50.0 
mg/L, and 100 mg/L - were used to form the 
calibration curves for each one (Figure 4). The linear 
dynamic range of measurements for both was from 
1.00 mg/L to 100 mg/L. As seen in Figure 4, the 

calibration coefficients (R2) of S-limonene and R-

limonene were 0.9991 and 0.9976, respectively. In 
accordance with other comparable method validation 
studies in the literature (25-30), the correlation 

coefficient of a calibration curve denotes a good 

linear regression if it is greater than 0.99. In this 
regard, the values (R2) of S-limonene and R-
limonene indicate that the relevant calibration 
graphs have good linearity for accurate 
measurement. 

 

 
Figure 4: The linearity of calibration graphs of R-limonene and S-limonene. 

 
To determine the LOD and LOQ of both limonenes, 
six injections of the mixture of relevant standards at 
different concentrations (1.00 mg/L and 2.00 mg/L) 
were made. The LODs were calculated taking into 

consideration the limonene peaks, which are clearly 
visible over the background noise in the 
chromatogram of the GC system. The LOD and LOQ 
values of both limonenes correspond to the signal-

to-noise ratio multiplied by 3 and 10. The LODs of R-
limonene and S-limonene were found to be 0.08 
mg/L and 0.09 mg/L, while their LOQs were 
calculated as 0.24 mg/L and 0.26 mg/L, respectively. 

As seen in Table 2, the values of LODs and LOQs of 
both limonenes are at a level comparable to studies 
in the literature in this field (31-33). 
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Table 2: Analytical method performance results of limonene enantiomers in citrus oils. 

Parameters R-limonene S-limonene 

Linear dynamic range (mg/L) 1-100 1-100 

LOD (mg/L) 0.08 0.09 

LOQ (mg/L) 0.24 0.26 

Accuracy (5 mg/L) 
Recovery (%) 90.82 4.86 

RSD (%) 2.21 5.28 

Repeatability (10 mg/L; n=6) 

Mean Conc. (%) 8.86 ± 0.31 9.00 ± 0.26 

Recovery (%) 88.62 89.98 

RSD (%) 3.58 2.98 

(Reproducibility (5 mg/L; n=6) 

Day-1 

Mean Conc. (%) 4.40 ± 0.05 4.55 ± 0.10 

Recovery (%) 88.02 91.09 

RSD (%) 1.07 2.11 

Day-2 

Mean Conc. (%) 4.56 ± 0.07 4.48 ± 0.10 

Recovery (%) 91.28 89.53 

RSD (%) 1.54 2.24 

RSD: Relative Standard Deviation 
 
The accuracy test involved injecting a standard 
solution with a concentration of 5 mg/L into the 
mixture of citrus oils and taking six measurements to 
calculate the recovery of each limonene. The 

accuracy of the optimized method was required to be 
between 70 and 120% (accepted recovery range) 
(34, 35). Table 3 indicates that the mean recovery of 
R-limonene and S-limonene was 88.62% and 
89.92% with an RSD of 2.21% and 5.28%, 
respectively. These results are within the acceptance 
range specified above, indicating that the method is 

sufficient in terms of measurement accuracy. 

 
Six consecutive measurements at a concentration of 
10.0 mg/L of each limonene were used to determine 
the precision's repeatability. Six consecutive 
measurements at a concentration of 5.00 mg/L on 

two different days were used to actualize the 
reproducibility of one person. In the precision test, it 
is considered acceptable if the results of repeatability 
and reproducibility are 15% lower in terms of RSD 
(34, 36). As shown in Table 2, the RSDs of both 
limonenes in the repeatability test were between 
3.58% and 2.98%. In the reproducibility test, the 

RSDs of R-limonene changed from 1.07% to 1.54%, 
whereas the RSDs of S-limonene varied from 2.11% 
to 2.24%. The optimized method possesses a 

satisfactory precision compared to the other research 
in the literature (34, 36-38). 
 
3.2. Determination of Chirality of Limonene in 

Citrus Oils 
The chirality of limonene in citrus oils made from 
various citrus waste peels was ascertained using the 
optimized and validated GC-MS method. The details 
of the chirality test results of limonene in different 
types of citrus oils in Türkiye by GC-MS are presented 
in Table 3. The results for total limonene content in 

relevant citrus oils were taken from previous work 

(19). R-limonene and S-limonene contents were 
calculated proportionally based on these results. The 
chirality of limonene was investigated in twenty-six 
citrus oils in Türkiye. While the content of R-limonene 
in orange oil varied between 56.39% and 72.85%, 

the content of S-limonene changed from 2.53% to 
5.71%. Whereas the content of R-limonene in lemon 
oils ranged from 54.73% to 73.99%, the content of 
S-limonene varied between 3.78-4.79%. In 
mandarin oils, the content of R-limonene was 
determined to be 58.02% and 65.05%, while the 
content of S-limonene was found to be 3.05% and 

4.87%. In single grapefruit oil, R-limonene content 
was 60.69% and S-limonene content was 3.12%.
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Table 3: Chirality test results of limonene in different citrus oils in Türkiye. 

Type of Citrus Oil / Ingredient 
Total Limonene  

(%) 

R-limonene 

(%) 

S- limonene 

(%) 

LIM-1 62.54 57.75 4.79 

LIM-2 58.56 54.73 3.83 

LIM-3 62.29 58.51 3.78 

LİM-4 69.92 65.94 3.98 

LİM-5 74.67 70.55 4.12 

LİM-6 78.08 73.99 4.09 

MAN-1 62.89 58.02 4.87 

MAN-2 66.31 63.26 3.05 

MAN-3 69.91 65.05 4.86 

MAN-4 67.82 63.05 4.77 

GREY-1 63.81 60.69 3.12 

POR-1 70.48 67.09 3.39 

POR-2 66.88 61.69 5.19 

POR-3 68.25 62.70 5.55 

POR-4 70.32 65.98 4.34 

POR-5 60.49 56.39 4.10 

POR-6 66.14 62.79 3.35 

POR-7 74.27 68.56 5.71 

POR-8 73.17 69.22 3.95 

POR-9 71.31 66.95 4.36 

POR-10 75.12 72.59 2.53 

POR-11 67.67 63.41 4.26 

POR-12 66.87 61.46 5.41 

POR-13 67.58 63.09 4.49 

POR-14 65.36 62.11 3.25 

POR-15 78.06 72.85 5.21 

 
4. CONCLUSION 
 
This paper presented detailed information about the 
analytical method optimization, validation, and 

chirality studies of limonene in the citrus oils 

obtained from different citrus waste peels in Türkiye. 
An analytical method containing a chiral column 
(Cyclosil-B) in the GC–MS was optimized for the 
simultaneous determination of R-limonene and S-
limonene in citrus oils (orange oil, lemon oil, 
mandarin oil, and grapefruit oil) at first. Then, the 
validation of the optimized GC-MS method was 

performed with some studies in accordance with the 
related international guidelines. Finally, the amount 
of both limonenes in citrus oils was measured with 
the optimized and validated GC-MS method. At the 
end of the determination of optimal conditions, an 
inlet temperature of 250 °C and an injection volume 
of 2 µL were determined as the optimal conditions in 

the measurement of both limonenes in the citrus oil, 

precisely. This method produced the results for 
linearity, sensitivity (LODs and LOQs), repeatability, 
and reproducibility that were desirable. In Türkiye, 
while the content of R-limonene in orange oil varied 
between 56.39% and 72.85%. the content of S-

limonene changed from 2.53% to 5.71%. Whereas 
the content of R-limonene in lemon oils ranged from 
54.73% to 73.99%. the content of S-limonene varied 
between 3.78-4.79%. In mandarin oils, the content 
of R-limonene was determined as 58.02% and 
65.05%, while the content of S-limonene was found 
as 3.05% and 4.87%. In single grapefruit oil, R-

limonene content was 60.69% and S-limonene 
content was 3.12%. The study provides a significant 
alternative method for the sensitive, accurate, and 

simultaneous identification of limonene in citrus oils 
and different plant-based oils in terms of literature. 
With the analytical method's optimum conditions, it 
will prevent analytical devices from losing 

performance in a shorter time by providing 

significant savings in energy and time. 
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Abstract: The effect of ultrasonic treatment on liquid-state production and the characteristic features of 
synthesized powder were studied in liquid-state conditions. In sonochemical synthesis, the operation 
parameters of mole ratio, reaction temperature, and time were optimized. The synthesis was achieved in 
moderate conditions such as mole ratio of copper: sodium: boron (Cu: Na: B) 1:2:1, 70°C and 2.5 minutes. 
The prepared samples were identified as copper borate (Cu(BO2)2) with the powder diffraction file number 

"00-001-0472". The reaction yields were also increased from 50% to 71.5% with the modification of the 
experimental procedure. The specific FT-IR peaks were observed at 1090, 985, 872, 781 and 731 cm-1 
band values. In the morphological analyses, the agglomerations of multi-angular particles were seen. The 
results showed the affirmative effects of the possible use of the ultrasonic treatment on both the practical 
synthesis and the increase of characteristics. 
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1. INTRODUCTION  
 
Metal borates are defined as compounds including 
metal atoms, boron, oxygen, and hydrogen, if any. 
Commonly, three coordinated trigonal and four 

coordinated tetragonal groups of boron and oxygen 
are bonded to metal atoms. The metal borates can 

be defined according to the metal atom in structure 
(1). As a member of the borate family, copper 
borates occur from the different combinations of 
copper and boron atoms such as CuBO2, Cu(BO2)2, 
Cu3B2O6, and 3CuO·2B2O3·6H2O (2). The fabrication 

of copper borates draws attention because of their 
unique crystallographic structures, and they exhibit 
electrical, magnetic, and optical features (3). 
Among the delafossite group compounds, copper 
borates have the largest band gap (4,5). Copper 
borates are mostly utilized in linear and non-linear 

optical devices, hydrogen generation systems, and 
photocatalytic reactions. Also, this type of borate 
has applications in fire retardants, wood 
preservation, the design of ion exchange materials, 

and lubricant additives (6–9). These characteristics 
make their synthesis important. Different 
procedures were experimented with to synthesize 
the copper borate at different compositions and 
characteristics, such as supercritical, hydrothermal, 

solvothermal, and solid-state (10–12). With the 
optimization of reaction conditions, the modified 

particle fabrication of copper borates could be 
probable (13,14). 
 
Alp et al. indicated the effects of pH on the 
colorimetric features of synthesized powder, and 

the darker samples were prepared in alkaline 
conditions (2). Pisarev et al. characterized the 
piezoelectric form of copper borate in tetragonal 
lattice (6). Kahalili et al. studied the catalytic 
activities of boron-containing copper complexes in 
organic reactions (15). Kipcak et al. studied the 

effect of copper and boron sources on the prepared 
sample using a traditional hydrothermal method 
(16). 
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The studies on copper borate clarified the 

importance of optimizing the parameters to obtain 

the sample at the highest reaction yield and 
crystallinity. As a developing technology, ultrasound 
treatment can be used to increase contact of raw 
material in liquid-state conditions. With the use of 
ultrasound treatment in the synthesis procedure, 

the required reaction time and temperature can be 
decreased, whereas the reaction yield and 
crystallinity of the sample can be increased (17). In 
this paper, it is aimed to investigate the suitability 
of sonochemical synthesis for copper borate 
fabrication without using any modification agent. 
Also, the effect of reaction conditions on the 

characteristics of prepared copper borate was 
studied by using the techniques of X-ray diffraction 
(XRD), Fourier Transform Infrared Spectroscopy 
(FT-IR), and Scanning Electron Microscope (SEM). 

 
2. EXPERIMENTAL SECTION  
 

2.1. Materials  
The copper source used in the experiments was 
copper sulphate pentahydrate (CuSO4·5H2O) 
purchased from Sigma Aldrich at a minimum purity 

of %98. Boron source of boric acid (H3BO3), with a 

minimum purity of %99, was provided by Eti Mine 

Boron Works in the region of Bandirma, Turkey. 
Sodium hydroxide (NaOH) was obtained from Merck 
Chemicals at the minimum purity of %97.   
 
2.2. Synthesis  

In liquid-state conditions, the probable reaction can 
be seen in Eq. 1, and the experimental design is 
presented in Figure 1. The experimental procedure 
could be explained in two steps. In the first step, 
the starting materials were dissolved in distilled 
water and reacted with the effect of ultrasound at 
80°C for 5 minutes. For the sonochemical synthesis, 

an ultrasonic probe of Bandelin was employed. The 
determined molar ratios of CuSO4·5H2O: NaOH: 
H3BO3 were 1:2:0.8, 1:2:1, 1:2:1.33, 1:2:2, and 
1:2:4. In the second step of the synthesis, the effect 

of temperature and time were examined. The 
samples were prepared at the reaction 
temperatures of 70, 80, and 90°C for the reaction 

times of 2.5, 5, 10, and 15 minutes. After the 
reaction was completed, the solutions were washed, 
filtered, and dried in an Ecocell incubator.  
 

 
𝐶𝑢𝑆𝑂4 ∙ 5𝐻2𝑂(𝑎𝑞) + 2𝑁𝑎𝑂𝐻(𝑎𝑞) + 2𝐻3𝐵𝑂3 (𝑎𝑞) + 𝑥𝐻2𝑂(𝑙) → 𝐶𝑢𝐵2𝑂4(𝑎𝑞) + 𝑁𝑎2𝑆𝑂4 (𝑎𝑞) + (9 + 𝑥)𝐻2𝑂(𝑙)  (Eq. 1) 

 

 
Figure 1: The experimental design for the sonochemical synthesis of copper borates 

 

2.3. Characterization of the Synthesized 
Samples 
The prepared powders underwent X-ray diffraction 
analysis for the identification of obtained phases by 

using a PANalytical Xpert Pro X-Ray Diffractometer 
at the operating conditions of 45 kV, 40 mA, and in 
the 2θ range of 10 - 70°. In the characterization of 
functional groups of structure, the samples were 
subjected to Fourier Transform Infrared (FT-IR) 
Spectroscopy by using a Jasco 6000 Fourier 
Transform Infrared Spectrometer. For the 

morphological characterization, the Scanning 
Electron Microscope of Tescan Vega 3 (SEM) was 
used at the operating conditions of 15 kV and 
magnification values of 400 X.  

 
In estimating reaction yields, CuSO4·5H2O was 
identified as the key component in the experiments. 
Typically, the product moles at the last stage, NP, 

were divided by the consumed moles of the key 
reactant, A, to calculate the overall yield, Y. The 
moles of A that were consumed were determined by 
using the reactant's final (NA) and initial (NA0) 
moles. For a batch system, the calculation of 
reaction yield was given in Eq. 2 (18).  

                                              (Eq. 2) 
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3. RESULTS AND DISCUSSION 

 

3.1. XRD Results  
In the XRD analyses, the obtained phases matched 
Cu(BO2)2 with the powder diffraction file number 
"00-001-0472". XRD patterns of the mole ratio 
experiments are shown in Figure 2. XRD patterns 

indicated the lower peaks formation of crystalline 

phase in the mole ratio (Cu: Na:B) of 1:2:0.8. At 

the 1:2:1 ratio, the characteristic peaks were 

observed at the 2θ values of 13.82°, 16.71°, 
22.90°, 28.13°, 33.67°, 35.74° and 52.89°. Counts 
of the obtained peaks were in decline at the higher 
ratios of boric acid, and the sample was identified 
as amorphous at the ratio of 1:2:4.  

 

 
Figure 2: XRD patterns of the mole ratio experiments (a) 1:2:0.8, (b) 1:2:1, (c) 1:2:1.33, (d) 1:2:2, 

and (e) 1:2:4. 

 
At the mole ratio of 1:2:1, the XRD scores of the 
samples at different temperatures and times are 
given in Table 1. According to the XRD results, the 
optimum reaction conditions were determined to be 
70°C and 2.5 minutes. Compared with the 

traditional hydrothermal synthesis procedure, 
ultrasonic treatment in the experimental procedure 
positively affected the formation and decreased the 
reaction time (16). 

 
Table 1: XRD scores of the samples at different temperatures and times. 

 

Temperature (°C) Time (min) XRD Score 

90 

2.5 38 

5.0 * 

10 25 

15 * 

80 

2.5 30 

5.0 13 

10 25 

15 40 

70 

2.5 41 

5.0 27 

10 * 

15 * 
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3.2. The Results of Reaction Yields  

The plots of reaction yield percentages with the 

changing reaction parameters, such as mole ratios, 
reaction time, and temperature, can be seen in 
Figure 3. The effect of the mole ratio of the sources 
can be seen in the reaction yield as well as 
crystallinity (Figure 3 (a)). The calculated reaction 

yield percentages were in the range of 50 – 71.5%. 
Among the different mole ratios, the highest 
reaction yield percentage was obtained at the ratio 
of 1:2:1. In Figure 3 (b), minor increases were 
obtained with increasing temperature and time. The 
highest reaction yield was estimated to be 71.5% at 
the reaction temperature of 90°C and 15 mins. 

3.3. FT-IR results 

The characteristic band values observed in the IR 

range of the prepared sample at 70°C and 2.5 
minutes were presented in Figure 4. According to 
the FT-IR results, the peaks between 1090 and 985 
cm-1 are related to the asymmetrical stretching of 
four-coordinate boron to oxygen bands [υas(B(4)-

O)]. The stretching observed at 872 cm-1 can be 
explained by the symmetrical stretching of three-
coordinate boron to oxygen bands [υs(B(3)-O)]. The 
characteristic band values in the range of 781 and 
731 cm-1 indicated the symmetrical stretching of 
four-coordinate boron to oxygen bands [υs(B(4)-O)].  

 
(a)         (b) 

Figure 3: Reaction yields at (a) different mole ratios (1:2:0.8, 1:2:1, 1:2:1.33, 1:2:2, and 1:2:4) and 
(b) different reaction temperatures and times (70, 80, and 90°C; 2.5, 5, 10, and 15 minutes). 

 

 
Figure 4: FT-IR spectrum of the prepared sample at 70°C and 2.5 minutes. 
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From the spectral results obtained, it is seen that 

the specific boron to oxygen bands were achieved in 

the preparation and that these B to O bands are in 
good agreement with Zheng et al. and Yongzhong 
et al. (14, 19).  
 
3.4. SEM results 

The morphology of the prepared sample at 70°C and 

2.5 minutes was given in Figure 5. With the effect 

of intramolecular hydrogen bonding, the 
agglomeration of sub-micron scale particles could 
be seen in the SEM results. The multi-angular 
particle formation could explain the morphology of 
the sample. 

 
 

 
Figure 5: Morphology of the prepared sample at 70°C and 2.5 minutes. 

 
The obtained morphology was in good agreement 
with the previous studies. Compared with the 
traditional liquid-state synthesis method, 

homogeneity in the surface was observed (16). 
 
4. CONCLUSION 
 
The copper borate (CuBO2)2) was successfully 
synthesized in moderate liquid-state conditions with 
the help of ultrasonic treatment. The reaction 

conditions were optimized for the modified 
experimental procedure, and the possible reaction 
mechanism was estimated. The optimum reaction 

parameters can be summarized as the mole ratio 
(Cu:Na:B) of 1:2:8, the reaction temperature of 
70°C, and a reaction time of 2.5 minutes. The 

experimental results indicated the beneficial effects 
of ultrasonic treatment on the characteristic 
features of the prepared sample. The temperature 
also increased the reaction yield; however, the 
crystallinity decreased. This situation can be 
interpreted as being temperature-sensitive to the 
obtained phases. The reaction time was decreased, 

and the fabricated powder's crystallinity was 
increased with the help of ultrasonic treatment. The 
obtained characteristic band values of FT-IR were in 
good agreement with the previous studies.  
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Abstract: Mining is a major source of toxic heavy metals into the soil when mine wastes are discharged into 
the nearby farmlands used for the cultivation of food crops. This study investigated the influence of Pb–Zn 
mining on the quality and ecological risk of arable soils around active mining sites in Adudu, Nasarawa State, 
Nigeria. Composite soil samples were collected at 0–20 cm depth, pulverized, and analyzed for heavy metal 
(Al, As, Cr, Cu, Fe, Mn, Pb, and Zn) concentration using X–ray fluorescence technique. Enrichment factor, 
geo–accumulation index, improved Nemerow index (IIN), contamination factor (CF), degree of contamination 
(Cd), pollution load index (PLI), and ecological risk assessment (ERA) were used to evaluate the effect of the 

mining activities on the environment. Results showed elevated levels of Pb, Zn, Cu, Fe, Mn, and Cr in arable 
soils around the mine and lower levels of these metals in the control soil. IIN, Cd, and PLI showed that the 
mine and the nearby arable soils were the most deteriorated, and soil quality improved away from the mining 
vicinity. ERA revealed that the mine and the closest arable soils (sites F1 and F4) have significant to high 
ecological risk index as a result of the dominant presence of Pb, Zn, and Cu at the sites. Thus, arable soils 
which are disposal channels for mine wastes are not good for growing food crops. This study clearly shows 
that Pb–Zn mining activities introduced heavy metals into the arable soils surrounding the mine. 

 

Keywords: Mining; Heavy metal; Ecological risk; Soil contamination; Arable soils. 
 

Submitted: September 15, 2023. Accepted: January 3, 2024. 
 
Cite this: Onwuka JC, Jasper EE, Onwuka GN. Ecological Risk Assessment of Potentially Toxic Metals in 
Arable Soils around Adudu Lead – Zinc Mine, North-Central Nigeria. JOTCSA. 2024;11(2):483-98. 
 
DOI: https://doi.org/10.18596/jotcsa.1360723 
 

*Corresponding author’s E-mail: emperor20062003@yahoo.com 
 
1. INTRODUCTION 
 
Globally, harnessing mineral resources (solid, liquid, 
and gas) significantly contributes to economic growth 
development and sustainability through income 

generation from increased business and foreign 
exchange earnings, provision of industrial raw 
materials, enhanced employment opportunities, 
poverty alleviation, etc. (1, 2). Mineral exploitation is 
of great importance in a developing nation like 
Nigeria because of its economic potential. This is why 

it is on the exclusive list of the Federal Government 
of Nigeria. Nigeria is endowed with about fifty (50) 
economically potential solid minerals across all states 
of the country (3). Nigeria's dependence on oil 
caused the decline of solid mineral exploitation and 
consequently, the country’s economy became a 
mono-product economy (3). The recent global 

decline in crude oil prices due to the COVID-19 
pandemic has intensified the efforts of the Federal 
Government of Nigeria to diversify the country’s 

economy from crude oil exploration to solid mineral 
exploration. Consequently, the Federal Government 
has introduced various policies such as tax holidays 
for miners, waivers on imported mining equipment, 
financial assistance to artisanal miners, etc., to 

encourage investors in the mining sector. However, 
the authorities pay little attention to the adverse 
environmental and health impacts of these mining 
activities on the host communities. 
 
The impacts of mineral exploration and processing 

activities on the environment are similar globally 
depending on the chemical attributes of the ore, 
method of extraction, and environmental conditions 
(4, 5). It is a global concern because they cause 
physical degradation of the ecosystem (6) and more 
importantly, they produce large amounts of tailings 
and wastes (7) which are principal anthropogenic 

sources of heavy metals (such as Pb, Zn, Cd, Mn, Cr, 
Co, Cu, Ni, Hg, As, Al and Fe) that have adverse 
effect on the environment (8). Studies have recorded 
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higher concentrations of heavy metals in soils around 
the Pb– Zn mine in Enyigba, southeastern Nigeria 
(9), Ameri, Abakaliki (10), Mkpuma Ekwoku, 

southeastern Nigeria (11), Abakaliki, Lower Benue 
Trough, Nigeria (12) and various sites, southeast 
Missouri, USA (13). Similarly, Oyebamiji et al (5) and 
Eludoyin et al. (14) reported elevated concentrations 

of heavy metals in soils around tantalum-niobium 
and gold mining sites of Iludun-Oro and Itagunmodi 
communities respectively, in southwestern, Nigeria. 
 
Elevated levels of these heavy metals (pollutants) 
can have severe negative effects on human and 

animal health, water quality, aquatic life, land use 
and agriculture, and other aspects of ecosystem 
imbalance (15). The elevated levels of these heavy 
metals increase the risk of soil pollution in and 
around the mining site, depending on their mobility 
and bioavailability. Their mobility and bioavailability 

in the environment are determined by some 

physicochemical characteristics of the soil such as 
pH, textural characteristics, organic matter content, 
speciation or chemical form, and electrical 
conductivity (16). 
 
Nasarawa State is located in then orth–central region 
of Nigeria and is known as “The Home of Solid 

Minerals” because it is blessed with abundant solid 
minerals that are of high economic significance. The 
prominent mineral deposits of the State are coal, 
barytes, salt, limestone, clays, glass, tantalite, 
columbite, cassiterite, copper, iron ore, lead, and 
zinc (17). The rocks in Nasarawa State are the host 

to gold in Wamba; baryte at Azara, Wuse, and Aloshi; 
coals (of the highest rank in Nigeria) at Obi, 

Jangerigeri, Jangwa, and Shankodi; Tantalite at Afu, 
Udege Beki, and Wamba; Gemstone in Keffi; 
Nasarawa Eggon and Kokona; salt deposits in Ribi, 
Keana, and Awe; Limestone deposits at Adudu, and 
Jangwa; at Keffi, Akwanga, Nasarawa Eggon, Tudu 

Uku, etc. (18). Thus, illegal, indiscriminate and 
unregulated mining are issues bedeviling several 
villages/towns in Nasarawa State which are endowed 
with these solid minerals. It was reported that out of 
64 active mining licenses in Nasarawa State, only ten 

(10) had environmental impact assessments (19). 
Surface mining such as open-cast mining is 
predominantly employed in the mining of these solid 

mineral resources because the solid minerals do not 
seem to lie deep beneath the earth. Open-cast 
mining involves the excavation of vegetation 
(topsoil) with heavy equipment and hard implements 

to mine a target mineral (20). During this process, 
pits and dumps are created which causes physical 
degradation of the land (21). The excavation of soil 
causes atmospheric depositions of metals and also 
generates huge quantities of wastes (such as waste 
rocks, tailings mine wastewater, etc. that contain 

harmful minerals and chemicals that pollute the 
environment) which are discharged directly into 
nearby farmlands, streams, and river channels. 
Thus, open-cast mining has serious adverse 
consequences on the environment of the host 
communities. 

 

Pb–Zn ores are mined using the open cast mining 
method, in the Adudu community, Awe, North – 
central Nigeria. This situation has persisted for 
decades, resulting in the presence of abandoned 
mines and the generation of significant amounts of 
mine waste, including waste rocks, tailings, and mine 
wastewater. These wastes have been haphazardly 

and indiscriminately disposed of in farmlands (as 
shown in Figure 1), streams, and river channels. 
 
These increased the possibility of elevated levels of 
heavy metals in the arable soils around the mine. The 
community dwellers are ignorant of the adverse 

consequences of these mining activities on their 
health and environment. Obasi et al. (22) reported 

that health challenges such as miscarriages, 
selenosis in infants, the decline in infertility, and 
physiological and mental imbalance, were common 
among inhabitants around Pb–Zn mine in Enyigba 
community, southeastern Nigeria. Yet until this 

research, no study has been carried out on the 
environmental risk of heavy metal-polluted 
agricultural soils around the Pb–Zn mining site in the 
Adudu community.

 

 
(a)                                             (b) 

Figure 1: Pb–Zn Mine at Adudu Showing Mine Wastewater Discharged or pumped to Nearby Farmlands (a) 
and the Pb–Zn ore (b) being mined. 
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Therefore, this research investigated the influence of 
opencast mining activities on the heavy metal 
pollution and environmental risk of arable soils 

around the Pb–Zn mine site at Adudu, North Central, 
Nigeria. 
 
2. EXPERIMENTAL SECTION 

 
2.1. Description of Study Area 
Adudu is a community in Obi Local Government Area 
in Nasarawa State. However, geographical 
coordinates show that the Adudu Pb–Zn mine is 
located in Awe Local Government Area although it is 

a boundary between the Obi and Awe Local 
Government Areas of Nasarawa. The geographical 
coordinates of the Pb–Zn mine lie within latitude 
08°13’83.3’’N and longitude 009°01’00.0’’E and 169 
m above sea level. 
 

Adudu is a low-income community with farming, 

mining, cattle rearing, and trading as the sources of 
income. The predominant land uses in the 
community are agriculture and mining. Mining is the 
second source of income for the inhabitants of this 
community. The average temperature of the area is 
32 °C. Awe has two distinct seasons which are the 
dry and the rainy seasons. The soil varies from loam 

to sandy loam which is good for crop production and 
crops such as yam, maize, and rice grown in 
substantially large quantities. 
 
Adudu is located within the middle region of Benue 
Trough of Nigeria which contains up to 6000 M of 

Cretaceous-Tertiary Sediment (23). Adudu is within 
the southern part of Nasarawa State which is part of 
the low plains of Benue origin and volcanic cones 

(24) and is also the sedimentary part of the State as 
the area is covered by sedimentary rocks of 
Cretaceous-Tertiary ages (2). 
 

2.2. Sample Collection and Preparation 
Eleven (11) study sites were investigated in this 
study. The study sites include the mining site, nine 
(9) cultivated arable farms around the Pb–Zn active 
mining site, and one (1) cultivated arable farm 
located about 3 km away from the active mining site 

which serves as the control. The cultivated arable 
farms around the mining site are not less than 150 
m apart from each other and 100 m from the mine. 
Ten (10) composite soil samples were collected from 
each of the study sites using soil augar. Thus, a total 
of 110 composite samples were collected and 

analyzed. At each location in each studied site (active 

mining site and cultivated arable farms), six (6) 
quadrats were marked and, in each quadrat, four (4) 
core soil samples were collected randomly at depth 
of 0–20 cm and mixed to give a composite sample of 
that location in the studied site. Foreign materials 
such as waste polythenes and plastics, plant debris, 
pebbles, etc were removed from the soil samples. 

The soil samples were air–dried for 10 days, 
pulverized, sieved to less than 2 mm, and then, 
stored in plastic containers for analysis. The 
coordinates of the sample locations were marked 
with a handheld global positioning system (GPS) and 
are shown in Figure 2.

 

 
Figure 2: Maps of Nigeria, Nasarawa State and Awe Local Government Area Showing Location of Sampling 

Sites with Their Coordinates 
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2.3. Heavy Metal Analysis 
About 5 g of the finely ground soil sample was 
pelletized at a pressure of about 19.4 kg/m2 using a 

pelletizing machine. The pelletized sample was 
placed in a standard sample holder and loaded into 
the energy dispersive X–ray fluorescence (EDXRF) 
spectrometer (Minipal 4 model) [Detection limit: 

0.0001 % (1 ppm) – 99.9999 %]. The EDXRF 
spectrometer was switched on and allowed to 
stabilize for 2 hours. It was set at the default mode 
to analyze the compositions of the soil samples by 
irradiating the sample with X-rays generated from 
the Rh tube (Maximum power: 9 W; window: 75 µm 

Be; maximum high voltage: 30kV; maximum 
current: 300 µA; cooling medium: air). A recovery 
test was carried out on the EDXRF machine as a 
quality control measure by spiking analyses to 
ensure the reliability of the result. 
 

2.4. Environmental Risk Assessment 

2.4.1. Enrichment factor (EF) 
EF is used to differentiate the natural and 
anthropogenic sources of the heavy metals in the 
soils by normalizing the heavy metal concentration in 
the sample concerning a reference heavy metal [6]. 
The most commonly used reference elements are Sc, 
Mn, Ti, Al, and Fe (25). The EF of the analyzed heavy 

metals in the investigated soil samples from the 
study area was calculated using Eq.1: 
 

𝐄𝐅 =  [
𝐂𝐧(𝐬𝐚𝐦𝐩𝐥𝐞) 𝐂𝐫𝐞𝐟(𝐬𝐚𝐦𝐩𝐥𝐞)⁄

𝐁𝐧(𝐁𝐚𝐜𝐤𝐠𝐫𝐨𝐮𝐧𝐝) 𝐁𝐫𝐞𝐟(𝐁𝐚𝐜𝐤𝐠𝐫𝐨𝐮𝐧𝐝)⁄
]   (1) 

 
Where, Cn(sample) is the concentration of the 
investigated heavy metal “n” in the study site, 

Cref(sample) is the concentration of the reference heavy 
metal in the study site; Bn(background) is the background 
concentration of the investigated heavy metal 
(usually the average shale value of the investigated 
heavy metal) and Bref(background) is the background 
concentration of the reference heavy metal (usually 
the average shale value of the reference heavy 

metal). In this study, Fe is the most naturally 
abundant element in all the studied soils and thus, 
was used as the reference heavy metal while the 
average shale value described by Turekian and 
Wedepohl, (26) was adopted as the reference value. 
 
2.4.2. Geo–accumulation index (Igeo) and improved 

Nemerow index (IIN) 
Igeo is a single-factor contamination index proposed 
by Muller (27) for qualitative assessment of heavy 

metal pollution in soils using Eq. 2. 
 

𝐈𝐠𝐞𝐨 =  𝐥𝐨𝐠𝟐 [
𝐂𝐧

𝟏.𝟓𝐁𝐧
]     (2) 

 
Where Cn is the concentration of the heavy metal “n” 
in the sample; Bn is the geochemical background 

concentration for heavy metal “n” which is either 
directly measured in fossil argillaceous sediments of 
the area or adopted from literature (world average 
shale value); 1.5 is a correction factor used to reduce 
the possible geogenic effect on the variations in 
background concentration of a given metal. The 
world average shale values of the analyzed heavy 

metals as provided by Turekian and Wedepohl (26) 
were adopted in this study as shown in Table 1. 

 
IIN is a comprehensive index method employed for 
general assessment of the pollution integrity of the 

study area (28,29). It was computed using Eq. 3 
proposed by Nemerow (30). 
 

𝐈𝐈𝐍 =  √
(𝐈𝐠𝐞𝐨𝐦𝐚𝐱

𝟐 + 𝐈𝐠𝐞𝐨𝐚𝐯𝐞
𝟐 )

𝟐
     (3) 

 
Where IIN is the comprehensive contamination index 
of a sample, Igeomax is the maximum Igeo value of such 
sample, and Igeoave is the arithmetic mean value of 
Igeo. 
 

2.4.3. Contamination factor (CF), degree of 
contamination (Cd), and pollution load index (PLI) 
The extent of soil contamination by each of the 
analyzed heavy metals was determined using the 
contamination factor (CF). It was calculated using 

Eq. 4. 
 

𝐂𝐅 =  
𝐂𝐧

𝐂𝐛
       (4) 

 
Where Cn is the concentration of the heavy metal “n” 
in the sample, Cb is the background concentration of 

the heavy metal “n”. Nigerian Directorate of 
Petroleum Resources (31) target values for heavy 
metals in soils (Table 1) were adopted as the 
background values “Cb”. 
 
The sum of all contaminants factors of the various 
heavy metals is referred to as the degree of 

contamination (Cd) (32). The generalized form of 
Hakanson's (33) equation for computing Cd was used 
in this study. It is given in Eq. 5: 

 

𝐂𝐝 =  ∑ (𝐂𝐅𝐢)
𝐧=𝟖
𝐢=𝟏       (5) 

 
Where n is the number of heavy metals studied and 
CFi is the contamination factor for heavy metal “i” in 
the sample. 

 
Pollution Load Index (PLI) was used to estimate the 
magnitude of contamination by the simultaneous 
presence of analyzed heavy metals in a sampling site 
(5). PLI was calculated using Eq. 6 as proposed by 
Tomlinson et al. (34). 
 

𝐏𝐋𝐈 =  (𝐂𝐅𝟏 ×  𝐂𝐅𝟐 × 𝐂𝐅𝟑 × 𝐂𝐅𝟒 × … 𝐂𝐅𝐧)
𝟏

𝐧⁄    (6) 

 

Where n is the number of metals and CF is the 

contamination factor of each heavy metal. 
 
2.4.4. Ecological risk assessment 
Potential hazard(s) from soil heavy metal 
contamination were quantified using ecological risk 

factor (Er) and ecological risk index (RI). 
 
Er is a single index quantitative expression of the 
potential ecological risk of a given contaminant 
(heavy metal) (33). It was calculated using Eq. 7 
 
𝐄𝐫 = 𝐓𝐫 × 𝐂𝐅     (7) 
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Tr is the toxic response factor suggested by 
Hakanson (33) and presented in Table 1 while CF is 
the contamination factor of the heavy metal. 

 
The potential ecological risk index (RI) index 
evaluates the general pollution caused by the 
simultaneous presence of the eight analyzed heavy 

metals. It was calculated using the expression in Eq. 
8 
 
𝐑𝐈 =  ∑ 𝐄𝐫𝐧

𝐢      (8) 

 
n is the number of the heavy metals considered; Er 

and RI are potential ecological risk factors of 
individual and multiple metals respectively. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Heavy Metal Concentration 

Table 1 presents the concentrations of the analyzed 

heavy metals in the investigated soils. Results 
showed that concentrations of the analyzed heavy 
metals in the investigated soils varied significantly 
away from the mine. The highest concentrations of 
Mn, Pb, and Zn were obtained in the soil from the 
mine which also recorded significant levels of Cr, Cu, 

and Fe. However, the control soil (collected 3 km 
away from the mining site) showed the least Cr, Cu, 
Fe, and Mn concentrations and also, lower 
concentrations of Pb and Zn compared to other 
investigated soils. This is evidence that the 
concentrations of analyzed heavy metals in the 
investigated arable soils around the mine, increased 

beyond their natural levels due to anthropogenic 
activities from Pb–Zn mineral exploration and 

processing. Overall, the studied sites (mining and 
arable sites) showed high concentrations of Al, Cr, 
Cu, Fe, Mn, and Zn. This is an indication that mine 
waste is leached under acidic conditions which are 
induced by acid mine drainage. 

 
Table 1 showed that Al concentration in the studied 
soils ranged between 7039.12±157.04 to 
31754.81±338.65 mg/kg and thus, are below 
average shale (26) reference value of 80000 mg/kg 
for Al. This suggests geogenic or lithogenic origin as 

the possible major source of Al.  The mine and control 
site contained the lowest and highest Al 
concentrations respectively. Hence, the Al 
concentration obtained at the mine is appreciably low 
compared to those of the studied arable farms (F1–

F10) which are away from the mine. This implies that 
weathering and mineralization of the geochemical 

composition of the rocks in the study area is a major 
contributing factor to the presence of Al. Human 
exposure to Al is inevitable as it naturally occurs in 
soil, water, air, and food (35). Chronic exposure to 
free Al cation (Al3+) is a huge concern as it has been 
reported to be essentially toxic and may aggravate 
the risk of developing Alzheimer’s disease and breast 

cancer (36). Obiora et al. (37) reported a similar 
range of Al level and decline in Al close to the Pb–Zn 
mine in Enyigba, southeastern Nigeria. According to 
Abraham and Susan (38), precipitation of metals in 
the acidic mined zone could be responsible for Al 
decline near a Cu mine in western Uganda. 

 

The levels of arsenic (As) in the studied sites are 
below the instrumentation limit of detection (i.e., 1 
mg/kg). Consequently, the level in the study area is 

below the average shale reference value (26) and its 
acceptable limit for arable soil (31). This is an 
indication that As presence in the study area may be 
associated with natural processes such as weathering 

of rock, volcanic eruptions, geothermal activities, etc 
(39). Commonly referred to as king of poison (40), 
occurs naturally in the earth’s crust (41). 
 
Low As level was similarly recorded in most of the 
arable soils around Pb–Zn mining sites of Abakaliki, 

Lower Benue Trough, Nigeria (12), and Abuni town, 
Nasarawa State, Nigeria (42). However, elevated 
range As (6.9–7.7 mg/kg) was reported in stream 
sediments around the Pb–Zn mining vicinity of 
Enyigba, southeastern Nigeria (37). Exposure to AS 
is a global concern as studies that it is inimical to 

human health. Human exposure to inorganic As 

increases the risk of skin cancer and other internal 
tumors of the bladder, liver, kidney, and lung (43, 
44), congenital malformations, low birth weight, 
spontaneous abortion, genotoxicity, mutagenicity, 
and teratogenicity (45). 
 
In the present study, soil from the mine showed 

lower Cr concentration than the investigated arable 
soils (except control soil) (Table 1). This could be 
attributed to the leaching of mine wastes to the 
surrounding arable farms under acidic conditions in 
addition to the dissolution of Cr through Pb–Zn 
mineralization of the study area. The concentration 

of Cr varied between 102.63–649.99 mg/kg. Except 
for the control soil (F10), soils from the mine and the 

studied arable farms, showed Cr concentrations 
above the DPR (31) threshold limit for arable soil 
(100 mg/kg) and the average shale (26) reference 
value (90 mg/kg). An indication that Cr concentration 
is related to the mineralization of the Pb–Zn ores in 

the study area. Cr usually exists in three main forms; 
Cr, Cr3+, and Cr6+. Cr3+ is less toxic and required in 
minute quantity for human health. Thus, it has little 
or no adverse effect on human health (46). However, 
Cr6+ is highly toxic and can cause several human 
health problems such as anemia, cancer, irritations 
and ulcers in the small intestine and stomach, 

damage to sperm and the male reproductive system, 
and possibly death (47). Cr concentration obtained 
in this study exceeded values reported by Obiora et 
al. (9) for agricultural soils around Pb–Zn mining 

localities in Enyigba, southeast Nigeria. However, it 
is less than the Cr range (1112.60–1127. 57 mg/kg) 

recorded for agricultural soils in Ameri, Abakaliki Pb–
Zn mining area, Ebonyi State, southeast Nigeria 
(10). 
 
Cu levels in soils from the mine site (3594.91±79.48 
mg/kg) and site F4 (6710.50±134.02 mg/kg) are 
appreciably higher compared to other studied sites 

(Table 1). Thus, the maximum Cu level obtained in 
site F4 could be attributed to introductions from 
chalcopyrite, bornite, and azurite through the 
disposal of mine wastes (such as waste rocks or 
gangues, tailings, mine wastewater, etc.) at the site. 
The Cu level is significantly lower in the control site 
(F10) than in other studied sites but its level in all 
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the studied sites greatly exceeded its average shale 
(26) reference value and DPR (31) acceptable limit 
for arable soils. This implies that anthropogenic 

activities from Pb–Zn mining are not the only sources 
of soil contamination with Cu in the area; the 
underlying geology and mineralization of Pb–Zn ores 
in the area are significant contributors. The high level 

of Cu at the mine suggests that Cu-bearing mineral 
ores associated with Pb–Zn ores such as chalcopyrite 
(CuFeS2), bornite (Cu5FeS4), azurite 

[Cu3(CO3)2(OH)2], etc., are among the principal ores 
exploited in the study area. The Cu range obtained in 
this study is higher than those reported for 

agricultural soils around Pb–Zn mines by other 
researchers (9–12, 22, 37). Overdose of Cu can have 
adverse effects on human health such as irritations, 
dizziness, vomiting, stomach cramps, diarrhea, 

nausea, liver and kidney damage, and even death 
(48).

 
Table 1: Mean concentrations (mg/kg) of the analysed heavy metals in the investigated soils. 

Sampling 
Site 

No of 
Samples 
Per Site 

Data Presen-
tation 

Al As Cr Cu Fe Mn Pb Zn 

Mine 10.00 Mean  
± SD 

7039.12 
±157.04 

BDL 102.63 
±10.80 

3594.91 
±79.48 

123167.44 
±3503.58 

4956.49 
±18.26 

24786.02
±368.36 

13979.01 
±521.93 

F1 10.00 Mean 
 ± SD 

20243.69 
±376.21 

BDL 410.52 
±21.04 

958.64 
±65.17 

75012.54 
±1758.22 

2323.35 
±63.49 

4455.91 
±89.22 

401.70 
±16.52 

F2 10.00 Mean 
 ± SD 

18311.93 
±201.03 

BDL 444.73 
±8.63 

734.96 
±36.96 

118446.37 
±1948.22 

1858.68 
±59.71 

BDL 241.02 
±7.91 

F3 10.00 Mean  
± SD 

14395.51 
±286.62 

BDL 342.10 
±16.99 

798.87 
±21.04 

112081.67 
±2417.74 

3020.36 
±65.97 

BDL BDL 

F4 10.00 Mean  
± SD 

13231.17 
±477.12 

BDL 338.68 
±20.59 

6710.50 
±134.02 

169259.06 
±4193.55 

2865.47 
±34.82 

BDL 457.93 
±24.07 

F5 10.00 Mean  
± SD 

14231.23 
±191.88 

BDL 280.52 
±9.44 

798.87 
±18.47 

212867.75 
±6218.37 

3330.14 
±57.02 

BDL BDL 

F6 10.00 Mean  
± SD 

16009.71 
±173.36 

BDL 478.94 
±35.82 

734.96 
±33.33 

120264.86 
±3618.81 

1703.79 
±48.17 

BDL BDL 

F7 10.00 Mean  
± SD 

29108.57 
±387.11 

BDL 342.10 
±27.33 

615.13 
±16.62 

25144.06 
±221.64 

1936.13 
±37.11 

BDL BDL 

F8 10.00 Mean 
 ± SD 

10611.40 
±161.29 

BDL 649.99 
±25.70 

878.76 
±39.05 

137155.80 
±2531.77 

1703.79 
±66.28 

BDL 241.02 
±13.42 

F9 10.00 Mean  
± SD 

26118.33 
±218.74 

BDL 441.73 
±31.08 

519.26 
±23.59 

34201.52 
±510.06 

3020.36 
±71.24 

BDL BDL 

F10 (Con-
trol) 

10.00 Mean  
± SD 

31754.81 
±338.65 

BDL BDL 375.47 
±13.32 

7204.00 
±95.41 

1471.46 
±42.87 

BDL BDL 

Average 
Shale 

Values* 

  80000.00 13.00 90.00 45.00 47200.00 850.00 20.00 96.00 

DPR Target 
Values (31) 

  NA 1.00 100.00 36.00 38000.00 850.00 85.00 140.00 

Tr**   NA 10.00 2.00 5.00 NA 1.00 5.00 1.00 

Keys: SD = Standard Deviation; NA = Not Available; BDL = Below Detectable Limit; DPR = Department 
of Petroleum Resources (Nigeria); Tr = Toxic Response Factor; * = (26); ** = (33) 

 
Iron (Fe) is the most abundant heavy metal found in 

all the investigated soils (except in soil from the 
control arable site which has Al as the most 
abundant). This suggests that Fe-rich mineral ores 
such as chalcopyrite (CuFeS2), bornite (Cu5FeS4), 
siderite (FeCO3), pyrite (FeS2), marcasite (FeS2), 
etc., are probably among the principal ores exploited 

in the area. The studied sites showed varied Fe 

concentrations ranging from 7,204±95.41 to 
212,867.75±6218.37 mg/kg (Table 1). The lowest 
Fe concentration was obtained in the control soil 
(F10) while most of the investigated soils (except F7, 
F9, and F10) showed Fe concentration above the DPR 
(31) regulatory limit for arable soil and the average 

shale (26) reference value. These observations, 
especially the high concentration of Fe in sites 
located away from the mine (sites F4, F5, and F8), 
suggest possible introductions from chalcopyrite and 
bornite, siderite, and pyrite via combined effects of 
the Pb–Zn mining activities in addition to geologic 
processes and Pb–Zn mineralization of the area. The 

Fe range obtained in this study falls within the range 
reported by Obiora et al. (37) for stream sediments 

around the Pb–Zn mine in Enyigba, southeastern 

Nigeria. 
 
Table 1 shows that Mn level varied between 
1471.46±42.87 – 4956.49±18.26 mg/kg. The 
maximum and minimum Mn levels were obtained in 
soils from the mine and control site (F10) 

respectively. However, Mn levels in all the studied 

sites are above 850 mg/kg which is the average shale 
(26) reference value and DPR (31) tolerance level for 
Mn in arable soils. Thus, Mn sources could be of 
geogenic and anthropogenic origin. The high Mn 
concentration obtained could be ascribed to the 
dissolution of Mn from the sulfide and carbonate ores 

(such as chalcopyrite, bornite, siderite, etc.) which 
underlie the study area (49). Also, anthropogenic 
sources such as used batteries, discarded metal 
scraps, machinery parts, automobile exhaust fumes, 
and wastes from welding works and spray paintings 
of the vehicles (50), could have also contributed to 
the high level of Mn observed in the control soil due 

to its proximity to the highway. Mn exists in natural 
deposits as oxides, sulfides, carbonates, and silicates 
(51). It is an essential element for humans and 
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animals and is also a global concern because studies 
have shown that at an elevated level, it can cause 
Parkinson’s disease-like syndrome of tremour, gait 

disorder, postural, instability, and cognitive and 
neurological disorder (52). 
 
Lead (Pb) is a prominent toxic heavy metal and 

highly persistent in the environment due to its non–
biodegradable nature. Hence, on continuous 
exposure, it accumulates to a toxic level (53). Its 
toxicity causes negative effects on humans such as 
high blood pressure, brain and kidney damage, 
miscarriage, anemia, learning deficit, reduced 

fertility, and behavioral disorders (53–55). A high 
concentration of Pb was observed only in soils from 
the mine (24786.02±368.36 mg/kg) and site F1 
(4455.91±89.22 mg/kg) which are above the Pb 
permissible limit for arable soils (31). The other 
studied sites (F2–F10) had very low Pb 

concentrations that were below the instrumentation 

limit of detection (1 mg/kg). The very high 
concentration of Pb at the mine is evidence that 
galena (Pbs) is one of the major mineral components 
explored at the mine. Also, the continuous 
disposal/dumping of mine wastes and tailings to the 
nearby arable farm (F1) explains the appreciable 
level of Pb in the site. The drastic decrease in Pb 

concentration in studied sites (F2–F9) that are 
farther away from the mine, could be attributed to 
the immobility nature of Pb in soil (56), density 
settling, and elemental precipitation (37) and poor 
solubility of Pb in water (57, 58).  The low solubility 
of Pb in water affects its amount in the mine 

wastewater that is discharged or leached to the 
surroundings while Pb immobility nature makes it 

difficult for it to be transported via the soil, to a 
distance farther from the mine. Similarly, at high pH, 
Pb precipitates thereby reducing the amount of Pb in 
the leaching effluents. Ambo et al. (42) and Obiora 
et al. (37) reported similar drastic decreases in Pb at 

locations away from the Pb–Zn mine at Abuni town 
Nasarawa State and Enyigba, southeastern, Nigeria; 
respectively. 
 
Similar to Pb, the Zinc (Zn) level at the mine 
(13979.01±521.93 mg/kg) was found to be 
significantly high compared to other studied arable 

soils. Also, soils from arable sites (F1 and F4) which 
serve as disposal channels for mine wastes showed 
higher levels of Zn (401.70±16.52 mg/kg and 
457.93±24.07 mg/kg respectively) than the other 

studied arable soils (BDL – 241.02±13.42 mg/kg). 
Hence, the Zn level in the mining site and a few 

studied arable sites (F1, F2, F4, and F8) exceed the 
average shale (26) value and DPR (31) tolerance 
limit of Zn for arable soils. The elevated Zn level at 
the mine site is an indication that sphalerite (ZnS) 
which occurs in close association with galena (PbS), 
is a principal component of the minerals exploited in 
the area. Elueze (59) reported that sphalerite and 

galena are often mined together because of their 
strong association of occurrence. Unlike Pb, a high 
amount of Zn was observed at some of the studied 
sites located farther away from the mine. Thus, in 
addition to site F1, sites F2, F4, and F8 showed 
significant levels of Zn which can be attributed to the 
solubility of Zn in water (57, 58). Aloh et al. (10) 

observed elevated Zn levels in agricultural soils in 
Ameri, Abakaliki Pb–Zn mining area, Ebonyi State, 
southeast Nigeria. Zn is an essential element to both 

humans and animals but is toxic in overdose. 
 
3.2. Environmental Risk Assessment 
The quality of the investigated soils and their effect 

on the environment was evaluated using enrichment 
factor (EF), geo–accumulation index (Igeo), 
contamination factor (CF), degree of contamination 
(Cd), pollution load index (PLI), ecological risk (Er) 
and potential ecological risk index (RI) models. 
 

3.2.1. Enrichment factor (EF) 
EF is always used to differentiate between natural 
and anthropogenic sources of metals (60). The EF 
values close to unity indicate crusted origin, those 
less than 1.0 suggest a possible depletion of metals, 
whereas EF > 1.0 indicates that the element is of 

anthropogenic origin (61). EF values for the analyzed 

heavy metals are displayed in Table 3 and 
enrichment levels proposed by Birth (62) (Table 2) 
were used to classify the level of enrichment of these 
heavy metals in the investigated soils. 
 
The result shows that the mine is deficient in Al and 
Cr. However, it is enriched with Pb and Zn at 

extremely severe levels, and Cu and Mn at very 
severe and minimal levels respectively (Table 3). 
This is supporting evidence that Pb–Zn–Cu bearing 
ores are major components of the minerals explored 
at the mine.  The highest enrichments of Al, Cu, and 
Mn are observed at the control site. Consequently, 

the control site is found to be severely and minimally 
enriched with Mn and Al respectively, and most 

enriched with Cu at an extremely severe level. This 
shows that anthropogenic sources of these metals 
(Al, Cu, and Mn) in the investigated soils, are a 
consequence of the geological nature and 
mineralization of the study area. The EF values 

signify anthropogenic sources (EF >2) for Pb, Zn, Cu, 
and Mn as well as lithogenic sources (EF <1) for Al 
and Cr presence at the mine. 
 
EF value for arsenic (As) was not evaluated because 
As concentration was not empirically ascertained as 
it is below the instrumentation limit of detection. Fe 

was used as a reference element in this study. Except 
for the control site (F10), the studied sites showed 
no Al enrichment and deficient to moderate levels of 
Cr enrichment. Cu is the most enriched element in 

each of the studied sites (i.e., F2–F10) except the 
mine and site F1. It is enriched at moderate to 

extremely severe levels in the studied sites. Some of 
the studied sites (F2, F4, F5, F6, and F8) showed no 
Mn enrichment while others showed minimal to 
severe Mn enrichment. Pb enrichment of the mine 
and site F1 (close to the mine), is at an extremely 
severe level while it could be deficient at other 
studied sites (F2–10). Zn is enriched at an extremely 

severe level at the mine, minimally enriched at sites 
(F1 and F4) close to the mine, and deficient at the 
remaining sites. High EF values (>1) of Pb, Zn, Mn, 
Cu, and Cr at some of the studied sites are an 
indication of significant anthropogenic contributions 
from mining activities. Thus, the result shows that 
the combined effects of Pb–Zn mining activities with 



Onwuka JC et al. JOTCSA. 2024; 11(2): 483-498  RESEARCH ARTICLE 

490 

the underlying geology and Pb–Zn mineralization of 
the study area are the sources of these analyzed 
heavy metals in the investigated soils.

 

Table 2: Classes of EF, Igeo, IIN, CF, Cd, Er, and RI concerning enrichment, pollution, contamination level, 

contamination degree, potential ecological risk, and ecological risk levels, respectively (6, 32). 

EF Classes Enrichment Level Igeo value Classes Pollution Level 

EF < 1 No enrichment 0; Igeo ≤ 0 Practically Unpolluted 

EF = 1 – 3 Minor enrichment 1; Igeo = 0 – 1 Unpolluted to 

   moderately polluted 

EF = 3 – 5 Moderate enrichment 2; Igeo = 1 – 2 Moderately polluted 

EF = 5 – 10 Moderate severe enrichment 3; Igeo = 2 – 3 Moderately to Strongly 

   polluted 

EF = 10 – 25 Severe enrichment 4; Igeo = 3 – 4 Strongly polluted 

EF = 25 – 50 Very severe enrichment 5; Igeo = 3 – 5 Strongly to extremely 

   polluted 

EF > 50 Extremely severe 6; Igeo > 5 Extremely polluted 

 enrichment   

IIN Classes Contamination Level   

0; 0 < IIN ≤ 0.5 Uncontaminated   

1; 0.5 < IIN ≤ 1 Uncontaminated to   

 moderately contaminated   

2; 1 < IIN ≤ 2 Moderately contaminated   

3; 2 < IIN ≤ 3 Moderately to heavily   

 contaminated   

4; 3 < IIN ≤ 4 Heavily contaminated   

5; 4 < IIN ≤ 5 Heavily to extremely   

 contaminated   

6; IIN > 5 Extremely contaminated   

CF Classes Contamination Level Cd Classes Degree 

CF < 1 Low contamination Cd < 8 low degree of 

   contamination 

CF = 1 – 3 Moderate contamination Cd = 8 – 16 Moderate degree of 

   contamination 

CF = 3 – 6 Considerable contamination Cd = 16 – 32 Considerable degree of 

   contamination 

CF > 6 High contamination Cd ≥ 32 Very high degree of 

   contamination 

Er Classes Er Level RI Classes Risk Levels 

Er < 40 Low potential ecological RI < 150 Low ecological risk 

 risk   

Er = 40 – 80 Moderate potential RI = 150 – 300 Moderate ecological risk 

 ecological risk   

Er = 80 – 160 Significant potential RI = 300 – 600 Significant ecological 

 ecological risk  risk 

Er = 160 – 320 High potential RI > 600 High ecological risk 

 ecological risk   

Er > 320 Very high potential   

 ecological risk   
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Table 3: Enrichment Factor (EF) of the Analysed Heavy Metals in the Investigated Soils. 

Sampling Site Al As Cr Cu Fe Mn Pb Zn 

Mine 0.03 – 0.44 30.61 

Used as Refer-

ence Element 

2.23 474.92 55.80 

F1 0.16 – 2.87 13.40 1.72 140.19 2.63 

F2 0.09 – 1.97 6.51 0.87 – 1.00 

F3 0.08 – 1.60 7.48 1.50 – – 

F4 0.05 – 1.05 41.58 0.94 – 1.33 

F5 0.04 – 0.69 3.94 0.87 – – 

F6 0.08 – 2.09 6.41 0.79 – – 

F7 0.68 – 7.14 25.66 4.28 – – 

F8 0.05 – 2.49 6.72 0.69 – 0.86 

F9 0.45 – 6.82 15.92 4.90 – – 

F10 (Control) 2.60 – – 54.67 11.34 – – 

Key:  – = Not Calculated 
 
 

Table 4: Geo-accumulation index (Igeo) of the Analysed Heavy Metals and Improved Nemerow Index (IIN) 
of the Studied Sites. 

Key:  – = Not Calculated 

 
 
Table 5: Contamination Factor (CF), Degree of Contamination (Cd), and Pollution Load Index (PLI) of the 

Investigated Soils. 

         Cd PLI 

Sampling Site Al As Cr Cu Fe Mn Pb Zn   

Mine 0.09 – 1.03 99.89 3.24 5.83 291.60 99.85 501.53 6.89 

F1 0.25 – 4.11 26.63 1.97 2.73 52.42 2.87 90.98 3.49 

F2 0.23 – 4.45 20.42 3.12 2.19 – 1.72 32.13 1.99 

F3 0.18 – 3.42 22.19 2.95 3.55 – – 32.29 1.86 

F4 0.17 – 3.39 186.40 4.45 3.37 – 3.27 201.05 2.92 

F5 0.17 – 2.81 22.19 5.60 3.92 – – 34.69 1.98 

F6 0.20 – 4.79 20.42 3.16 2.00 – – 30.57 1.83 

F7 0.36 – 3.42 17.09 0.66 2.28 – – 23.81 1.54 

F8 0.13 – 6.49 24.41 3.61 2.00 – 1.72 38.36 2.00 

F9 0.33 – 4.45 14.42 0.90 3.55 – – 23.65 1.69 

F10 (Control) 0.40 – – 10.43 0.19 1.73 – – 12.75 1.04 

Key:  – = Not Calculated 
 
  

         Igeoave Igeomax IIN 

Sampling 
Site 

Al As Cr Cu Fe Mn Pb Zn    

Mine –4.09 – –0.40 5.74 0.80 1.96 9.69 6.60 2.54 9.69 7.08 

F1 –2.57 – 1.60 3.83 0.08 0.87 7.22 1.48 1.56 7.22 5.22 

F2 –2.71 – 1.72 3.45 0.74 0.54 – 0.74 0.56 3.45 2.47 

F3 –3.06 – 1.34 3.57 0.66 1.24 – – 0.47 3.57 2.55 

F4 –3.18 – 1.33 6.64 1.26 1.17 – 1.67 1.11 6.64 4.76 

F5 –3.18 – 1.06 3.57 1.59 1.39 – – 0.55 3.57 2.55 

F6 –2.91 – 1.83 3.45 0.76 0.42 – – 0.44 3.45 2.46 

F7 –2.04 – 1.34 3.19 –1.49 0.60 – – 0.20 3.19 2.26 

F8 –3.50 – 2.27 3.70 0.95 0.42 – 0.74 0.57 3.70 2.65 

F9 –2.20 – 1.72 2.94 –1.05 1.24 – – 0.33 2.94 2.09 

F10 (Control) –1.92 – – 2.48 –3.30 0.21 – – –0.32 2.48 1.77 
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Table 6: Ecological Risk (Er) and Potential Ecological Risk Index (RI) of the Analysed Heavy Metals and 
Investigated Soils. 

    Er     RI 

Sampling Site Al As Cr Cu Fe Mn Pb Zn  

Mine – – 2.06 499.45 – 5.83 1458.00 99.85 2065.19 

F1 – – 8.22 133.15 – 2.73 262.10 2.87 409.07 

F2 – – 8.90 102.10 – 2.19 – 1.72 114.91 

F3 – – 6.84 110.95 – 3.55 – – 121.34 

F4 – – 6.78 932.00 – 3.37 – 3.27 945.42 

F5 – – 5.62 110.95 – 3.92 – – 120.49 

F6 – – 9.58 102.10 – 2.00 – – 113.68 

F7 – – 6.84 85.45 – 2.28 – – 94.57 

F8 – – 12.98 122.05 – 2.00 – 1.72 138.75 

F9 – – 8.90 72.10 – 3.55 – – 84.55 

F10 (Control) – – – 52.15 – 1.73 – – 53.88 

Key:  – = Not Calculated 

 
3.2.2. Geo–accumulation index (Igeo) and improved 
Nemerow index (IIN) 
Igeo and IIN values for the analyzed heavy metals 
studied sites respectively are given in Table 4. Igeo 

evaluation for the analyzed heavy metals is used to 
determine the level of contamination of the study 
area by individual heavy metals (28, 63). 
 
Using Muller's (27) classification presented in Table 
2, Igeo values show that the mine is extremely 

polluted by Pb, Zn, and Cu (Igeo >5) and unpolluted 
by Al and Cr (Igeo < 0). However, the control site is 
unpolluted by Al and Fe but moderately to strongly 
polluted by Cu and unpolluted to moderately polluted 
by Mn. All studied sites are unpolluted by Al but are 
polluted by Cu at moderate to extreme levels (Igeo 

>2). Most of the investigated arable soils are 

moderately polluted by Cr (Class 2). The level of Fe 
and Mn pollution in the studied sites ranges from 
unpolluted to moderately polluted. Sites close to the 
mine are extremely and moderately polluted by Pb 
(F1) and Zn (F1 and F4) respectively. These 
observations ascertained that of all the analyzed 
heavy metals, Pb and Zn are the most accumulated 

heavy metals at the mine while Cu is the most 
accumulated heavy metal in all the studied sites 
except at the mine and site F1 where Pb is the most 
accumulated heavy metal. This suggests that Pb, Zn, 
and Cu could be absorbed by food crops grown in the 
mine, sites F1 and F4 where they will be 

accumulated. The concentrations of Cr, Pb, and Zn at 
the control site are below I mg/kg suggesting that 

the site could also be unpolluted by these metals in 
addition to the unpollution of the site by Al and Fe 
that was ascertained by the result. These show that 
human activities from Pb–Zn ore mining and 
processing increase the geological concentrations of 

these heavy metals in the arable soils (via diffuse 
pollution, wet and dry deposition of metals, erosion 
and leaching of mine wastes, etc.) within the study 
area which leads to the increase in geo–accumulation 
of the heavy metals over time (63). 
 
IIN gives a comprehensive description of the pollution 

status of the study area because it considers input 
from all other pollution indices (28, 29). According to 
Fostner et al. (64) categorization, the mine and site 

F1 are extremely contaminated (Class 6) while site 
F4 is heavy to extremely contaminated. These can be 
attributed to Pb–Zn mining activities at the mine and 
releases from mine wastes dumped or disposed of at 

sites F1 and F4. Other studied sites are moderately 
to heavily contaminated (Class 3) except the control 
site which is moderately contaminated. The 
descending sequence for contamination of the 
studied sites is as follows: mine >F1 >F4 >F8 >F3 
and F5 >F2 >F6 >F7 >F9 >F10. Thus, the mining 

site is the most contaminated while the control is the 
least contaminated indicating the influence of mining 
activities. 
 
3.2.3. Contamination factor (CF), degree of 
contamination (Cd), and pollution load index (PLI) 

CF of the analyzed heavy metals, Cd, and PLI of the 

investigated soils are summarised in Table 5 and 
interpreted using levels and classes proposed by 
Hakanson (33) which is presented in Table 2. The 
mine site is highly contaminated (CF >6) by Pb, Cu, 
and Zn, considerably contaminated by Fe and Mn and 
moderately contaminated by Cr. Thus, contamination 
of the mine is dominated by Pb, Cu, and Zn. 

However, the control site showed low contamination 
by Al and Fe, moderate contamination by Mn, and 
high contamination by Cu. 
 
All studied sites showed low (CF <1) and high (CF 
>6) contamination of Al and Cu respectively. Most of 

the studied sites are considerably contaminated by 
Cr (CF = 3 – 6). The sites showed low to considerable 

levels of Fe contamination as well as moderate to 
considerable levels of Mn contamination. The mine 
and site F1 are highly contaminated by Pb while other 
studies sites are assumed to be lowly contaminated 
by Pb since their Pb content is below 1 mg/kg. Zn 

contaminates the mine at a very high level but the 
studied arable sites showed low to moderate Zn 
contamination. The high CF value (>1) for Pb, Zn, 
Cu, Mn, Cr, and Fe in different studied sites of the 
study area, is attributed to anthropogenic activities 
associated with Pb–Zn ore mining and processing 
which increase the geologic concentration of the 

heavy metals in arable soil around the mine. 
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Cd gives the summation of the contamination factor 
(CF) for all contaminants in a given sampling site 
(32). Table 5 shows that the studied sites are 

contaminated in the following decreasing order; mine 
>F4 >F1 >F8 >F5 >F3 >F2 >F6 >F7 >F9 >F10. This 
indicates that the mining and control sites are the 
most and least contaminated respectively. The 

contamination degrees of most studied sites (mine, 
sites F1, F2, F3, F4, F5, and F8) are very high (Cd > 
32). Their contamination is dominated by Cu (all 
sites), Pb (mine and site F1 only), and Zn (mine 
only). The control site shows a moderate degree of 
contamination dominated by Cu. 

 
A PLI value under zero indicates unpolluted soils; 
zero indicates perfection; a value of one or unity 
indicates the presence of only baseline levels of 
pollutants and values above one would indicate 
progressive deterioration of the site soil quality (34, 

65). PLI values in this study (Table 5) are high (PLI 

> 1) except the control site with PLI value of 
approximately one. This indicates that the control 
site is considered unpolluted since the result 
suggests that the pollutants at this site are present 
at baseline levels. PLI values show that pollution of 
the studied sites follows a descending order: mine 
>F1 >F4 >F8 >F2 >F5 >F3 >F6 >F9 >F7 >F10. 

Thus, the mining site is the most polluted due to the 
Pb–Zn mineral exploration on this site. 
 
3.2.4. Ecological risk assessment 
The persistent nature of heavy metals results in their 
excessive accumulation in arable soils which affects 

food quality and safety because plants can absorb 
and store these heavy metals in their tissues. 

Consequently, when consumed by humans heavy 
metals increase the risks of severe diseases, such as 
cancer, leukemia, and kidney or liver damage (66). 
Soils contaminated by toxic heavy metals can enter 
the human body via different exposure routes (such 

as oral ingestion, inhalation, and dermal contact) and 
cause serious ecological and human health risks 
(67). Thus, it is necessary to evaluate the ecological 
risk factor (Er) of the individual analyzed heavy 
metals and the ecological risk index (RI) of the 
studied sites. 
 

Er and RI were calculated to estimate the toxicity of 
the analyzed heavy metals in investigated soils. Er 
and RI classifications as specified by Hakanson (33) 
and reported in Table 2, were applied in the 

interpretation of Er and RI values of the analyzed 
heavy metals shown in Table 6. At the mine, Cu and 

Pb pose a very high ecological risk (Er > 320) while 
Zn has a significant potential for ecological risk. This 
implies that food crops, animals, and mine workers 
are exposed to a high risk of Pb, Zn, and Cu poisoning 
at the mine site (68). However, a low risk of 
contamination from Cr, Mn, Pb, and Zn and a 
moderate contamination risk from Cu was observed 

at the control site. 
 
The Er of Al, As, and Fe were not evaluated because 
Al and Fe have no certified toxic response factor (Tr) 
while the levels of As in the investigated soils were 
below the instrumentation limit of detection. The 
result shows that the potential ecological risk factors 

of Cr and Mn in all the studied sites are low (Er < 
40). Thus, Cr and Mn do not pose any ecological risk 
to the environment. Cu has a very high potential 

ecological risk factor at mine and site F4 (Er > 320) 
and ranges between moderate to significant levels at 
other studied sites with the least Er of Cu observed 
at the control site. There is a very high and high 

potential risk of Pb contamination at the mine and 
site F1 respectively. Contamination risk from Pb at 
other studied sites could be assumed to be low due 
to the low level of Pb in these sites (< 1 mg/kg). Zn 
has a significant level of potential ecological risk at 
the mine (Er= 80–160) and low potential ecological 

risk at the studied arable soils. 
 
The RI values of the analyzed metals in the 
investigated soils showed that the mine and control 
site had the highest and lowest risks of 
contamination respectively. This indicates that Pb–

Zn mining activities affect the risk of contamination 

of the study area by these heavy metals.  The mine 
and site F4 showed a high ecological risk index (RI > 
600) while site F1 is considered to be at risk of 
contamination with a significant ecological risk index. 
This signifies that mine workers and Adudu dwellers 
close to the mine and arable farms used as disposal 
channels for mine wastes (i.e., sites F1 and F4) are 

exposed to toxic levels of Pb, Zn, and Cu through 
inhalation and dermal contact with the soils from the 
sites. Also, food crops grown on these sites are at 
high risk of being contaminated by Pb, Zn, and Cu 
which will be inimical to human health when 
consumed (6). A low risk of contamination was 

observed at the other studied arable sites (F2, F3, 
F5, F6, F7, F8, F9, and F10) due to their low 

ecological risk index (RI < 150). The high risk of 
contamination observed in arable sites F1 and F4 
could be attributed to the discharge of mine wastes 
and tailings to these sites due to their proximity to 
the mine. The decreasing sequence of potential 

ecological risk index (RI) of the studied sites from the 
analyzed heavy metals is as follows: mine >F4 >F1 
>F8 >F3 >F5 >F2 >F6 >F7 >F9 >F10. This sequence 
shows a direct relationship between RI and degree of 
contamination (Cd) due to their similar trends. 
 
4. CONCLUSION 

 
This study clearly showed that Pb–Zn–Cu bearing 
ores such as galena, sphalerite, chalcopyrite, 
bornite, smithsonite, cerussite, and azurite are 

principal minerals exploited in the mine because of 
the elevated concentrations of Cu, Fe, Mn, Pb, and 

Zn at the mining site. Concentrations of the analyzed 
heavy metals varied greatly away from the mine. 
Thus, the levels of these heavy metals in the arable 
soils are related to the Pb–Zn mining activities such 
as washing and erosion of tailings, discharge, and 
leaching of mine wastewater, atmospheric deposition 
(wet and dry) of metals, etc. Weathering or 

fragmentation of the geochemical composition of the 
rocks in the study area is a significant contributing 
factor to the source of these heavy metals. In soil 
quality assessment, the EF, Igeo, and CF showed that 
the mining site is very severely to extremely severely 
enriched, extremely polluted, and highly 
contaminated respectively Pb, Zn, and Cu. IIN, Cd, 
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and PLI showed that the mine and the nearby arable 
farms are the most deteriorated (contaminated and 
polluted) and the quality of soil improves away from 

the mining vicinity. Er revealed that the level of Pb, 
Zn, and Cu at the mine present a significant to very 
high risk of contamination. Cr and Mn in all the 
investigated soils pose no ecological risk but Cu 

poses moderate to very high ecological risk in the 
studied sites.  RI showed that the presence of the 
analyzed heavy metals at the mine and the close 
arable farms (sites F1 and F4) can have serious 
adverse effects on plants, animals, and humans on 
the sites. However, the control and other studied 

sites had a low ecological risk index. Therefore, 
anthropogenic activities from Pb–Zn mining and 
natural processes (geologic weathering and Pb–Zn 
mineralization of the area) are the sources of these 
analyzed heavy metals in the arable soils around the 
mine site. This study has shown that the arable soils 

within the vicinity of the Pb–Zn mine, are not good 

for growing food crops because these heavy metals 
will enter the food chain via their uptake from soil. 
 
5. CONFLICT OF INTEREST 
 
The authors declare that they have no competing 
interests. All authors have endorsed the publication 

of this research. 
 
6. ACKNOWLEDGMENTS 
 
The authors appreciate the efforts of Dr Ombugadu 
Akwashiki, during the sample collection, especially in 

taking the GPS coordinates of sampling sites. We also 
thank Mr Esua D. Yaharo of the National Geological 

Survey, Kaduna State, Nigeria; for aiding in sample 
analysis. 
 
7. REFERENCES 
 

1. Oelofse SHH, Hobbs PJ, Rascher J, Cobbing JE. The 
pollution and destruction threat of gold mining waste 
on the Witwatersrand: A West Rand case study. In: 
10th International Symposium on Environmental 
Issues and Waste management in Energy and 
Mineral Production (SWEMP, 2007), Bangkok. 
Citeseer; 2007. p. 11–3.  

2. Adewumi T, Salako KA. Delineation of mineral 
potential zone using high resolution aeromagnetic 
data over part of Nasarawa State, North Central, 
Nigeria. Egypt J Pet [Internet]. 2018 Dec 

1;27(4):759–67. Available from: <URL>. 

3. Obaje NG. Geology and Mineral Resources of 

Nigeria Development Options for Economic Growth 
and Social Transformation. In: 2nd Inaugural 
Lecture, Nigeria: Nasarawa State University, Keffi; 
2008 (Unpublished). 

4. Yan X, Liu M, Zhong J, Guo J, Wu W. How Human 
Activities Affect Heavy Metal Contamination of Soil 
and Sediment in a Long-Term Reclaimed Area of the 

Liaohe River Delta, North China. Sustainability 
[Internet]. 2018 Jan 29;10(2):338. Available from: 
<URL>. 

5. Oyebamiji A, Amanambu A, Zafar T, Adewumi AJ, 

Akinyemi DS. Expected impacts of active mining on 
the distribution of heavy metals in soils around 
Iludun-Oro and its environs, Southwestern Nigeria. 

Fantke P, editor. Cogent Environ Sci [Internet]. 2018 
Jan 1;4(1):1495046. Available from: <URL>. 

6. Mandeng EPB, Bidjeck LMB, Bessa AZE, Ntomb YD, 
Wadjou JW, Doumo EPE, et al. Contamination and 

risk assessment of heavy metals, and uranium of 
sediments in two watersheds in Abiete-Toko gold 
district, Southern Cameroon. Heliyon [Internet]. 
2019 Oct;5(10):e02591. Available from: <URL>. 

7. Islam K, Murakami S. Global-scale impact analysis 
of mine tailings dam failures: 1915–2020. Glob 

Environ Chang [Internet]. 2021 Sep 1;70:102361. 
Available from: <URL>. 

8. Yang CL, Guo RP, Yue QL, Zhou K, Wu ZF. 

Environmental quality assessment and spatial 
pattern of potentially toxic elements in soils of 
Guangdong Province, China. Environ Earth Sci 
[Internet]. 2013 Oct 12;70(4):1903–10. Available 

from: <URL>. 

9. Obiora SC, Chukwu A, Davies TC. Heavy metals 
and health risk assessment of arable soils and food 
crops around Pb–Zn mining localities in Enyigba, 
southeastern Nigeria. J African Earth Sci [Internet]. 
2016 Apr 1;116:182–9. Available from: <URL>. 

10. Aloh G, Aloh H, Obasi A, Chukwu K. Evidence of 

Heavy Metal Contamination of Agricultural Soil in 
Ameri, Abakaliki Lead-Zinc Mining Area, Ebonyi State 
Southeast Nigeria: An Indication for 
Phytoremediation. Nutr Food Technol Open Access 

[Internet]. 2017;3(3):1–5. Available from: <URL>. 

11. Chukwu A, Oji KK. Assessment of Pb, Zn, As, Ni, 

Cu, Cr and Cd in Agricultural Soils around 
Settlements of Abandoned Lead-Zinc Mine in 
Mkpuma Ekwoku, South-eastern, Nigeria. J Appl Sci 
Environ Manag [Internet]. 2018 Nov 27;22(9):1485–
8. Available from: <URL>. 

12. Obasi PN, Akudinobi BEB. Pollution status of 
arable soils and stream sediments in mining areas of 

Abakaliki, Lower Benue Trough, Nigeria. Int J Environ 
Sci Technol [Internet]. 2019 Dec 22;16(12):7869–
84. Available from: <URL>. 

13. Potra A, Dodd JW, Ruhl LS. Distribution of trace 
elements and Pb isotopes in stream sediments of the 

Tri-State mining district (Oklahoma, Kansas, and 
Missouri), USA. Appl Geochemistry [Internet]. 2017 

Jul 1;82:25–37. Available from: <URL>. 

14. Eludoyin AO, Ojo AT, Ojo TO, Awotoye OO. 
Effects of artisanal gold mining activities on soil 
properties in a part of southwestern Nigeria. 
Nzeadibe T, editor. Cogent Environ Sci [Internet]. 
2017 Jan 1;3(1):1305650. Available from: <URL>. 

15. Canlı O, Çetintürk K, Güzel B. A comprehensive 
assessment, source input determination and 
distribution of persistent organic pollutants (POPs) 
along with heavy metals (HMs) in reservoir lake 
sediments from Çanakkale province, Türkiye. 
Environ Geochem Health [Internet]. 2023 Jun 

https://linkinghub.elsevier.com/retrieve/pii/S1110062117302295
http://www.mdpi.com/2071-1050/10/2/338
https://www.tandfonline.com/doi/full/10.1080/23311843.2018.1495046
https://linkinghub.elsevier.com/retrieve/pii/S2405844019362516
https://linkinghub.elsevier.com/retrieve/pii/S0959378021001400
http://link.springer.com/10.1007/s12665-013-2282-6
https://linkinghub.elsevier.com/retrieve/pii/S1464343X15301576
https://sciforschenonline.org/journals/nutrition-food/NFTOA-3-145.php
https://www.ajol.info/index.php/jasem/article/view/179727
http://link.springer.com/10.1007/s13762-019-02337-z
https://linkinghub.elsevier.com/retrieve/pii/S0883292716305650
https://www.tandfonline.com/doi/full/10.1080/23311843.2017.1305650


Onwuka JC et al. JOTCSA. 2024; 11(2): 483-498  RESEARCH ARTICLE 

495 

11;45(6):3985–4006. Available from: <URL>. 

16. Zhang W, You M, Hu Y. The distribution and 

accumulation characteristics of heavy metals in soil 
and plant from Huainan coalfield, China. Environ Prog 
Sustain Energy [Internet]. 2016 Jul 22;35(4):1098–
104. Available from: <URL>. 

17. Idzi AA, Olaleke AM, Shekwonyadu I, Christian 

EA. Geochemical studies of mineral bearing ores from 
Nasarawa Eggon and Udege Beki areas of Nasarawa 
State, Nigeria. Int J Basic Appl Chem Sci [Internet]. 
2013;3(1):93–108. Available from: <URL>. 

18. Jauro A, Obaje NG, Agho MO, Abubakar MB, 
Tukur A. Organic geochemistry of Cretaceous Lamza 

and Chikila coals, upper Benue trough, Nigeria. Fuel 
[Internet]. 2007 Mar 1;86(4):520–32. Available 
from: <URL>. 

19. Attah S. Governor Sule assures of repositioning 
mining sector [Internet]. Business Day Newspaper. 
2020 [cited 2020 Oct 23]. Available from: <URL>. 

20. Ezeaku PI. Evaluating the influence of open cast 

mining of solid minerals on soil, landuse and 
livelihood systems in selected areas of Nasarawa 
State, North-Central Nigeria. J Ecol Nat Environ 
[Internet]. 2012 Feb 12;4(3):62–70. Available from: 
<URL>. 

21. Okolo CC, Akamigbo FOR, Ezeaku PI, Nwite JN, 
Nwite JC, Ezeudo VC, et al. Impact of open cast mine 

land use on soil physical properties in Enyigba, 
Southeastern Nigeria and the implication for 
sustainable land use management. Niger J Soil Sci 

[Internet]. 2015;25:95–101. Available from: 
<URL>. 

22. Obasi NA, Obasi SE, Elom SO, Kalu KM, Aloke C, 

Igwenyi IO, et al. Health Risk Assessment of Heavy 
Metals in Ameri Lead-Zinc Mining Community Via 
Consumption of Cassava (Manihot esculenta Cruz) in 
Ikwo L.G.A., Ebonyi State, Nigeria. Am J Sustain 
Agric [Internet]. 2017 [cited 2024 Jan 11];11(6):22–
30. Available from: <URL>. 

23. Benkhelil J, Guiraud M, Ponsard JF, Saugy L The 

Bornu–Benue Trough, the Niger Delta and its 
offshore: Tectono-sedimentary reconstruction during 
the Cretaceous and Tertiary from geophysical data 
and geology. In: Geology of Nigeria, 2nd ed. Rock 
view, Jos. 1989 (Unpublished).  

24. Physica Setting of Nasarawa State. [cited 2003 
May 2]; Available from: <URL>. 

25. Sutherland RA. Bed sediment-associated trace 
metals in an urban stream, Oahu, Hawaii. Environ 
Geol [Internet]. 2000 Apr 18;39(6):611–27. 
Available from: <URL>. 

26. Turekian KK, Wedepohl KH. Distribution of the 
Elements in Some Major Units of the Earth’s Crust. 

Geol Soc Am Bull [Internet]. 1961;72(2):175–92. 
Available from: <URL>. 

27. Muller G. Index of geoaccumulation in sediments 
of the Rhine River. GeoJournal. 1969;2(3):108–18.  

28. Guan Y, Shao C, Ju M. Heavy Metal 
Contamination Assessment and Partition for 
Industrial and Mining Gathering Areas. Int J Environ 

Res Public Health [Internet]. 2014 Jul 
16;11(7):7286–303. Available from: <URL>. 

29. Nwankwoala HO, Ememu AJ. Contamination 
Indices and Heavy Metal Concentrations in Soils in 

Okpoko and Environs, Southeastern Nigeria. J 
Environ Sci Public Heal [Internet]. 2018;2(2):77–95. 
Available from: <URL>. 

30. Nemerow NL. Stream, lake, estuary, and ocean 
pollution, 2nd edition [Internet]. New York: Van 
Nostrand Reinhold Publishing Co.; 1985 [cited 2024 

Jan 11]. Available from: <URL>. 

31. Egaspin DPR. Environmental Guidelines and 
Standards for the Petroleum Industry in Nigeria 

(EGASPIN). Department of Petroleum Resources, 
Lagos, Nigeria. 2002; Available from: <URL>. 

32. Güzel B, Canlı O, Aslan E. Spatial distribution, 
source identification and ecological risk assessment 

of POPs and heavy metals in lake sediments of 
Istanbul, Turkey. Mar Pollut Bull [Internet]. 2022 Feb 
1;175:113172. Available from: <URL>. 

33. Hakanson L. An ecological risk index for aquatic 
pollution control.a sedimentological approach. Water 
Res [Internet]. 1980 Jan 1;14(8):975–1001. 
Available from: <URL>. 

34. Tomlinson DL, Wilson JG, Harris CR, Jeffrey DW. 
Problems in the assessment of heavy-metal levels in 
estuaries and the formation of a pollution index. 

Helgoländer Meeresuntersuchungen [Internet]. 1980 
Mar;33(1–4):566–75. Available from: <URL>. 

35. Agency for Toxic Substances and Disease 

Registry (ASTDR). Public Health Statement, 
Aluminum. Dep Heal Hum Serv Public Heal Serv Div 
Toxicol Environ Med Atlanta CAS#7429 – 90 – 5 
2008.  

36. Exley C. The toxicity of aluminium in humans. 
Morphologie [Internet]. 2016 Jun;100(329):51–5. 
Available from: <URL>. 

37. Obiora SC, Chukwu A, Davies TC. Contamination 
of the Potable Water Supply in the Lead–Zinc Mining 
Communities of Enyigba, Southeastern Nigeria. Mine 
Water Environ [Internet]. 2019 Mar 19;38(1):148–

57. Available from: <URL>. 

38. Abraham MR, Susan TB. Water contamination 
with heavy metals and trace elements from Kilembe 

copper mine and tailing sites in Western Uganda; 
implications for domestic water quality. 
Chemosphere [Internet]. 2017 Feb 1;169:281–7. 
Available from: <URL>. 

39. Nriagu JO, Pacyna JM. Quantitative assessment 
of worldwide contamination of air, water and soils by 

trace metals. Nature [Internet]. 1988 
May;333(6169):134–9. Available from: <URL>. 

40. Nriagu JO, Bhattacharya P, Mukherjee AB, 
Bundschuh J, Zevenhoven R, Loeppert RH. Arsenic in 

https://link.springer.com/10.1007/s10653-023-01480-4
https://aiche.onlinelibrary.wiley.com/doi/10.1002/ep.12336
https://www.cibtech.org/J-CHEMICAL-SCIENCES/PUBLICATIONS/2013/Vol%203%20No.%201/12-007...AMOS...Geochemical...Areas.pdf
https://linkinghub.elsevier.com/retrieve/pii/S001623610600305X
https://businessday.ng/news/article/governor-sule-assures-of-repositioning-mining-sector/
http://www.academicjournals.org/JENE/abstracts/abstracts/abstracts2012/Feb/12%20Feb/Ezeaku.htm
https://www.cabdirect.org/cabdirect/abstract/20163099383
http://www.aensiweb.com/AEJSA/http:/creativecommons.org/licenses/by/4.0/
http://www.onlinenigeria.com/links/nassarawaadv.asp?blurb=324
http://link.springer.com/10.1007/s002540050473
https://pubs.geoscienceworld.org/gsa/gsabulletin/article/72/2/175/5262/Distribution-of-the-Elements-in-Some-Major-Units
http://www.mdpi.com/1660-4601/11/7/7286
http://www.fotunejournals.com/pcontamination-indices-and-heavy-metal-concentrations-in-soils-in-okpoko-and-environs-southeastern-nigeriap.html
https://www.osti.gov/servlets/purl/1992445/
https://dpr.gov.ng/index/egaspin
https://linkinghub.elsevier.com/retrieve/pii/S0025326X21012066
https://linkinghub.elsevier.com/retrieve/pii/0043135480901438
https://link.springer.com/10.1007/BF02414780
https://linkinghub.elsevier.com/retrieve/pii/S1286011516000023
http://link.springer.com/10.1007/s10230-018-0550-0
https://linkinghub.elsevier.com/retrieve/pii/S0045653516316125
https://www.nature.com/articles/333134a0


Onwuka JC et al. JOTCSA. 2024; 11(2): 483-498  RESEARCH ARTICLE 

496 

soil and groundwater: an overview. In: Trace Metals 
and other Contaminants in the Environment 
[Internet]. Elsevier; 2007. p. 3–60. Available from: 

<URL>. 

41. Cullen WR, Reimer KJ. Arsenic speciation in the 
environment. Chem Rev [Internet]. 1989 Jun 
1;89(4):713–64. Available from: <URL>. 

42. Ambo AI, Etonihu C, Iyakwari S, Ogara JI. 
Assessment of Metal concentrations in Lead- Zinc 
mines and Near-by soils, plants and water in Abuni 
Town Awe Local Goverment Area, Nasarawa State, 
Niheria. NSUK J Sci Technol. 2012;2(1&2):232–41.  

43. Wu M-M, Kuo T-L, Hwang Y-H, Chen C-J.. Dose–

response relation between arsenic concentration in 
well water and mortality from cancers and vascular 
diseases. Am J Epidemiol [Internet]. 1989 Dec 

1;130(6):1123–32. Available from: <URL>. 

44. Chen C-J, Chen C, Wu M-M, Kuo T-L. Cancer 
potential in liver, lung, bladder and kidney due to 
ingested inorganic arsenic in drinking water. Br J 

Cancer [Internet]. 1992 Nov;66(5):888–92. 
Available from: <URL>. 

45. Agency for Toxic Substances and Disease 
Registry (ATSDR). Toxicological Profile for Arsenic. U. 
S. Department of Health & Human Services, Public 
Health Service, Division of Toxicology 1600, Atlanta, 
GA 30333. 1999;  

46. Agency for Toxic Substances and Disease 
Registry (ATSDR). Toxicological profile for 
Chromium. Division of Toxicology and Human Health 

Sciences, Environmental Toxicology Branch, Atlanta, 
Georgia. 2012;  

47. Azeh Engwa G, Udoka Ferdinand P, Nweke Nwalo 

F, N. Unachukwu M. Mechanism and Health Effects of 
Heavy Metal Toxicity in Humans. In: Karcioglu O, 
Arslan B, editors. Poisoning in the Modern World - 
New Tricks for an Old Dog? [Internet]. IntechOpen; 
2019. Available from: <URL>. 

48. Agency for Toxic Substances and Disease 
Registry (ATSDR). Toxicological profile for Cobalt. 

U.S. Department of Health and Human Services, 
Public Health Service, Division of Toxicology 1600, 
Atlanta, GA 30333. 2004;  

49. Clewell HJ, Lawrence GA, Calne DB, Crump KS. 

Determination of an Occupational Exposure Guideline 
for Manganese Using the Benchmark Method. Risk 
Anal [Internet]. 2003 Oct 12;23(5):1031–46. 

Available from: <URL>. 

50. Anapuwa OS. Heavy Metal Contamination and 
Physicochemical Characteristics of Soils from 
Automobile Workshops in Abraka, Delta State, 
Nigeria. Int J Nat Sci Res [Internet]. 2014;2(4):48–
58. Available from: <URL>. 

51. Keen CL, Ensunsa JL, Lönnerdal B, Zidenberg-
Cherr S. Manganese. In: Caballero B, Allen L, 
Prentice A, editors. Encyclopedia of Human Nutrition 
[Internet]. Elsevier; 2013. p. 148–54. Available 
from: <URL>. 

52. Obasi PN, Akudinobi BB. Potential health risk and 
levels of heavy metals in water resources of lead–
zinc mining communities of Abakaliki, southeast 

Nigeria. Appl Water Sci [Internet]. 2020 Jul 
7;10(7):184. Available from: <URL>. 

53.  Wani AL, Ara A, Usmani JA. Lead toxicity: a 
review. Interdiscip Toxicol [Internet]. 2015 Jun 

1;8(2):55–64. Available from: <URL>. 

54. Sokol RZ, Berman N. The effect of age of 
exposure on lead-induced testicular toxicity. 
Toxicology [Internet]. 1991 Jan 1;69(3):269–78. 
Available from: <URL>. 

55. Rubin R, Strayer DS. Environmental and 

Nutritional pathology. In: Rubin’s pathology: 
clinicopathologic foundations of medicine. 
Philadelphia: Lippincott Williams & Wilkins; 2008.  

56. El-Alfy MA, El-Amier YA, El-Hamid HTA. Soil 
quality and health risk assessment of heavy metals 
in agricultural areas irrigated with wastewater from 
Kitchener Drain, Nile Delta, Egypt. J Sci Agric 

[Internet]. 2017 Jun 20;1:158–70. Available from: 
<URL>. 

57. Burgos P, Madejón E, Pérez-de-Mora A, Cabrera 
F. Spatial variability of the chemical characteristics of 
a trace-element-contaminated soil before and after 
remediation. Geoderma [Internet]. 2006 Jan 
1;130(1–2):157–75. Available from: <URL>. 

58. Conesa HM, Robinson BH, Schulin R, Nowack B. 
Metal extractability in acidic and neutral mine tailings 
from the Cartagena-La Unión Mining District (SE 

Spain). Appl Geochemistry [Internet]. 2008 May 1 
[cited 2024 Jan 11];23(5):1232–40. Available from: 
<URL>. 

59. Elueze AA. Geochemistry of the Ilesha granite 
gneiss in the basement complex of southwestern 
Nigeria. Precambrian Res [Internet]. 1982 Oct 
1;19(2):167–77. Available from: <URL>. 

60. Charzyński P, Plak A, Hanaka A. Influence of the 
soil sealing on the geoaccumulation index of heavy 
metals and various pollution factors. Environ Sci 

Pollut Res [Internet]. 2017 Feb 16;24(5):4801–11. 
Available from: <URL>. 

61. Szefer P, Szefer K, Glasby GP, Pempkowiak J, 
Kaliszan R. Heavy‐metal pollution in surficial 

sediments from the Southern Baltic sea off Poland. J 
Environ Sci Heal  Part A Environ Sci Eng Toxicol 
[Internet]. 1996 Nov;31(10):2723–54. Available 

from: <URL>. 

62. Birth GA. A scheme for assessing human impacts 
on coastal aquatic environments using sediments. 
In: Woodcoffe CD, Furness RA, editors. Coastal GIS 
2003. Wollongong: Wollongong University Papers; 
2003.  

63. Santos-Francés F, Martinez-Graña A, Alonso Rojo 

P, García Sánchez A. Geochemical Background and 
Baseline Values Determination and Spatial 
Distribution of Heavy Metal Pollution in Soils of the 
Andes Mountain Range (Cajamarca-Huancavelica, 

https://linkinghub.elsevier.com/retrieve/pii/S1875112106090018
https://pubs.acs.org/doi/abs/10.1021/cr00094a002
https://academic.oup.com/aje/article/79719/DOSE-RESPONSE
https://www.nature.com/articles/bjc1992380
https://www.intechopen.com/books/poisoning-in-the-modern-world-new-tricks-for-an-old-dog-/mechanism-and-health-effects-of-heavy-metal-toxicity-in-humans
https://onlinelibrary.wiley.com/doi/10.1111/1539-6924.00379
https://ideas.repec.org/a/pkp/ijonsr/v2y2014i4p48-58id2315.html
https://linkinghub.elsevier.com/retrieve/pii/B9780123750839001823
https://link.springer.com/10.1007/s13201-020-01233-z
https://www.sciendo.com/article/10.1515/intox-2015-0009
https://linkinghub.elsevier.com/retrieve/pii/0300483X91901865
https://updatepublishing.com/journal/index.php/jsa/article/view/4219
https://linkinghub.elsevier.com/retrieve/pii/S0016706105000339
https://linkinghub.elsevier.com/retrieve/pii/S0883292708000425
https://linkinghub.elsevier.com/retrieve/pii/0301926882900572
http://link.springer.com/10.1007/s11356-016-8209-5
http://www.tandfonline.com/doi/abs/10.1080/10934529609376520


Onwuka JC et al. JOTCSA. 2024; 11(2): 483-498  RESEARCH ARTICLE 

497 

Peru). Int J Environ Res Public Health [Internet]. 
2017 Jul 31;14(8):859. Available from: <URL>. 

64. Förstner U, Ahlf W, Calmano W, Kersten M. 
Sediment Criteria Development. In: Heling D, Rothe 
P, Förstner U, Stoffers P, editors. Sediments and 
Environmental Geochemistry [Internet]. Berlin, 
Germany: Springer; 1990 [cited 2024 Jan 11]. p. 

311–38. Available from: <URL>. 

65. Chakravarty M, Patgiri AD. Metal Pollution 
Assessment in Sediments of the Dikrong River, N.E. 
India. J Hum Ecol [Internet]. 2009 Jul 24;27(1):63–
7. Available from: <URL>. 

66. Suresh G, Sutharsan P, Ramasamy V, 

Venkatachalapathy R. Assessment of spatial 
distribution and potential ecological risk of the heavy 

metals in relation to granulometric contents of 
Veeranam lake sediments, India. Ecotoxicol Environ 
Saf [Internet]. 2012 Oct 1;84:117–24. Available 

from: <URL>. 

67. Dong X, Li C, Li J, Wang J, Liu S, Ye B. A novel 
approach for soil contamination assessment from 
heavy metal pollution: A linkage between discharge 

and adsorption. J Hazard Mater [Internet]. 2010 Mar 
15;175(1–3):1022–30. Available from: <URL>. 

68. Lo Y-C, Dooyema CA, Neri A, Durant J, Jefferies 
T, Medina-Marino A, et al. Childhood Lead Poisoning 
Associated with Gold Ore Processing: a Village-Level 
Investigation—Zamfara State, Nigeria, October–

November 2010. Environ Health Perspect [Internet]. 
2012 Oct;120(10):1450–5. Available from: <URL>. 

 

 
  

http://www.mdpi.com/1660-4601/14/8/859
https://link.springer.com/chapter/10.1007/978-3-642-75097-7_18
https://www.tandfonline.com/doi/full/10.1080/09709274.2009.11906193
https://linkinghub.elsevier.com/retrieve/pii/S0147651312002242
https://linkinghub.elsevier.com/retrieve/pii/S0304389409017634
https://ehp.niehs.nih.gov/doi/10.1289/ehp.1104793


Onwuka JC et al. JOTCSA. 2024; 11(2): 483-498  RESEARCH ARTICLE 

498 

 



Suleymanova T. JOTCSA. 2024;11(2):499-506.                   RESEARCH ARTICLE

Synthesis of Ternary Chalcogenides in Cu-As-Se Systems by the
Solvothermal Method in Organic Medium and Production of Nano-and

Microparticles
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Abstract: Ternary selenides CuAsSe2 and Cu3AsSe3 were synthesized by the solvothermal method
from H [CuCl2]-As2Se3-C2H6O2 system. Nano and microparticles were obtained, and their physical
and  chemical  properties  were  studied.  During  syntheses,  sodium metaarsenite  and  copper  (I)
chloride are mixed in ethylene glycol, and a solution of Na2SeSO3 is added as a selenidation reagent
according to stoichiometry.  These solutions were added to an experimental  vessel,  placed in a
Teflon cuvette, sealed, and placed in a microwave electric heater. The samples are kept in the oven
at 413-443 K for 10 hours.  After the process,  the precipitate is  filtered through a glass filter,
washed first with dilute hydrochloric acid and distilled water, and finally with ethyl alcohol, and dried
in a vacuum at 333-343 K. The productivity of the samples was 90-92 %. Compounds formed at a
temperature of 453-473 K dissolve. Nanoparticles of compounds obtained at a temperature of 413-
433 K have an irregular shape. Nanoparticles obtained at a temperature of 443 K are in the form of
plates. The results of the X-ray phase analysis showed that the compounds correspond to cubic
zirconia and belong to the Pm3m spatial structure. Lattice parameters of CuAsSe2 compound: a =
5.513 Å, Z = 2 and lattice parameters of Cu3AsSe3 compound: a = 5.76 Å, Z = 1. Based on DTA
results,  the  CuAsSe2 compound  melts  congruently  at  743  K,  while  the  Cu3AsSe3 compound
decomposes at 773 K.

Keywords:  Solvothermal method, Nanoparticles, Scanning electron microscope, XRF, Melting point,
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1. INTRODUCTION

Three-component  copper  chalcogenides  are
among  the  promising  functional  materials  of
modern  technology.  Multicomponent  crystalline
and amorphous materials of Cu-, Ag-, Ge-, In-,
As-,  and  Sb-based  chalcogenides  reveal  a
significant  combination  of  electrical,  optical,

magnetic,  mechanical,  and  other  physical
properties.  The  study  of  physical  processes  in
amorphous  chalcogenide  semiconductor  layers
has  expanded  to  nanostructures  in  the  recent
decade. Despite a wide range of compositions in
binary,  ternary,  and  more  complex  systems  of
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chalcogenide glasses, the problem of smooth or
abrupt  modification  of  parameters  still  exists.
These  modifications  are  performed  partially  by
particular  technologies  (cooling  rate,  thin  film
deposition)  or  by  creating  complex  artificial
structures  as  known  in  microelectronic
technology.  Following  the  example  of
microelectronics  turning  to  nanoelectronics  on
the way to the smaller and more efficient devices
exploiting  new  properties  of  the  crystalline
semiconductors at the nano-scale, scientists drew
attention to amorphous materials (1-7). 
This  work  demonstrates  a  simple  and  elegant
strategy  for  the  synthesis  of  CuInSe2 with
improved control over the chemical composition.

The reaction proceeds via a redox-induced phase
transformation  of  the  line  compound  copper
diselenide (CuSe2) upon incremental addition of
elemental  indium.  Given  the  chemical  and
structural similarity between CuSe2  and CuInSe2,
stepwise  direct  transformation  of  the  CuSe2

structural template into (1–x) CuSe2 / xCuInSe2

nanocomposites  without  the  formation  of
unwanted  binary  or  ternary  indium  phases  is
demonstrated.  By  X-ray  diffraction  and
transmission  electron  microscopy,  CuInSe2

particles in size range from 5 to 50 nm of the
structural template provided by CuSe2 are formed
(Figure 1) (8).

Figure 1: Formed particles of CuInSe2 in the 5-50 nm size range of the structural template provided
by CuSe2 by X-ray diffraction and transmission electron microscopy. 

The Cu5As46.25Se48.75 samples were prepared from
arsenic (As) pieces (99.9999 %), selenium (Se)
pellets (99.999 + %), and highly enriched copper
65Cu (99.73 %  65Cu and 0.27 %  63Cu) or  63Cu
(99.89 %  63Cu and 0.11 %  65Cu) isotopes. The
elements were weighed in the correct proportions
in  a  high-purity  argon-filled  glove  box  using  a
balance  of  precision  ±  0.1  mg to  give  a  total
sample mass of ≥ 3 g. They were then sealed
under  vacuum  (≤  10−5 torr)  in  cleaned  silica
ampoules (5 mm inner diameter and 1 mm wall
thickness), heated slowly in a rocking furnace to
870  °C,  maintained  at  this  temperature  for  6
hours,  and  finally  cooled  to  500  °C  before
quenching  in  an  ice/salt-water  mixture.  The
samples,  therefore,  are  processed  in  the  same
fashion  to  aid  materials  with  identical
compositions (9). 

(Te85Se15)60-0.6xAs40-0.4xCux (x = 0, 10, 16.7, 20,
25) glasses (TEA1, TEA2, TEA3, TEA4, and TEA5
respectively)  were  prepared  using  the  melt
quenching method. Appropriate amounts of high
purity (5N) raw materials Te, Se, As mixed with
Cu  and  sealed  in  evacuated  (~10-3 Pa)  silica

tubes and melted in a rocking furnace at 1023 K
for 10 hours. Then, the glasses were quenched in
water and annealed at 5 K lower than their glass
transition temperature Tg for 3 hours to relieve
internal stresses (10).

The  phase  diagram  Cu2Se-As2Se3 was
investigated using thermal  and X-ray  methods.
Cu2Se has a limited solubility for As2Se3 (5 mole
%  at  769  K).  The  stoichiometric  compound
Cu3AsSe3 exists  between  696  and  769  K.
Cu4As2Se5,  a  phase  at  66.6  mole  %  Cu2Se,
decomposes peripatetically at 746 K. The narrow
homogeneity range (4 mole % at 683 K) extends
far  into  the  ternary  space.  CuAsSe2 also
decomposes  peripatetically  at  683  K.  A
degenerated  eutectic  between  CuAsSe2 and
As2Se3  was  found  at  641  K.  Single  crystals  of
Cu4As2Se5 were  grown  in  a  salt  melt.  A
metastable modification of the high-temperature
phase Cu3AsSe3 can be obtained by quenching.
Cu4As2Se5 (space group R3, lattice constants a =
1404.0(1)  pm,  c =  960.2(1)  pm),  Cu6As4Se9,
obtained  by  Cambi  and  Elli,  and  Cu7As6Se13 of
Takeuchi and Horiuchi are different versions of a
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sphalerite-type  compound  with  a  broad
homogeneity  range  in  the  system  Cu-As-Se.
CuAsSe2 is  possibly  monoclinic  with  lattice
parameters of  a = 946.5(1) pm,  b = 1229.3(1)
pm,  c = 511.7(1) pm, and β = 98.546(4). The
enthalpy of mixing Cu2Se and As2Se3 in the liquid
state is endothermic (11). 
Analysis of the literature shows that CuAsSe2 and
Cu3AsSe3 compounds  were  obtained  from
elemental substances only by the bulb synthesis
method, with no material about obtaining nano-
and microparticles. In our study, the synthesis of
glassy ternary chalcogenide semiconductors from
the  H[CuCl2]-As2Se3-C2H6O2 system  containing
CuAsSe2 and  Cu3AsSe3 by  a  new,  inexpensive
method  was  presented.  The  influence  of  the
conditions of obtaining nano- and micro-particles
of  those  compounds  was  studied,  and  several
physicochemical properties were studied.

2. EXPERIMENTAL SECTION

2.1. Materials
Ternary  copper  chalcogenide  compounds
synthesized from copper (I) chloride and sodium
metaarsenite  under  solvothermal  conditions.
Sodium  selenium  sulfate  in  an  ethylene  glycol
medium is used as a selenizing reagent and the
number of reagents taken by stoichiometry. 

Preparation of copper (I) chloride and sodium se-
lenosulfate: 
Copper (I) chloride is a white tetrahedral  crys-
talline substance that forms salt in the open air
and turns blue quickly. CuCl is slightly soluble in
water  (0.0062  %  at  293  K).  It  is  soluble  in
NH4OH, hot solid HCl,  and chloride solutions of
alkali metals. The preparation was obtained ac-
cording to the following reaction equation using
Na2SO3 to reduce Cu2+ ions from CuSO4: 

2CuSO4 + Na2SO3 + 2NaCl + H2O → 2CuCl+
2Na2SO4 + H2SO4

250 g of CuSO4 • 5H2O and 125 g of NaCl are
dissolved and filtered by heating in 900 ml of wa-
ter. 240 g of Na2SO3 dissolved in 530 ml on an
aqueous and filtered added to the filtrate heated
until a light blue color formed. Separated CuCl is
mixed with 40 ml of 2 % hydrochloric acid solu-
tion in a bunsen tube and filtered with suction. In
this manner, washing continued until the sulfate
ions  were  exhausted.  Then,  the  sediment  was
washed several times with ethyl alcohol, spread
in a thin layer on a porcelain bowl, and dried at
110 0C with occasional stirring (12).

Preparation of sodium selenosulfate from sodium
sulfite  and  elemental  selenium.  Elemental

selenium  reacts  with  sodium  sulfite  to  form
sodium selenosulfate according to the equation:
Na2SO3 + Se → Na2SeSO3. Typically, to prepare a
50  mM solution  of  Na2SeSO3,  0.0987  g  of  Se
powder  refluxed  with  0.5  g  Na2SO3 in  20  mL
distilled water in a round bottom flask fitted with
an  air  condenser  for  3-4  h.  An  excess
concentration of Na2SO3 is necessary to prevent
the decomposition of Na2SeSO3 back into Se and
Na2SO3.  After  cooling,  the  solution  was  filtered
and diluted to 25 mL in a standard measuring
flask.  This solution is  used immediately for  the
synthesis (13, 14). 

2.2. The Method of Obtaining CuAsSe2

First, the stoichiometry, sodium metaarsenite and
copper  (I)  chloride  are  mixed  in  20  ml  of
ethylene  glycol,  and  then  the  selenizing  agent
sodium selenosulfate (pH = 7-5) is added. The
mixture is heated in a sealed glass ampoule in an
electric  microwave  oven  (Speedwave  four
BERGHOF - Germany). The sample was kept in a
heater between 413 and 443 K for 6 hours. The
resulting  precipitate  is  filtered  through  a  glass
filter,  washed  with  the  dilute  hydrochloric  acid
solution, ultrapure water, and ethyl alcohol, and
dried in a vacuum at 333-343 K.

2.3. Synthesis method of Cu3AsSe3

The  composition  is  synthesized  from  CuCl,
NaAsO2, and  sodium  selenosulfate  under
solvothermal conditions. The mixture is stirred in
20 ml of ethylene glycol sodium selenosulfate (pH
= 7-5) and heated in a sealed glass bulb in an
electric microwave oven. The sample is kept in a
heater  at  a  temperature  of  413-443  K  for  6
hours.

The yield of both substances is 90-92 %. At a
temperature  (453-473  K),  the  resulting
precipitate  of  CuAsSe2 and  Cu3AsSe3 partially
dissolves  in  a  solution  (ethylene  glycol).  The
composition of the obtained compound (Cu-As-Se
ratio)  was  determined  in  a  NETZSCH  STA
449F349F3  (Germany)  thermal  analyzer  and
chemical  analysis.  Differential  thermal  analysis
(DTA) was carried out with an HTP-70 pyrometer,
Thermoscan-2 unit, in an inert atmosphere. The
phase analysis  of  CuAsSe2 and Cu3AsSe3  nano-
and microparticles was studied using a Bruker D8
ADVANCE  X-ray  diffractometer  (CuKα,  λ  =
1.5406 Å, 0 < 2θ < 80º). Morphological studies
were  performed  using  scanning  electron
microscopy TM3000 (Hitachi, Japan).
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3. RESULTS AND DISCUSSION

3.1. TG Analysis
It is known that, depending on the conditions of
acquisition,  chalcogenides  in  the  organic  or
aqueous  mediums  of  various  synthesized

compositions  CuAsSe2, Cu3AsSe3,  Cu4As2Se5,
Cu8As2Se7 etc.  with  different  stoichiometry.
Therefore,  thermogravimetric  analysis  was
carried out using the hydrothermal method in the
NETZSCH STA 449F349F3 instrument. The results
of the reacher are shown in Figure 2.

Figure 2: TGA diagrams of CuAsSe2. 

They were within 20 - 800 0C, and the air supply
rate  was  40  ml/min.  Weight  loss  at  a
temperature  of  20  -  625  0C  is  11.94  mg.  A
sample  weighing  14.95  mg  was  taken  for
analysis.  The theoretically  contains  3.78 mg of
arsenic and 7.95 mg of selenium (total 3.78 +
7.95 = 11.73 mg). The weight loss (11.94 mg in
the experiment) occurred due to As and Se, and

this  number is  consistent  with the theoretically
calculated  amounts.  The  remainder  (3.01  mg)
coincides with the theoretically calculated amount
of  copper  (3.12  mg).  All  this  shows  that  the
formula  for  the  CuAsSe2 compound  is  correct.
The thermal differential analysis of the CuAsSe2

alloy indicated congruent melting at 480 0C.

Figure 3: TGA diagrams of Cu3AsSe3.

The heating of the samples was carried out within
the temperature range of 20 - 750 0C. A sample
weighing 15 mg was taken for analysis. In the
Cu3AsSe3 sample at a temperature of 20-480 0C,
the  weight  loss  is  9.31  mg  (Figure  3),  which
corresponds  to  the  theoretically  calculated
amount of arsenic and selenium (2.23 mg As +
7.05 mg Se = 9.28 mg). The remaining 5.69 mg
corresponds to the content of copper (5.71 mg)
in the sample. The results obtained confirm the

correctness  of  the  formula  for  the  compound
Cu3AsSe3.

Endo effects observed at 220 0C, 480 0C, 560 0C
in TGA of Cu3AsSe3 compound. The thermal effect
at  220  0C corresponds to the decomposition of
Cu3AsSe3 into  CuAsSe2,  the  effect  at  480  0C
corresponds  to  the  oxidation  of  Cu2O,  and  the
effect at 560  0C corresponds to the oxidation of
Cu2O to CuO. 
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According  to  the  DTA  results,  the  CuAsSe2

compound melts congruently at 470 0C, and the
Cu3AsSe3 compound melts with decomposition at
500 0C.

3.2. X-Ray Structure Determination
X-ray phase analysis of the compound CuAsSe2

and  Cu3AsSe3 studied patterns showed that the
CuAsSe2 and Cu3AsSe3 compounds crystallize into
the cubic crystal system (CuAsSe2 sp. gr.: a =
5.513 Å), Cu3AsSe3 (sp. gr.: a = 5.758 Å) (Figure
4, 5).

Figure 4: X-ray diffraction pattern of CuAsSe2.

Figure 5: X-ray diffraction pattern of Cu3AsSe3.

X-ray  diffraction  pattern  of  arsenic  copper
selenide  (CuAsSe2, Cu3AsSe3)  intensity  and
position of the developing peaks fully comply with
the standards (PDF 00-012-0379).

3.3. SEM analysis
The effect of temperature growth and formation
of  nano  and  microparticles  synthesized  by  the
solvothermal method was studied, and the sizes
of  these  particles  were  taken  in  an  electron
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microscope  (Figure  6,  7).  As  the  temperature
changes  from 413  K  to  443  K,  they  gradually
transform  into  different  formations.  It  can  be
seen  from  the  picture  that  the  CuAsSe2 and

Cu3AsSe3 nanoparticles  obtained  at  the
temperature  of  413  K  have  an  irregular  shape
(Figure 6 a, b).

Figure 6: SEM photographs of CuAsSe2 (a) and Cu3AsSe3 (b) nanoparticles at 413 K.

Furthermore,  at  a  temperature  of  443  K,
nanoparticles (CuAsSe2 and Cu3AsSe3) are 

formed nano and microplates (Figure 7 a, b).

Figure 7: SEM photographs of CuAsSe2 (a) and Cu3AsSe3 (b) nanoparticles at 443 K.

It  was determined that  the formation of  nano-
and microparticles depends on temperature and
time in the liquid phase.  Thus,  when As3+ and
Se2- interact  in  an  ethylene  glycol  medium,  a
dark brown precipitate (pH=10) is formed. After
heating for 10 hours, a coagulated black settled
in the reaction vessel. 

3.4. Thermal Properties
The DTA thermograms show that one 
endothermic peak was observed on the curves 
(Figure 8 a, b).
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a)                                                                             b)

Figure 8: DTA curves of CuAsSe2 (a) and Cu3AsSe3 (b) samples.

The  melting  temperature  of  CuAsSe2  is
(endotherm point) 743 K, and the melting point
of  Cu3AsSe3 is  773  K.  When  examined  by
differential  thermal  analysis,  the  CuAsSe2

compound  melts  congruently  at  743  K,  the
Cu3AsSe3 compound decomposes at 773 K melts.

3.5. Chemical Analysis
Chemical  analysis  of  the  samples  (CuAsSe2,
Cu3AsSe3) was performed in an atomic absorption
spectrophotometer  (The  Thermo  Scientific  AA
Spectrometer ICE 3500 - a True Dual Atomizer
AAS). COPPER, 1000 mg/L. A minimum of 1.000
g of copper metal was dissolved in (1+1) HNO3.
Dilute to 1 liter with 1 % (v/v) HNO3.  ARSENIC,
1000 mg/L. 1.320 g of arsenic oxide (As203) was
dissolved in 25 mL of 20 % (w/v) KOH solution.
Neutralize  with  20  %  (v/v)  H2SO4 to  the

phenolphthalein endpoint. Dilute to 1 liter with 1
% (v/v) H2SO4. SELENIUM, 1000 mg/L. Dissolve
1.000 g of selenium metal in a minimum volume
of concentrated HNO3. Evaporate to dryness, add
2 mL of water, and evaporate to dryness 2 or 3
more  times.  Dissolve  in  10  %  (v/v)  HCl  and
dilute to 1 liter with 10 % (v/v) HCl (15).

A sample weighing 0.1-2.0 g was placed in an
Erlenmeyer  flask,  and  a  certain  amount  of
concentrated HNO3 acid was added and kept in a
mechanical  shaker  for  about  15  minutes.  The
sample  is  then  heated  at  the  selected
temperature  for  30  minutes  to  several  hours,
filtered through a glass filter with deionized water
or  dilute  acid  solution,  filtered  into  a  50  ml
volumetric flask, and diluted again to 50 ml. The
data results are shown in Table 1.

 

Table 1. Results of chemical analysis of the compound CuAsSe2 and Cu3AsSe3.

Sample, g Number of elements, g

CuAsSe2,
0.1482

Cu As Se
Theor. Pract. Theor. Pract. Theor. Pract.
0.0319 0.0315 0.0374 0.0369 0.0788 0.0781

Cu3AsSe3,
0.1467 0.0559 0.0552 0.0218 0.0213 0.0388 0.0380

As can be seen from the data in the table, the
chemical analysis of the compounds also confirms
the  formula  of  the  compounds  -  CuAsSe2  and
Cu3AsSe3. 

4. CONCLUSION

The simple synthesis methods were developed for
ternary  copper  chalcogenides  in  an  ethylene
glycol medium without polluting the environment.
CuAsSe2 and  Cu3AsSe3 compounds  were
synthesized  from  copper  (I)  chloride,  sodium
metaarsenite,  and  sodium  selenosulfate.  These

compounds (nanoparticles) were obtained in the
temperature range of 413-443 K for 10 hours (pH
= 7-5). 90-92 % of the results were obtained.
Nanoparticles  of  compounds  obtained  at  a
temperature  of  413-433  K  have  an  irregular
shape. Nanoparticles obtained at a temperature
of 443 K are in the form of plates. SEM analysis
of compounds was not found in the literature, so
it  is  possible  to  look  for  the  first  time  in  our
research.  X-ray  phase  analysis  was  performed,
and  it  was  determined  that  the  compounds
correspond to  cubic  syconia  and belong to  the
Pm3m spatial structure position of the developing
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peaks  is  consistent  (PDF  00-012-0379)  (11).
According  to  the  DTA  results,  the  CuAsSe2

compound  congruently  at  743  K,  and  the
Cu3AsSe3 compound decomposes at 773 K melts.
The  stoichiometric  compound  Cu3AsSe3 exists
between  696  and  769  K.  CuAsSe2 was  also
peripatetic  at  683  K,  and  eutectic  composition
between CuAsSe2 and As2Se3 was found at 641 K
(11). Thermogravimetric analysis was performed.
The  thermal  differential  of  the  CuAsSe2 alloy
showed congruent melting at 753 K. Endo effects
were observed at 493 K, 753 K, and 833 K in the
TGA  of  the  Cu3AsSe3 compound.  Thermal
differential analysis at 493 K corresponds to the
decomposition of Cu3AsSe3 to CuAsSe2, 753 K to
the oxidation of Cu2O, and 833 K to the oxidation
of Cu2O to CuO. 

Among copper metal-doped chalcogenide glasses,
ternary  selenides  attracting  more  attention  for
their  potential  applications  in  semiconductor
technology,  nano-  and  microelectronics.
Therefore, the development of the technology of
semiconductor devices and the expansion of the
class  of  combinations  with  parameters,  which
allows  controlling  their  physical  properties,  is
envisaged.
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1. INTRODUCTION 
 

Nitrobenzene is an organic compound with the 
chemical formula C6H5NO2. It comes in the form 
of colorless liquid or yellow crystals depending 
on the temperature.  The structure of 
nitrobenzene has been subject to several 
modifications, of which the hydrogen atoms of 

the benzene ring can be substituted either in 
the ortho, meta, or para position by 

electrophilic or nucleophilic groups (1). 
Nitrobenzene and its derivatives have a wide 
application in industry because they are 
versatile intermediates in organic synthesis 
such as the production of aniline and, the 
synthesis of dyes, pesticides, and rubbers (2-
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4).  Nitrobenzene can also be used as a solvent 

for cellulose ester (2) and as an organochlorine 
fungicide for control of various fungal diseases 
caused by Rhizoctonia solani, Botrytis spp., 
Aspergillus spp., Penicillium spp., and Tilletia 
caries (5-6). Nitrobenzene is extremely toxic in 
large quantities which has a great impact on the 
human body (4). Nitro derivatives of benzene 

always demonstrate excellent heat resistance 
and insensitivity, because of their well-known 
π–π stacking (7). In recent years, nitrobenzene 
and its derivatives have been the subject of 
many theoretical studies by quantum chemical 
calculations (8-12). These latter are very 

powerful tools to reveal the structure-
performance relationship and to give 
information about the electronic and structural 

properties of these materials with acceptable 
accuracy (13-14). A complete report of 
structural, electronic, and intermolecular 
interactions of methylated derivatives of 

nitrobenzene is shown in this work through X-
ray diffraction data analysis, quantum chemical 
calculations, and Hirsfeld surface analysis of 
2,4-dimethyl-1-nitrobenzene. This compound is 
a deep yellow-green color clear liquid with 
having characteristic odor. The experimental 
section was carried out by using the X-ray 

diffraction method, the structure of the 
compound studied has been deposited in the 
CCDC database under the CCDC references: 
1017641  where the theoretical study is 
provided using density functional theory (DFT) 

with traditional hybrid functional (B3LYP) to 

exhibit its reactivity and discus their physical 
and chemical properties. The biological 
properties of 2,4-dimethyl-1-nitrobenzene were 
investigated, by predicting the relative 
orientation of this compound when bound with 
an active site of a host molecule (protein) to 
form a stable complex. Hirshfeld surface 

analysis and the associated two-dimensional 
fingerprint plots are performed to understand 
what types of interatomic contacts are 
responsible for the stability of the crystal 
structure. The intermolecular interaction 
energies were calculated to understand and 
quantify the intermolecular interactions in a 

crystal lattice which drive the organization of 
the crystal packing in materials. The topological 

analyses of the electron localization function 
(ELF) and the localized orbital locator (LOL) 
analyses are exhibited for covalent bond 
analysis as they highlight parts of the surface of 

the molecular structure that have a high 
potential for a possible pair of electrons to be 
located. 

 

2. COMPUTATIONAL DETAILS, DOCKING 
PROCESS, AND HIRSHFELD SURFACE 
ANALYSIS 
 
The molecular geometry of the studied 
compound was optimized using B3LYP 
exchange-correlation functional (15,16) 

implemented in the Gaussian 09 package (17), 
which consists of the Lee-Yang Parr correlation 
functional in conjunction with a hybrid 
exchange functional first proposed by Becke. It 
is known that the reaction mechanism for such 
molecules is directly linked to their electrostatic 

environment. So, Fukui functions and the 
molecular electrostatic potential were calculated 
at the same level of calculation to predict the 

reactive sites for the electrophilic or nucleophilic 
attack for the compound under investigation. 
The Hirshfeld surface analysis was performed 
using the Crystal Explorer 17.5 program (18), 

where intermolecular interaction was 
quantitatively investigated based on the 
two-dimensional fingerprint plots. The ELF, 
LOL, and topological analysis were modeled 
using the Multiwfn 3.7 package (19). Finally, 
Auto dock-vina software was utilized for the 
docking process of 2,4-dimethyl-1-nitrobenzene 

into the protein receptor (PDB ID: 4Y0S), 
with choosing the dimensions 52×74×46 
Å3 as grid box sizes.  
 
3. RESULTS AND DISCUSSION 

 

3.1. Molecular Geometry  
The geometric of 2,4-dimethyl-1-nitrobenzene 
is optimized at DFT/B3LYP level using 6-31G 
(d,p) as the basis set, which is compared by 
those obtained experimentally by X-ray 
diffraction. When the  X−ray structure of 2,4-
dimethyl-1-nitrobenzene is compared with its 

optimized counterparts, slight conformational 
discrepancies are observed between them 
(Figure 1). For example, the calculated C-C 
within rings, C-N, and N-O bonds lengths values 
are in the ranges 1.3852-1.409, 1.4714, and 
1.2324-1.2328 Å, agree with the correspondent 
experimental values ranging of 1.3697-1.3945, 

1.4812, and 1.2074-1.2175 respectively. 
Whereas, the maximum deviations of valence 

angle values from theoretical and experimental 
data do not exceed 1.35°. We thus note that 
the experimental results and the theoretical 
calculations are in good agreement as reflected 

by low values of root mean square deviations 
(RMSD) (Table 1). 

https://scripts.iucr.org/cgi-bin/cr.cgi?rm=csd&csdid=1017641
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Figure 1: (a) Experimental structure and (b) optimized structure of 2,4-dimethyl-1-nitrobenzene. 
 

3.2. Hirshfeld Surface Analysis and 
Intermolecular Contacts    
The Hirshfeld surface analysis is a very efficient 

technique to quantify the intermolecular 
interactions among molecular crystals. Hirshfeld 
surfaces and the fingerprint plots illustrated in 
this work have been performed with the Crystal 
Explorer 17.5 (18). The distance of normalized 
contact (dnorm), is based on de and di and has 

been calculated by the following expression:  
 

𝑑𝑛𝑜𝑟𝑚 =
𝑑𝑖 − 𝑟𝑖

𝑣𝑑𝑤

𝑟𝑖
𝑣𝑑𝑤

+
𝑑𝑒 − 𝑟𝑒

𝑣𝑑𝑤

𝑟𝑒
𝑣𝑑𝑤

 

 

where de is the distance from a point on the 
surface to the nearest nucleus outside the 
surface and di is defined as the distance from a 
point on the surface to the nearest nucleus 

inside the surface; with  𝑟𝑖
𝑣𝑑𝑤 present the van 

der Waals radius of the atom inside the 
Hirshfeld surface, whereas 𝑟𝑒

𝑣𝑑𝑤 corresponds to 

the van der Waals radius of the atom outside 
the Hirshfeld surface (20, 21). 
 
The view of the three-dimensional Hirshfeld 

surface traced on dnorm in Figure 2 reveals two 
red dots, representing the contacts of the 
hydrogen with each oxygen atom of the nitro 
group. Hirshfeld surface analysis of the crystal 
along with dnorm, di , de , shape index, 
curvedness, and fragment patch is plotted in 

Figure 3 and depicts the electron density 
interaction for the chosen compound with its 
neighboring molecule. From Figure 3, on the 

shape index map, we can see that the 
molecules are connected by π-π stacking 
interactions which are denoted by the adjacent 
red and blue triangles (highlighted by red 
circles), the triangles colored blue are convex 
areas that signify the existence of aromatic 

carbon atoms in the inside surface, whereas the 
red colored triangles signify concave areas due 
to the carbon atoms of the π-stacked molecule 
over it. The existence of the π-π clustering is 
distinctly seen in the curvedness surface. The 
wide green areas indicate a flat surface, and the 

blue areas exhibit curvature. Figure 4 displays 

the two-dimensional (2D) fingerprint plot that 
reflects the different intermolecular interaction 
contributions overlapping in the entire finger-
print and individual from each interaction. The 
highest significant numbers of interactions are 
the H...H interactions amounting to 47.5 %, 
because of a high quantity of hydrogen on the 

molecule surface. The second most important 
contribution was attributed to H...O/O...H 
interactions with 22.8%. other contributions 
may take place; these are fairly weak contacts 
C…C (7.8%), C…H/H…C (5.2%), N…C/C…N 
(3.5%), C…O/O…C (1.7%), N…H/H…N (1.2%), 

O…O (0.4%) illustrated in Figure 4. 
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Table 1: Bond distances and angles of atoms by X-ray and theoretical calculation. 

 

Bond distances (Å) X-ray B3LYP/6-31G(d,p)  RMSD 

   0.055 

O1 N1                 1.2074 1.2328  

O2 N1                 1.2175 1.2324  

N1 C1                 1.4812 1.4714  

C1 C2                 1.3912 1.4090  

C1 C6                 1.3806 1.3989  

C2 C3                 1.3945 1.4032  

C2 C7                 1.5025 1.5089  

C3 H3                 0.9494 1.0867  

C3 C4                 1.3851 1.3970  

C4 C5                 1.3869 1.4027  

C4 C8                 1.5113 1.5083  

C5 H5                 0.9498 1.0862  

C5 C6                 1.3697 1.3852  

Bond angles (º)  0.673 

O1 N1 O2 122.65 123.62  

O1 N1 C1 119.28 118.57  

O2 N1 C1 118.06 117.81  

N1 C1 C2 121.09 122.08  

N1 C1 C6 116.69 116.09  

C2 C1 C6 122.21 121.83  

C1 C2 C3 115.27 115.95  

C1 C2 C7 127.00 125.65  

C3 C2 C7 117.72 118.39  

C2 C3 C4 124.14 123.61  

C3 C4 C5 117.67 118.20  

C3 C4 C8 120.90 121.10  

C5 C4 C8 121.43 120.59  

C4 C5 C6 120.43 120.27  

C1 C6 C5 120.27 120.14  

Torsion (°) 3.65 

O1 N1 C1 C2      0.05            6.67  

O1 N1 C1 C6      179.63 -173.35  

O2 N1 C1 C2 179.29 -173.53  

O2 N1 C1 C6      -1.03              6.44  

N1 C1 C2 C3      179.37   179.98  

C6 C1 C2 C7      -179.80  -179.58  

N1 C1 C6 C5    179.78   179.73  

C2 C1 C6 C5           0.11            -0.29  

C1 C2 C3 C4      -1.26             0.31  

C7 C2 C3 C4    179.44  179.93  

C2 C3 C4 C8    179.71  179.56  
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Figure 2: The view of the three-dimensional Hirshfeld surface plotted over dnorm . 
 

 
 

Figure 3: Hirshfeld surface analysis of the compound with dnorm, di, de, shape index, curvedness, 
and fragment patch. 
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Figure 4: The 2D- Fingerprint plots showing the overall contribution to the total HS area and the 

individual percentages of the diverse intermolecular contacts of the molecule. 
 

3.3. Interaction Energy and 3D energy 
frameworks 
To understand and quantify the intermolecular 
interactions in a crystal lattice, including 
repulsion, electrostatics, dispersion, and 
polarization interactions energy, which occur 
and drives the organization of the crystal 

packing, the interaction energy was evaluated 
with the method CE–B3LYP/6–31G(d,p); energy 
model available in Crystal Explorer 17.5 
software. The energy framework concept is a 
computational graphical tool for representing 
the magnitudes of interaction energies within 

the crystal packing. Full interaction energy has 
been calculated by generating a cluster radius 
of 3.8 Å around the molecule. The energy 
framework represents the coulomb energy (in 
red tube), dispersion energy (green tube), and 
total energy (blue tube) (Figure 5). The 
energies have been calculated using a method 

for scaling different energy frameworks, 
indicating that the scaling factors for 
electrostatics, dispersion, polarization, and 
repulsion are 1.057, 0.740, 0.871, and 0.618, 
respectively (22).  
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Figure 5: Energy frameworks calculated for 2,4-dimethyl-1-nitrobenzene, showing the (a) 
Coulomb energy (b) dispersion force (c) total energy, and (d) total energy diagram. 

 
Table 2 demonstrates the IE calculation results 
for the component molecule given by respective 
colors. Whereas the global energies of the 

intermolecular interactions possible in the 
crystal cluster are in the range [-0.6, -40.6] 

kJ/mol. The overall interaction energies are 
electrostatic (Eele = -29.5 kJ/mol), polarization 
(Epol = -9.7  kJ/mol), dispersion (Edis = -105.5 

kJ/mol), repulsion (Erepl = 54.7 kJ/mol), total 
interaction energy (Etot =  -96.2 kJ/mol). 

 
Table 2: Energy framework detail of molecular interaction energies with symmetry operations 

(symop) for the compound. (distances between molecular centroids (R) in Å, interaction energies in 
kJ/mol, and number of pair-wise fragments (N)). 

 

 N Symop R 
Electron 
Density 

E_ele E_pol E_dis E_rep E_tot 

 2 
x, -y+1/2, 
z+1/2 

3.52 
B3LYP/6-
31G(d,p) 

-12.0 -1.5 -48.0 24.2 -40.6 

 1 -x, -y, -z 7.42 
B3LYP/6-
31G(d,p) 

-3.3 -1.2 -4.1 0.8 -7.4 

 2 
-x, y+1/2, -
z+1/2 

7.69 
B3LYP/6-
31G(d,p) 

-2.6 -1.5 -8.4 6.9 -6.9 

 1 -x, -y, -z 7.51 
B3LYP/6-
31G(d,p) 

-6.2 -1.4 -7.4 4.9 -10.9 

 2 
-x, y+1/2, -

z+1/2 
7.62 

B3LYP/6-

31G(d,p) 
-2.2 -1.2 -10.6 7.3 -8.0 

 2 x, y, z 9.74 
B3LYP/6-

31G(d,p) 
-4.7 -1.4 -4.5 1.9 -8.7 

 1 -x, -y, -z 7.71 
B3LYP/6-

31G(d,p) 
-0.9 -0.8 -12.1 5.6 -8.6 

 2 
x, -y+1/2, 

z+1/2 
10.56 

B3LYP/6-

31G(d,p) 
1.4 -0.2 -3.2 1.4 -0.6 

 1 -x, -y, -z 7.80 
B3LYP/6-
31G(d,p) 

1.0 -0.5 -7.2 1.7 -4.5 
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3.4. Topological Analysis of Electronic 

Density (AIM) and Noncovalent 
Interactions Reduced Density Gradient 
(NCI-RDG) Analysis 
Topological analysis has been performed to 
investigate the weak interactions of various 
materials with a more comprehensive 
approach. The theory of atoms in molecules 

(AIM) is greatly taken into account to 
evaluate the electron density of binding 
critical points (BCP) as well as to identify the 
various forms of interactions present in a 
molecular system (23). The hydrogen bond-
ing properties were determined according to 

topological parameters including electron 
density ρ(r), lagrangian kinetic energy G(r), 
laplacian electron density ∇2ρ(r), hamiltonian 

energy H(r), and potential energy density 
V(r), all these parameters are measured by 
atomic unit. The geometrical optimized 
structure has been applied to obtain the 
critical intramolecular bonding points (BCP) 

inside the crystal structure. The molecular 
graph of bond critical points for the title 
compound is illustrated in Figure 6, and the 
results of the calculations have been 
processed using the Multiwfn software. The 
topological parameters of the hydrogen-

bonded interaction for the molecule are listed 
in Table 3. The electron density ρ(r) and the 
laplacian ∇2ρ(r) are significant in determining 

the type of interactions. In general, the large 
values of the electron density ρ(r) and its 

laplacian ∇2ρ(r) demonstrate strong hydrogen 

interactions. Positive laplacian ∇2ρ(r) values 

are associated with a weak charge in the 

interatomic region, while the negative 

readings could indicate the expression of a 
strong covalent nature (24). In this study, 
the electron density value (ρBCP) was found 
to be 0.01645 au and the Laplacian value was 
0.06793 au. To determine the stability of the 
molecular structure, molecular interactions 
are involved. These interactions were able to 

be detected by reduced density gradient 
(RDG) analysis, based on the analysis of non-
covalent interactions (NCI) present in the 
system (25). The NCI-RDG analysis is 
illustrated in Figure 7. The reduced density 
gradient (RDG) is a basic number consisting 

of the density and its first derivative, which is 
given by the formula below (26): 
 

RDG(r) =
1

2(3𝜋2)
1
3

|𝛻𝜌(𝑟)|

𝜌(𝑟)
4
3

 

 
From Figure 7, the interaction between the 

different components is situated by an 
isosurface RDG around their proper area; the 
red dots reflect the repulsive effect. The 
greatest steric repulsion effect within the 
crystal has been seen at the center of the 
aromatic rings related to the 𝜋-𝜋 stacking 

interactions. The mixed red and green color 

zone surrounding (H7A, O1) and (O2, H6) 
between the aromatic ring and the nitro 
group represents a repulsive zone. The result 
of the NCI-RDG of the compound is in good 
agreement with the results of the Hirshfeld 

surface analysis (HAS) and XRD-packing. 

 
 

Figure 6: Molecular graph showing the bond critical point of the molecule. 
 
Table 3. Topological parameters of hydrogen-bonded interaction for the title molecule. 

 

Parameters Ring critical point (RCP)   

Electron density (ρBCP) (a.u) 0.01645 
Laplacian of electron density (a.u) 0.06793 

Lagrangian Kinetic Energy G(r) (a.u) 0.01510 
Hamiltonian Kinetic Energy K(r)(a.u) -0.00187 
Potential energy density V(r) (a.u) -0.01322 
Eigen Value  λ1 0.08624 
Eigen Value  λ2 -0.1106 
Eigen Value  λ3 -0.78841 
H-Bond energy (kcal. Mol-1) -0.00724 
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Figure 7: The scatter diagram (a) and the gradient isosurfaces (b) for the molecule. 

 
3.5. ELF and LOL analysis 
The topological analysis of the electron 
localization function (ELF) and the localized 

orbital locator (LOL) analysis are important 
methods for covalent bond analysis as they 
highlight parts of the surface of the molecular 
structure that have a high potential for a 
possible pair of electrons to be located. The ELF 
and LOL were modeled using the Multiwfn 3.7 
package (19). ELF provides an understanding of 

the electron pair density and LOL provides an 
account of the maximum overlap of localized 
orbitals due to the orbitals gradient (27). The 
ELF chart is established within the interval 0.0 
up to 1.0, although the area lower than 0.5 

exhibits a delocalized electron region and the 
LOL achieves high values exceeding 0.5 in the 

areas of electron density localization dominance 
(28). The colors of the ELF and LOL maps 
shown in Figures 8 and 9 demonstrate the 
existence of binding and non-binding electrons, 

with the red color surrounding the hydrogen 
atoms denoting the occurrence of both binding 
and non-binding electrons. High values of ELF 

or LOL shown in red surrounding hydrogen 
atoms are indicative of a strong electron 
localization caused by a covalent bond, a single 
electron pair, or a nucleus shell being present in 
that area. The color blue surrounding the 
carbon atoms of the dimethylbenzene group 
indicates the presence of a delocalized electron 

cloud. The two lone pairs of oxygen atoms are 
marked by weakly highlighted blue circles that 
mark less where the electrons are supposed to 
be delocalized. The region of hydrogen atoms 
has a relatively higher degree, which denotes 

the availability of localized bonding and non-
bonding electrons. The middle zone in the 

hydrogen atom is white in the LOL because the 
electron density surpasses the maximum level 
of the color range. 

 



Megrouss Y et al. JOTCSA. 2024;11(2):507-524.                     RESEARCH ARTICLE 

516 
 

 
 

Figure 8: The relief map with a projection of ELF for the molecule. 

 

 
 

Figure 9: Contour LOL map of the molecule. 
 
3.6. Frontier Molecular Orbitals, Global and 

Local Chemical Reactivity Descriptors 

Analysis   
Molecular frontier orbitals provide a means of 
predicting the relative reactivity of a molecular 
system according to the electronic structure 
properties found in its structure. The molecular 
chemical properties in the molecule were 
controlled via its valence orbitals, thus 

nucleophilic attacks could be detected using the 
HOMO orbital, while the electrophilic attacks are 
checked through the LUMO orbital. The energy 
gap between HOMO (π donor) and LUMO (π 
acceptor) is taken as a measure of molecular 
structure stability (29). In the present research, 

the HOMO as well as LUMO energies have been 

estimated using the Berny method (30-32) with 

a 6-31G(d,p) base set. Judging by the results 
given in Table 4, the gap energy between 
HOMO and LUMO is a critical parameter for the 
determination of the electrical transmission in 
the title molecule. The energy levels and 
allocations of the orbitals (HOMO → LUMO) and 

(HOMO-1 → LUMO+1) of the investigated 
molecule are depicted in Figure 10. Therefore, 
their molecular gap boundary values  (ΔEgap) 
were revealed to be 4.8 and 6.9245 eV in each 
case. The highest occupied molecular orbital 
(HOMO) is positioned above the nitro group 

which acts as an electron donor, whereas the 
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lowest unoccupied molecular orbital (LUMO) is located above the nitrobenzene. 

 
Table 4: Energies of frontier orbitals of 2,4-dimethyl-1-nitrobenzene. 

 

Energies (eV) B3LYP /6-31G(d,p) 

EHOMO  -7.2466 

ELUMO  -2.4398 

EHOMO–ELUMO    gap   4.80 

EHOMO–1 -7.3769 
ELUMO+1 -0.47 
EHOMO-1–LUMO+1   gap   6.9245 

 

 
 

Figure 10: The frontier molecular orbitals for the molecule obtained by using the B3LYP method.  

 
As it is well known, a high-value energy gap 
(ΔE) indicates that the molecular structure has 
higher kinetic stability, and a lower chemical 

reactivity (33). This approach is suitable to 
determine the properties of electrical transfer 
throughout the whole molecular structure. 
Thus, the values calculated of the global 
chemical reactivity descriptors, expressed below 

(34-39), for 2,4-dimethyl-1-nitrobenzene are 
given in Table 5. 
 

 I = – EHOMO;  𝜂 =  1/2 (𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂);  
η = ½ (ELUMO - EHOMO); 𝑆 =  1/2 𝜂 ;     

μ = ½ (ELUMO +EHOMO);  =
µ2

2𝜂
 ;  

= ELUMO − 2EHOMO + EHOMO−1; 

 𝑆(2) = −


𝜂3          

 

Table 5: Global chemical reactivity descriptors of 2,4-dimethyl-1-nitrobenzene. 
 

DFT/B3LYP/6-31G(d,p) 

Parameters (eV) In vacuum 

 

In DMSO medium 

Ionization potential (I) 7.246 6.93 

Chemical hardness () 2.4 2.36 

Chemical softness (s) 0.208 0.208 

Chemical potential (µ) -4.88 -4.57 

Electrophilicity index () 4.84 4.42 

Hyper-hardness (Γ) 4.766 4.32 

Hyper-softness (𝑆(2)) -0.344 -0.328 

 
A low value of ionization potential is observed in 
the DMSO medium indicating that this 

compound has the highest electron donor 

character. The global chemical hardness values 
have increased and the global softness values 

have decreased in the presence of the high 
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polar solvent; 2,4-dimethyl-1-nitrobenzene 

exhibits less reactive properties with a low 
probability of intramolecular charge transfer in 
this medium.  The value electrophilicity index in 
a vacuum medium is higher compared to that 
calculated in the gas state; this result indicates 
that this compound exhibits a low electrophile 
character in the polar environment. To charac-

terize the reactivity or stability, the hyp-

erhardness descriptor () has already inserted. 
Therefore, the positive values of hyper-
hardness in both media (4.766 and 4.32 eV) 
point to quite that the compound is stable and 
less reactive. 
 
The local reactivity descriptor like the Fukui 

function indicates the preferred regions where a 

chemical species will amend its density when 
the numbers of electrons are modified or it 
indicates the tendency of the electronic density 
to deform at a given position upon accepting or 
donating electrons (40). Using NBO analysis of 
the neutral, cation, and anion state of the 

molecule, Fukui Functions are calculated using 
the following relations: 
 
fk+ = [q(N+1) – q(N)] for nucleophilic attack                       
fk- = [q(N) – q(N-1)] for electrophilic attack                          

 

Where N, N-1, and N+1 are total electrons 
present in the neutral, cation, and anion states 
of the molecule, respectively.  
 
In addition to these functions, local softness 
(sk

+, sk
-) and local electrophilicity indices 

(ωk
+,ωk

-) are also used to describe the 

reactivity of atoms in molecules. The local 
softness condensed to an atom location defined 
by (41): 
 

sk
+ =  S𝑓𝑘

+,       s - = S𝑓𝑘
−                                                                      

 
and local electrophilicity indices (42) defined by 
  
ωk

+ = ωf k+,     ωk
- = ωfk-                                                             

 

In the histogram shown in Figures 11 and 12 of 
the title compound, the relatively high value of 
local reactivity descriptors (fk+, ωk

+, sk
+ ) at C5, 

C1, and O2 indicates that these sites are more 
prone to nucleophilic attack whereas the 
relative values of local reactivity descriptors (fk-, 
ωk

-, sk
- ) at N indicate that this site is more 

prone to electrophilic attack. 

 

 
 

Figure 11: Local reactivity descriptors (fk+, ωk
+, sk

+ ) in eV for atomic sites of the molecule using 
NBO population analysis at B3LYP/6-31G(d,p) level. 
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Figure 12: Local reactivity descriptors (fk-, ωk
-, sk

-) in eV for atomic sites of the molecule using 
NBO population analysis at B3LYP/6-31G(d,p) level. 

 
3.7. Molecular Electrostatic Potential 
Analysis 
An analysis of the molecular electrostatic 
potential surface (MEPS) has been affected to 

validate the evidence about the reactivity of 
2,4-dimethyl-1-nitrobenzene. The MEPS can 
therefore provide information on the sign of 
different molecular regions. Colors red and blue 
in MEPS represent the most electron-rich 

regions and those poor in electrons 
respectively. The compared x-ray and the DFT 
results led to an estimation of a similar 
electrostatic potential around the molecule 

(Figure 13). It thus was observed that the 
region is negative around the nitro groups 
(NO2); the favored site for electrophilic attack, 
while for the blue zones, around the methyl 
group, nucleophilic attacks are taking place.  

 
         

 
 
Figure 13: Electrostatic potential maps around the molecule. Panel (a) shows the DFT calculation 

of the electrostatic potential distribution, and panel (b) displays the electrostatic potential 

distribution predicted from the experimental X-ray diffraction data 
 
3.8. Pass Analysis And Molecular Docking 
Studies 
 
3.8.1. PASS analysis 
The PASS tool allows us to explore the possible 

biological properties of compounds, based on 
their chemical formula. The potential biological 
properties of the selected compounds were 
investigated through the PASS web server (43). 
It uses 2D molecular fragments known as 
multilevel atom neighbor descriptors that 

suggest the biological activity of a chemical 

compound based on its molecular structure. It 
gives the prediction score for biological 
properties on the ratio of probability to be 
active (Pa) and probability to be inactive (Pi). A 
higher Pa means the compound possesses more 

probability for the biological property   (44). 
The exploration of biological activities of the 
selected compounds through the PASS analysis 
resulted in similar kinds of biological activities, 
the title compound was found to have great 
potential for biological activity as an Antibiotic 

Glycopeptide-like, with Pa ranging from 0,937 
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to 0,734 when Pa > Pi. The probability of the 

biological activities of our compound is collected 
in Table 6. The title compound could have a 
potential inhibitory effect against beta-
lactoglobulin binding protein, in the current 
study. This protein was chosen based on the 
high Pa value (Pa = 0.937). The crystal 
structure of this target protein (PDB ID: 

4Y0S) was obtained from the protein data 
bank (45). β-lactoglobulin (LG) is a protein 
belonging to the lipocalin family (46). 

Lipocalins are often involved in the binding, 

storage, and transport of low-molecular-
weight hydrophobic ligands (47). The 
ability to bind small molecules has made 
lipocalins an interesting target for 
utilization as a new class of drug 
transporters (48). Several proteins from 
this family have been modified and 

engineered to bind molecular targets with 
high specificity and selectivity (49,50). 

 
Table 6: PASS prediction for the activity spectrum of the title compound. Pa represents the 

probability to be active and Pi represents the probability to be inactive. 

 

PA PI  Biological activity 

0.937 0.001 Antibiotic Glycopeptide-like 

0.909 0.005 Ubiquinol-cytochrome-c reductase inhibitor 
0.811 0.007 Glucan endo-1,6-beta-glucosidase inhibitor 
0.795 0.021 Acrocylindropepsin inhibitor 
0.795 0.021 Chymosin inhibitor 
0.795 0.021 Saccharopepsin inhibitor 
0.760 0.049 Phobic disorders treatment 

0.746 0.020 Acylcarnitine hydrolase inhibitor 
0.746 0.007 Pterin deaminase inhibitor 
0.734 0.004 Mannan endo-1,4-beta-mannosidase inhibitor 

 
3.8.2. Molecular docking 

Molecular docking is a method that predicts the 
relative orientation of one molecule (ligand) 
when bound with an active site of another 
molecule (protein) to form a stable complex 
such that the free energy of the overall system 

is minimized. In the current study, we can 

recognize the transfer of a molecule known as 
ligand 2,4-dimethyl-1-nitrobenzene in biological 
complex systems. Autodock-Vina software (51) 
was utilized and the title molecule was docked 
into the protein receptor (PDB ID: 4Y0S). The 
active site of the protein was determined with 
the following dimensi-ons: grid box sizes: 

52×74×46 Å; x, y, z centers: -3, 8, and 21 
respectively. The ligand has a better docking 
ability to protein when its binding energy has a 
minimum value (52). The binding affinities and 

their root-mean-square deviation (RMSD) 

values for different poses in 4Y0S inhibitors are 
reported in Table 7. Generally, the docked 
conformation with the lowest binding energy is 
selected as the best pose for molecular docking 
(53). From Table 7 it can be seen that the best 

docking pose was determined with the binding 

energy system (ligand-protein) of -6.6 kcal/mol 
in mode number 1. This value is lower 
compared to the binding energy of previous 
works, using the same target protein (PDB ID: 
4Y0S) and the same active site. The docking 
results were visualized by Accelrys Discovery 
Studio (version 4.1) software, The lowest 

energy pose for the compound (2,4-dimethyl-1-
nitrobenzene in the protein binding site was 
shown in Figure 14. 

 
Table 7: Docking results of the binding affinity and RMSD values of different poses in 4Y0S 

inhibitor of the title compound. 

 

mode Affinity 
(Kcal/mol) 

RMSD l.b RMSD 
u.b. 

1 -6.6 0.000 0.000 

2 -6.3 1.845 2.577 

3 -6.1 1.837 2.779 

4 -5.4 2.544 3.416 

5 -5.1 3.862 5.055 

6 -4.8 3.390 4.413 

7 -4.6 6.934 8.379 

8 -4.4 5.077 6.427 

9 -4.4 6.989 8.243 
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Figure 14: Best-scored docking pose of the title compound inside active sites of the 4Y0S protein. 
 

The intermolecular interactions, linking the 
structure of our ligand and the 4Y0S protein, 
are represented in Figure 15 with two forms 
(form A: 2D and form B: 3D). On the other 

hand, the types of intermolecular interactions 
existing between the residues of the 4Y0S 
protein and the ligand studied are illustrated in 
Table 8. 

.   
 

Figure 15:  Two forms of intermolecular interactions, linking the structure of the ligand with the 
protein 1NTK (A 2D and B 3D). 
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Table 8: Distances, types, and location of intermolecular interactions formed from the residues of 

the protein C-met (PDB ID: 4Y0S) and the title molecule. 
 

Protein Residues 
 

Compound Atom/group 
of 

compound 

Category Types Distance 
(Å) 

P
D

B
( ID

 : 4
Y
0
S
) 

A:LYS60 

2
,4

-d
im

e
th

y
l-1

-n
itro

b
e
n
z
e
n
e
 

 

 
O2 

 

Hydrogen 
Bond 

Carbon 
Hydrogen 

Bond 

3.525 

A:VAL41 aromatic ring Hydrophobic Pi-Sigma 3.469 

A:MET107 aromatic ring Miscellaneous Pi-Sulfur 5.196 

A:LEU58 C8 Hydrophobic Alkyl 5.027 

A:LEU58 aromatic ring Hydrophobic Pi-Alkyl 5.403 

A:LEU58 C7 Hydrophobic Alkyl 4.579 

A:LYS69 C7 Hydrophobic Alkyl 4.146 

A:ILE71 C8 Hydrophobic Alkyl 5.313 

A:ILE71 C7 Hydrophobic Alkyl 4.909 

A:MET107 C8 Hydrophobic Alkyl 4.648 

 
4. CONCLUSION 
 

In the present work, DFT calculations, 
molecular docking, and Hirshfeld surface 
analysis of 2,4-dimethyl-1-nitrobenzene were 
reported. B3LYP function with 6-31G(d,p) basis 
set calculations of geometry optimization shows 
that the obtained theoretically optimized bond 
lengths and bond angles are in good agreement 

with the corresponding experimental ones. The 
variation of global chemical reactivity 
descriptors of E-TPDN in two media showed that 
this compound exhibits a high reactivity in the 
gaseous phase, while it exhibits a good 

electrophile character in a polar solvent such as 

DMSO medium. The general conclusion from 
the estimation of the electrostatic potential of 
the 2,4-dimethyl-1-nitrobenzene molecule in 
both experimental and theoretical studies is 
that the region of the nitro around the nitro 
group is a favored site for electrophilic attack 
while the methyl groups region is electropo-

sitive. The Hirshfeld surface analysis and the 
subsequent 2D-fingerprint plots have indicated 
that the crystal is principally stabilized by two 
types of interactions; H...H contacts with 47.5 
% and H...O/O...H interactions with 22.8%. 
This study reveals that the title molecule has a 
significant hyperpolarizability and can be used 

to develop NLO materials. The RDG-NCI 

analysis of these molecules was performed to 
determine the non-covalent interactions present 
within the molecules. According to the results, 
we can say that the molecule is the most 
reactive. The title under investigation presents 

a biological activity (Antibiotic Glycopeptide-
like), its ability of docking into the protein 4Y0S 
is confirmed with the binding energy system 
(ligand-protein) of -6.6 kcal/mol. 
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Abstract: Marine biotas are used to assess potential adverse human health risks associated with consuming 
protein-rich aquatic organisms. Heavy metal content of Mangrove oysters (Crassostrea gasar) was evaluated 
between January and June 2022 in 3 stations. Six heavy metals (copper, cadmium, zinc, lead, arsenic and 
iron) were determined using standard methods. Target Hazard Quotient (THQ) and Hazard Index (HI) were 
used for the non-carcinogenic assessment while Target Cancer Risk (TR) was used for the carcinogenic 
assessment of the potential human health risk of consuming the oysters. The heavy metal values recorded 
were Cu (473.2 – 596.7 mg/kg), Cd (2.33 – 3.84 mg/kg), 209.02 – 246.41 mg/kg), Pb (6.16 – 12.07 mg/kg), 
As (0.012 – 0.016 mg/kg) and Fe (1609.0 – 1846.0 mg/kg). All the heavy metals were above the acceptable 

limits except arsenic. Stations 2 and 3 had relatively higher values; attributed to anthropogenic activities. 
The THQ and HI values were less than 1 in all the metals and stations while TR for Pb and arsenic were within 
the negligible range in all the stations. However, Cd was unacceptable among the children in station 2. Station 

3 had relatively higher values while the children were more vulnerable to both non-carcinogenic and 
carcinogenic risks. In conclusion, the consumption of oysters from Elechi Creek is considered safe based on 
acceptable levels of the THQ, HI and TR; though Cd-TR for children (Station 2) was unacceptable. 
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1. INTRODUCTION 
 
Estuaries are transitional zone between rivers and 
marine environments found in coastal zones across 

the world (1). Due to intense socio-economic 
activities, estuaries are subjected to severe 
perturbation (2-4); serving as sinks for pollutants, 
including heavy metals. The constant mixture of 
fresh and saltwater in the estuaries provides for the 
remobilization of heavy metals (5). Heavy metals are 
discharged into the aquatic environment via natural 

and anthropogenic sources (6, 7). 
 
In the aquatic environment, heavy metals are easily 
distributed and accumulated in the tissues of aquatic 

biota; leading to deleterious effects (8, 9). Aquatic 
organisms are rich in protein content, low in 
saturated fats and provide different health 
advantages (10). They are a ready source of 

nutrients for local residents (11). The nutritional 
content of seafood has increased its ever-increasing 
demand (12). 
 
However, contamination of seafood especially by 
heavy metals elicits great interest because they can 
be accumulated in the surrounding environment (8, 

13), which raises the issue of food safety globally. A 
number of marine organisms have been used as 
bioindicators in the evaluation of potential adverse 
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human health risks associated with the consumption 
of contaminated marine biota (14-17). 
 

Oysters are increasingly being studied as indicators 
of heavy metal pollution because of their wide 
distribution in coastal environments, susceptibility to 
pollution, abundance and ease of collection as well as 

sessile habit and low enzymatic activity level (4, 8, 
9, 11, 18, 19). 
 
In the Niger Delta, rivers have become targets for 
waste disposal due to their open and accessible 
nature (20). Agricultural, industrial, and municipal 

wastes are frequently discarded directly into rivers, 
turning them into convenient landfills (17, 21). 
Artisanal crude oil refineries have been reported to 
be a critical anthropogenic activity currently polluting 
the Niger Delta environment (22-24). 
 

In view of the foregoing, there is a need to 

understand heavy metal dynamics and accumulation 
in oysters in Elechi Creek; bearing in mind that it is 
one of the commonest sources of protein in the area. 
The aim of this study is to evaluate the heavy metal 
content of mangrove oysters (Crassostrea gasar) and 
the potential non-carcinogenic and carcinogenic 
human health risks associated with its consumption. 

 
2. MATERIALS AND METHODS 
 
2.1. Description of Sample Stations 
The study was carried out in Elechi Creek, Port 
Harcourt, Rivers State, Nigeria. It discharges into the 

Bonny Estuary and is brackish in nature. It extends 
from Eagle Island to the Illoabuchi Street waterfront. 
The creek had varied widths and was surrounded by 

mangrove trees. Some anthropogenic activities 
observed around the stations include industrial 
discharges, urbanization and stormwater runoff, 
agricultural activities, mangrove degradation, 

shipping and transportation, waste disposal, and 
industrial and construction activities. 
 
Station one is located on a sand-Filled area known as 
Eagle Island (Latitude N04°47.149'; Longitude 
E006°58.958'). It is located around an abandoned 

artisanal refinery site. The dominant vegetation in 
the area is Nipa palm (Nypa fruticans) with scattered 
patches of white mangrove (Laguncularia racemosa) 
and red mangrove (Rhizophora mangle) and 
elephant grass (Pennisetum purpureum). Station two 
is located at the Sawmill area (Latitude N04°47.28'; 

Longitude E006°59.255'); about 2.14 km 

downstream of station 1. It is around an active 
artisanal refinery site. 
 
The dominant vegetation is Nipa palm (Nypa 
fruticans). Station three is located in the Appa area 
(Latitude N04°47.047'; Longitude E006°59.362'); 
about 2.21 km downstream of station 2. It is located 

around crude oil and refined products storage areas 
used by illegal refiners. Nipa palm (Nypa fruticans) is 
also the dominant vegetation though a large expanse 
has been destroyed. A large stormwater canal also 
discharges into the area. 

 

 
Figure 1: Showing the map of the study area and sampling stations. 

 
2.2. Collection of Oyster Samples 
Each station collected ten (10) Mangrove oysters 
(Crassostrea gasar). A total of 180 samples were 
collected between January and June 2022. The 
oysters were harvested from the prop roots of the 

mangrove tree during the low tide. The samples were 
immediately transported to the laboratory for 
analysis in an ice chest. The soft tissues from 8 to 10 
individuals were dissected, dried, and stored in clean, 
clearly labelled plastic containers. 
 
 

2.3. Sample Preparation and Digestion 
The tissue samples, each weighing 0.5±0.01g, were 
placed straight into Teflon digestion containers that 
had been cleaned with acid. Each vessel received 10 
ml of ultra-pure nitric acid, which was then heated to 

100°C using an XT-9800 pre-treatment heater until 
nearly all the nitrogen dioxide was released. 
 
In order to prepare the sample for microwave 
digestion, a 4 mL aliquot of concentrated HNO3: HF 
(1:1 v/v) acid solution was added. Every digestion 
batch had a minimum of one reagent blank, one 
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representative reference standard, and generally, 
one sample replication to assess homogeneity and 
procedure effectiveness. 

 
There were three stages to microwave digestion: 1.5 
MPa for 1 min, 1.0 MPa for 2 min, and 1.5 MPa for 3 
min. The digested sample was transferred to a 

graduated plastic test tube and allowed for an hour 
to cool and the volume was made up to 100 mL with 
Milli-Q water (25, 26). 
 
2.4. Quality Assurance and Control 
After microwave digestion, each metal's certified 

reference materials (CRMs) from Sigma-Aldrich were 
employed for atomic absorption spectroscopy (AAS). 
The metals - cadmium (Cd), iron (Fe), arsenic (As), 
lead (Pb), zinc (Zn), and copper (Cu) were analysed 
in the oyster samples in triplicates. The apparatus 
was calibrated using atomic absorption standards for 

numerous dangerous metals that were buck-certified 

in order to create an analytical curve. 
 
To avoid equipment drift, 10 samples were analysed 
before a reagent blank. According to calculations, the 
percentage recovery (%R) for metals was Fe 
(89.0%), Pb (98.7%), Cd (100%), As (99.6%), Zn 
(84.5%), and Cu (97.6%). An atomic absorption 

spectrophotometer (Model 210 VGP, Buck Scientific) 
was used to determine the metal contents in the 
samples. 
 
2.5. Human Health Risk Assessment 
The Non-Carcinogenic Risk Assessment and 

Individual Lifetime Cancer Risk were applied in this 
study. The Target hazard quotient (THQ) for each 

heavy metal was calculated in order to assess the 
potential health risk of consuming Oysters 
(Crassostrea gasar) collected from the study area 
(27). It was calculated using Equation 1: 
 

𝑇𝐻𝑄 =  
𝐸𝐷 𝑥 𝐼𝑅 𝑥 𝐸𝐹 𝑥 𝐶𝑊

𝑅𝑓𝐷 𝑥 𝐵𝑊 𝑥 𝐴𝑇
 𝑥 10−3   (1) 

 
Where ED is the Exposure duration – 70 years 
(adults) and 10 years (children); IR is the daily 
ingestion rate – 0.3 mg/kg/person/day (adults) and 
0.15 mg/kg/person/day (children) (28); EF is the 
exposure frequency (365 days/year); CW is the 
concentration of respective heavy metal (mg/kg) in 

the oysters; RFD is the reference oral dose in 
mg/kg/day (0.001 for Cd, 0.004 for Pb, 0.3 for Zn, 
0.0003 for As, 0.7 for Fe and 0.04 for Cu); BW is 

body weight - 70 kg (adult) and 25 kg (children) and 
AT (ED x EF) is the average time of the exposure – 
25550 days (adult) and 3650 days (children) (29). 

THQ > 1 points to adverse non-carcinogenic effects 
that cannot be overlooked but acceptable levels are 
at HQ < 1. 
 
2.6. Hazard Index (HI) 
Hazard index (HI) is the cumulative potential for non-
carcinogenic effects from more than one heavy metal 

through ingestion pathways and can be estimated 
from equation 2 (30). 
 
𝐻𝐼  = ∑ 𝑇𝐻𝑄𝑛

𝑖=1      (2) 

 

Where HI is the hazard index for the overall toxic risk 
and n equals the total number of metals under 
consideration. If HI for non-carcinogenic adverse 

effects due to ingestion exposures is lower than one 
(HI < 1.0), then no chronic risks are expected to 
occur but if HI is greater than one (HI > 1.0), 
possible chronic risk arising from the ingestion 

exposures could manifest (31). 
 
2.6. Carcinogenic Risk 
Target Cancer Risk (TR) was used to determine the 
carcinogenic risk (8). Target cancer risk (TR) posed 
by the assessed heavy metals was determined with 

Equation 3 (35): 
 

𝑇𝑅 =  
𝐸𝐷 𝑥 𝐼𝑅 𝑥 𝐸𝐹 𝑥 𝐶𝑊 𝑥 𝐶𝑆𝐹

 𝐵𝑊 𝑥 𝐴𝑇
 𝑥 10−3   (3) 

 
Where CSF is the Cancer Slope Factor while other 

input parameters have been previously defined in 
Equation 1. The acceptable range for carcinogenic 
risks is between 10-4 and 10-6 and values > 10-4 will 

likely result in cancer (8). The cancer slope factors 
(CSF) were Cd (6.3 mg/kg/day), Pb (0.0085 
mg/kg/day) and As (1.5 mg/kg/day). 
 
2.7. Statistical Analysis 
One-way Analyses of variance (ANOVA) and 
descriptive statistics were carried out using SPSS 

version 16 while the Duncan Multiple Range Test was 
used to differentiate significant means at 0.05.  
 
3. RESULTS AND DISCUSSION 
 
Concentrations of heavy metals in Oysters 
(Crassostrea gasar): The mean concentrations of 

the heavy metals in the oysters in the different 
stations are presented in Table 1. Copper ranged 
from 473.2 – 596.7 mg/kg. The lowest value was 
recorded in station 1 while the highest was recorded 
in station 3. Station 1 was significantly (p < 0.05) 
lower than the others and all the values exceeded the 

limit (3.09 mg/kg) set by (32). The Copper values 
recorded in the oysters exceeded the limit (3.09 
mg/kg) set by (32) by a wide margin. Copper is a 
critical metal that is easily taken up by aquatic 
organisms; which could be responsible for relatively 
high values recorded in the oysters (4). Copper is 
also a nutritional component of oysters (11) and has 

been reported to accumulate in oysters with zinc (4, 
8). 
 

Lower values were recorded in related studies. Mean 
values of 11.93 mg/kg (Mundaú/Manguaba lagoon 
complex) and 14.33 mg/kg (Meirim River) were 
recorded by (18) in Alagoas, Brazil, 0.97 mg/kg by 

(19) in Muar River, Johor, Malaysia, 0.34 – 1.16 
mg/kg by (4) in Bonny Estuary, Nigeria and 3.80 
mg/kg by (11) in Paranaguá Estuarine System, 
Brazil. The lowest value recorded in Station 1 and the 
highest in Station 3 could be attributed to 
anthropogenic activities especially artisanal refining 

activities (24, 23, 24). Station 1 was located in an 
abandoned artisanal refinery site while station 3 was 
located around crude oil and refined product storage 
site. Station 3 also received discharges from the 
activities upstream in Stations 1 and 2.
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Table 1: Mean concentrations of the heavy metals in the oysters (mg/kg). 

Metals Station 1 Station 2 Station 3 IAEA* 

Cu 473.2±61.8b 531.0±81.1a 596.7±69.1a 3.09 
Cd 2.33±0.8b 3.84±0.7a 2.59±27 b 0.18 
Zn 215.44±19.9a 209.02±19.3a 246.41±20.4a 66.4 
Pb 6.16±2.9a 8.51±2.7ab 12.07±2.5b 0.10 
As 0.012±0.002a 0.013±0.002a 0.016±0.002a 13.3 

Fe 1609.0±130.2b 1634.0±132.1b 1846.0±216.4a 146.0 

* International Atomic Energy Agency (2003, 2022) 
 
Cadmium ranged between 2.33 and 3.84 mg/kg. The 
lowest value was also recorded in station 1 while the 

highest was in station 2. Stations 1 and 3 were 
significantly (p < 0.05) lower than station 2 and all 
the values exceeded the limit (0.18 mg/kg) set by 
(32). Cadmium values also exceeded the limit (0.18 
mg/kg) set by (32). Higher mean values of 4.65 
mg/kg (Mundaú/Manguaba lagoon complex) and 

4.21 mg/kg (Meirim River) were recorded by (18) in 

Alagoas, Brazil, while lower values: 1.29 mg/kg was 
recorded by (19) in Muar River, Johor, Malaysia, 
0.005 – 0.040 mg/kg by (4) in Bonny Estuary, 
Nigeria and 0.16 mg/kg by (11) in Paranaguá 
Estuarine System, Brazil. The lowest and highest 
values recorded in stations 1 and 2 could be 

attributed to anthropogenic activities in the 
watershed as in Cu. 
 
Zinc ranged from 209.02 – 246.41 mg/kg. The lowest 
value was recorded in station 2 while the highest was 
recorded in station 3. There was no significant 
difference in all the stations and all the values in the 

stations exceeded the limit (66.4 mg/kg) set by (32). 
However, Zinc values were higher than 66.4 mg/kg 

set by (32) with a wide margin and exhibited the 
same trend as copper because they undergo the 
same processes (11). Zn is also a natural component 
of oysters and high concentrations have also been 
reported with copper (4, 8, 11). Zinc is necessary for 

good health, but elevated concentrations can be 
harmful because excessive intake will lead to the 
suppression of the intake of copper and iron (18). 
 
Higher mean values of 413.58 mg/kg 
(Mundaú/Manguaba lagoon complex) and 401.43 

mg/kg (Meirim River) were recorded by (18) in 
Alagoas, Brazil, while lower values: 1.02 mg/kg was 
recorded by (19) in Muar River, Johor, Malaysia, 0.87 
– 7.62 mg/kg by (4) in Bonny Estuary, Nigeria and 
250.3 mg/kg by (11) in Paranaguá Estuarine System, 

Brazil. The highest value was also recorded in station 
3, though the lowest was in station 2; attributed to 

anthropogenic impact. 
 
Lead ranged from 6.16 – 12.07 mg/kg. The lowest 
value was recorded in station 1 while the highest was 
recorded in station 3. Station 3 was significantly (p 
< 0.05) different from station 1; though all values 
exceeded the limit (0.10 mg/kg) set by (32). 

However, Lead values were also higher than the 0.10 
mg/kg set by (32). Lower values were recorded 
elsewhere. 0.52 mg/kg was recorded by (19) in Muar 
River, Johor, Malaysia and 0.017 – 0.24 mg/kg by 
(4) in Bonny Estuary, Nigeria. The lowest and highest 
values were also recorded in stations 1 and 3 

respectively as observed in copper. 

Arsenic ranged from 0.012– 0.016 mg/kg. The 
lowest value was also recorded in station 1 while the 

highest was recorded in station 3. All the values in 
the stations were within the limit (13.3 mg/kg) set 
by (32). There was no significant (p > 0.05) 
difference. Arsenic values were within the acceptable 
limit (13.3 mg/kg) set by (32). (8) recorded a higher 
value of 0.72 mg/kg in oysters in Hangzhou Bay, 

China and 0.96 mg/kg by (11) in Paranaguá 

Estuarine System, Brazil. The lowest and highest 
values were also recorded in stations 1 and 3 
respectively as observed in copper and lead. 
 
Iron ranged between 1609.0 and 1846.0 mg/kg. The 
lowest value was recorded in station 1 while the 

highest was recorded in station 3. Stations 1 and 2 
were significantly (p < 0.05) lower than station 3 but 
all the values exceeded the limit (146.0 mg/kg) set 
by (32). 
 
Iron values were higher than the limit (146.0 mg/kg) 
set by (32) with a wide range. It is the metal that 

recorded the highest concentration; attributed to 
anthropogenic impact and environmental stress (9). 

Lower mean values of 278.06 mg/kg 
(Mundaú/Manguaba lagoon complex) and 203.18 
mg/kg (Meirim River) were recorded by (18) in 
Alagoas, Brazil, 0.56 mg/kg by (19) in Muar River, 
Johor, Malaysia and 2.44–227.72 mg/kg by (9) in 

Pattani Bay, Thailand. The lowest and highest values 
were also recorded in stations 1 and 3 respectively 
as observed in copper, lead and Arsenic. 
 
Health Risk Assessment: The Target Hazard 
Quotients (THQs) of the heavy metals evaluated in 

C. gasar are presented in Table 2. All THQs for the 
heavy metals were less than 1. The THQs for children 
were generally higher than that of adults in all the 
metals and stations. The lowest Cd – THQ was 
recorded among adults (Station 1) while the highest 

was among children (Station 2) while Pb and Cu - 
THQs had the lowest values among adults (Station 1) 

and the highest among children (Station 3). On the 
other hand, the lowest Zn and Fe – THQs were 
recorded among adults (Stations 1 and 2) and the 
highest among children (Station 3). For As, the 
lowest THQ values were recorded in Station 1 (adult 
and children), stations 2 and 3 (adults) while the 
highest values (equal to the reference dose) were 

recorded among the children in Stations 2 and 3. All 
HI values were lower than 1; though values among 
the children were relatively higher and increased 
spatially from stations 1 to 3 (Table 2). 
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Table 2: Target Hazard quotients (THQs) of the heavy metals in C. gasar. 

Heavy 
metals 

Station 1 Station 2 Station 3 
Reference 

Dose 

Adult Children Adult Children Adult Children  

Cd 1.00E-02* 1.40E-02 1.60E-02 2.30E-02** 1.10E-02 1.60E-02 4.00E-02 

Pb 7.00E-03* 9.00E-03 9.00E-03 1.30E-02 1.30E-02 1.80E-02** 1.00E-03 

Zn 3.00E-03* 4.00E-03 3.00E-03* 4.00E-03 4.00E-03 5.00E-03** 3.00E-01 

Fe 1.00E-02* 1.40E-02 1.00E-02* 1.40E-02 1.10E-02 1.60E-02** 4.00E-03 

As 2.00E-04* 2.00E-04* 2.00E-04* 3.00E-04** 2.00E-04* 3.00E-04** 3.00E-04 

Cu 5.10E-02* 7.00E-02 6.00E-02 8.00E-02 6.00E-02 9.00E-02** 7.00E-01 

∑THQ (HI) 8.12E-02 1.11E-01 9.82E-02 1.34E-01 9.92E-02 1.45E-01  

Key: * = Lowest THQs; ** = Highest THQs 

 
All THQs were less than 1; suggesting that the 
consumption of oysters from Elechi Creek would not 
cause any adverse effects (4, 19). However, (11) 

record THQs greater than 1 in some stations and 
arsenic; suggesting health risks in consuming the 
oysters from their study area. THQs should not be 

overlooked even when they are lower than 1 because 
cumulative effects could occur when combined with 
other exposure routes (33). However, when the 
value is greater or equal to the reference dose, there 
is a tendency that the population will experience 
health risks (29). 
 

This trend was observed in Pb and Fe (adults and 
children in all the stations) and As (children in 
stations 2 and 3). The THQs for children were 
generally higher than that of adults in all the metals 
and stations. This could be attributed to their 
assimilation level (34). Children have been reported 

to have high metabolic rates which translates to high 
assimilation. (8) recorded THQs greater than 1 
among children. The higher THQs in Station 3 could 
be attributed to the anthropogenic activities around 
the station. All HI values were also lower than 1 in all 
the stations and both adults and children as observed 
by (8). With HI < 1, it is unlikely that consumption 

of the oysters from Elechi Creek will have significant 
risks to human health (9). 

However, excessive consumption of oysters should 
be discouraged to prevent deleterious health risks 
arising from exposure to multiple heavy metals (9). 

(34) further reported that frequency of exposure is 
one of the factors that determine the extent of 
toxicity of heavy metals. (11) recorded hazard index 

values greater than one; an indication of potentially-
high health risks, which was attributed to zinc and 
arsenic with high THQs. The TR values were used to 
assess the carcinogenic human health risks 
associated with the consumption of oysters from 
Elechi Creek. 
 

Carcinogenic Human Health Risk: 
The carcinogenic human health risks resulting from 
the consumption of oysters collected from Elechi 
Creek were determined using TR values. The TR 
values for the three carcinogens evaluated are 
presented in Table 3. The TR values for Pb and As 

were within the acceptable limits (1.00E-04 – 1.00E-
06) among the adults and children in all the stations 
while Cd had a value greater than 1.00E-04 among 
the children in Station 2. Stations 2 and 3 had 
relatively higher values. The children’s values were 
also higher in all metals and stations as observed in 
the non-carcinogenic assessment.

 
Table 3: Target Cancer Risk (TR) values of consuming C. gasar. 

Heavy metals 
Station 1 Station 2 Station 3 

Adult Children Adult Children Adult Children 

Cd 6.30E-05 8.80E-05 1.00E-04 1.50E-04 7.00E-05 9.80E-05 

Pb 2.20E-07 3.10E-07 3.10E-07 4.30E-07 4.40E-07 6.20E-07 

As 7.70E-08 1.10E-07 8.40E-08 1.20E-07 1.00E-07 1.40E-07 

 
The TR values of 1.00E-04 – 1.00E-06 were 
considered acceptable. However, Cd had a value 
greater than 1.00E-04 among the children in Station 
2; which is unacceptable (14). (9) reported that Cd 
is of carcinogenic concern among children. The TR 
values for Pb and As were lower than 1.00E-06 

among the adults and children in all the stations; 
considered negligible (11). Stations 2 and 3 had 
relatively higher values attributed to anthropogenic 
impacts. Children were more susceptible in line with 
previous studies (8, 15). 
 

4. CONCLUSION 
 
All the heavy metals were above the acceptable limits 
except arsenic. Stations 2 and 3 had relatively higher 
values; attributed to anthropogenic activities. The 
THQ and HI values were less than 1 in all the metals 

and stations while TR for Pb and arsenic were within 
the negligible range in all the stations. TR - Cd was 
unacceptable among the children in station 2. Station 
3 had relatively higher values while the children were 
more vulnerable to both non-carcinogenic and 
carcinogenic risks. The consumption of oysters from 
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Elechi Creek is considered safe based on acceptable 
levels of the THQ, HI and TR; though Cd-TR for 
children (Station 2) was unacceptable. 
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Abstract: This research focuses on the synthesis, characterization, and evaluation of the anti-cancer 
activity of novel 8-aryl substituted 1,3-diethylxanthine derivatives. The anti-proliferative activities of all 

the compounds were assessed using an MTT assay on four human cancer cell lines: breast cancer MCF7, 
human lung cancer A549, human brain cancers LN229, and U87. One of the derivatives of 1,3-
diethylxanthine with a thiazole structure displayed strong anti-proliferative activity. 1,3-Diethyl-8-
(thiazol-4-yl)-3,7-dihydro-1H-purine-2,6-dione (5) exhibited the strongest activity against A549, MCF7, 
LN229, and U87 cell lines, with IC50 values of 16.70, 78.06, 22.07, and 25.07 μM, respectively. 
Furthermore, the scratch assay was conducted to evaluate the effect of compound 5 on the inhibition of 

cell migration in A549 cells. The consistent results demonstrate that compound 5 exhibits potent anti-
cancer activity, which could be further investigated to enhance its biological potential.  
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1. INTRODUCTION   

 
Cancer is a widespread public health problem that 
affects people of all ages, and it’s caused by 
uncontrolled cell growth and spread, which can 
invade almost any tissue in the body (1). Despite 
significant advancements in the discovery and use 

of anticancer drugs, there are several challenges. 

These include the non-selectivity and high toxicity 
of the drugs (2). That’s why studies aimed at 
developing new and effective cancer drugs are 
crucial. Many classes of organic compounds can be 
highly effective. Specifically, nitrogen-containing 
compounds are notable for their wide range of 

biological activities (3–6). 
 
Xanthine (3,7-dihydropurine-2,6-dione) (Fig. 1) 
consists of a pyrimidine ring fused with an 
imidazole ring. They are purine alkaloids containing 
a nitrogen atom at the 1-, 3-, 7-, and 9 positions 
and a carbonyl group at the 2- and 6 positions. 

Different natural and synthetic xanthine derivatives 
are important therapeutic agents with a wide range 

of biological effects, such as antiasthmatic (7,8), 

antagonization of adenosine receptor (9), 
antibacterial (10), anti-inflammatory (11), anti-
oxidant (12,13) and antitumor activity (14). The 8-
(4-pyrazolyl)-xanthine derivative (Fig. 1) was 
found to be a selective and high-affinity A2B AdoR 
antagonist. It was determined to be safe and well 

tolerated in two phase 1 clinical studies (15). It 

has been reported as beneficial in various 
diseases, including asthma, chronic obstructive 
pulmonary disease, and pulmonary fibrosis 
(16,17). Theophylline, a xanthine derivative 
compound, is reported to have anti-asthma, anti-
inflammatory, and immunomodulatory effects 

(18,19). Additionally, it has been reported to 
induce apoptosis in chronic lymphocytic leukemia 
cells and inhibit Bcl-2 expression in leukemic cells 
(20). According to reports, methylxanthines like 
theobromine and caffeine demonstrate strong anti-
cancer activity (21–24). Studies have reported that 
xanthine derivatives induce apoptosis (25). Hence, 

it is crucial to explore the antiproliferative potential 
of derivatives of xanthine-containing compounds.  

https://doi.org/10.18596/jotcsa.1340105
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Figure 1: Structures of xanthine derivatives. 
 

Xanthine provides many substitution possibilities, 
so it is possible to synthesize a wide variety of 
derivatives. Research indicates that the 
incorporation of substituents at positions 1, 3, and 
8 can lead to the synthesis of more potent 
compounds (26). Some of the synthesized 8-
(substituted)aryloxycaffeine derivatives showed 

strong inhibitory activity against the tested gram-
negative (-) bacteria Salmonella enteritidis, while 
others also showed strong inhibitory activity 
against topoisomerase II (27). 8-(3-phenylpropyl)-
1,3,7-triethylxanthine compound is reported to be 

a potent potential adenosine A1 receptor 

antagonist as a result of in vitro and in vivo 
activity studies (28). According to studies, 
incorporating specific groups at the 8th position 
can significantly enhance the stability and 
pharmaceutical properties of xanthines (29). 
 
In line with the literature studies mentioned above, 

a new 1,3-diethyl xanthine derivative with 
heterocyclic structures substituted at C8 was 
synthesized and characterized to search for new 
anti-cancer agents. The anti-cancer activities of 
these compounds on the proliferation of lung 
cancer cell line (A-549), breast cancer cell line 
(MCF-7), and glioblastoma cancer cell lines (LN229 

and U87) were determined by MTT assay. In 

addition, the pharmacokinetic properties of the 
derivatives were analyzed to evaluate their 
potential as drug candidates, which showed that all 
compounds conformed to Lipinski's rule of five. 
 

2. EXPERIMENTAL SECTION   
 
2.1. Materials and Methods   
All chemicals and reagents were obtained from 
Merck, Sigma-Aldrich, and TCI. Reactions were 
monitored by thin-layer chromatography (TLC). 
The purity of the compounds was checked on TLC. 

Column chromatography purifications were 
performed on Merck Silica gel 60. Melting points 
were taken in open capillary tubes using a SRS 

OptiMelt apparatus. High-resolution mass Spectra 
(HRMS) were measured using the Thermo 
ORBITRAP Q-EXACTIVE instrument. The 1H and 13C 
(APT) nuclear magnetic resonance (NMR) spectra 
were measured in CDCl3 on Agilent 500 MHz NMR 
spectrophotometer. MCF7 (ATCC, HTB-22), A549 
(ATCC, CCL-185), LN229 (ATCC, CRL- 2611), and 

U87 (ATCC, HTB-14) cells were available in our 
laboratory. In vitro experiments were conducted 
using fetal bovine serum (FBS), high and low 
glucose Dulbecco’s Modified Eagle Medium 
(DMEM), Penicillin-Streptomycin, L-Glutamine, and 

Trypsin/EDTA 0.25%. Antiproliferative activities 

were performed using the 3-(4,5-Dimethylthiazol-
2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) 
Sigma-Aldrich.   
 
2.2. Chemistry  
 
2.2.1. General procedure for the synthesis of 

xanthine analogues (5-7): 5,6-diamino-1,3-
diethyl-2,4(1H,3H)-pyrimidinedione hydrochloride 
(1 mmol) was dissolved in a minimum amount of 
dioxane/H2O (1:1). EDC.HCl (1.3 mmol) and the 
corresponding carboxylic acid (1 mmol) were 
added. The reaction was stirred for 2 h at room 
temperature. The reaction was neutralized with the 

addition of 1 N NaOH. The reaction was then 

heated at reflux for 2 h at room temperature. The 
precipitate formed after cooling was filtered and 
washed with water (30). The obtained crude 
material was purified by SiO2 column using Ethyl 
Acetate/n-Hexane as eluent.  

 
2.2.2. 1,3-diethyl-8-(thiazol-4-yl)-3,7-dihydro-1H-
purine-2,6-dione (5):  
1,3-thiazole-4-carboxylic acid 2 (0.129 g, 1 mmol) 
was treated with 5,6-diamino-1,3-diethyl-
2,4(1H,3H)-pyrimidinedione hydrochloride 1 
(0.235 g, 1 mmol) and processed as described in 

the general procedure section. White solid; yield 
62%; m.p. 258-260 °C; Rf: 0.3 (4:1 EtOAc:n-
hexane); 1H NMR (500 MHz, CDCl3) δ 12.03 (s, 
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1H), 8.92 (d, J = 2.1 Hz, 1H), 8.22 (d, J = 2.0 Hz, 

1H), 4.26 (q, J = 7.1 Hz, 2H), 4.19 (q, J = 7.0 Hz, 

2H), 1.40 (t, J = 7.1 Hz, 3H), 1.32 (t, J = 7.1 Hz, 
3H). 13C NMR (126 MHz, CDCl3) δ 155.29, 154.37, 
150.92, 149.11, 146.12, 146.01, 119.48, 107.72, 
39.05, 37.06, 13.61. HRMS-ESI (m/z) calc. for 
C12H13N5O2S [M+H]+: 292.08682, found: 

292.08588.  
 
2.2.3. 1,3-diethyl-8-(3-methylisoxazol-5-yl)-3,7-
dihydro-1H-purine-2,6-dione (6):  
3-methylisoxazole-5-carboxylic acid 3 (0.127 g, 1 
mmol) was treated with 5,6-diamino-1,3-diethyl-
2,4(1H,3H)-pyrimidinedione hydrochloride 1 

(0.235 g, 1 mmol) and processed as described in 
the general procedure section. White solid; yield 
56%; m.p. 274 °C (decomposed); Rf: 0.48 (4:1 
EtOAc:n-hexane); 1H NMR (500 MHz, CDCl3) δ 6.95 

(s, 1H), 4.27 (q, J = 7.1 Hz, 4H), 2.42 (s, 3H), 
1.38 (dt, J = 16.6, 7.1 Hz, 6H). 13C NMR (126 
MHz, CDCl3) δ 160.39, 159.54, 155.68, 150.25, 

148.96, 139.95, 108.49, 105.12, 39.07, 37.29, 
13.27, 13.18, 11.32. HRMS-ESI (m/z) calc. for 
C13H15N5O3 [M+H]+: 290.12531, found: 
290.12433.  
 
2.2.4. 1,3-diethyl-8-(oxazol-5-yl)-3,7-dihydro-1H-

purine-2,6-dione (7):  
Oxazole-5-carboxylic acid 4 (0.113 g, 1 mmol) was 
treated with 5,6-diamino-1,3-diethyl-2,4(1H,3H)-
pyrimidinedione hydrochloride 1 (0.235 g, 1 mmol) 
and processed as described in the general 
procedure section. White solid; yield 26%; m.p. 
262 °C; Rf: 0.3 (4:1 EtOAc:n-hexane); 1H NMR 

(500 MHz, CDCl3) δ 13.42 (s, 1H), 8.05 (s, 1H), 

8.00 (s, 1H), 4.26 (dq, J = 21.5, 7.1 Hz, 4H), 1.41 
(t, J = 7.1 Hz, 3H), 1.37 (t, J = 7.1 Hz, 3H). 13C 
NMR (126 MHz, CDCl3) δ 155.97, 151.91, 150.45, 
149.54, 142.62, 141.10, 127.83, 108.10, 39.37, 
37.49, 13.57, 13.39. HRMS-ESI (m/z) calc. for 
C12H13N5O3 [M-H]-: 274.09402, found: 274.09467; 

[M+Na]+: 298.09161, found: 298.09076.  
 
2.3. Biological evaluation  
 
2.3.1. Cell Culture 
A549, MCF7, LN229, and U87 were used for cell 

viability analysis. Cell lines were cultured with high 
glucose Dulbecco’s Modified Eagle (DMEM) 
containing 10% FBS, 1% Penicillin- Streptomycin, 
and 1% L-Glutamine. Cells were grown on a 10 cm 

petri dish at 37 °C in a 5% CO2 incubator. It was 
removed from the flask with 0.25% trypsin/EDTA 
to perform cell viability experiments. A549, MCF7, 

LN229, and U87 were seeded in 96-well black 
plates at a cell density of 9×103, 6.5×103, 7×103 
and 7.5×103 cells per well, respectively. 
 
2.3.2. Assay for antiproliferative effect  
To explore the anti-proliferative potential of 
compounds, an MTT assay was performed using 

different cell lines. Cells were seeded in 96-well 
black plates and cultured for 24 hours at 37 °C in 5 
% CO2 incubator. The growth medium was 
withdrawn, and the cells were treated with varied 
concentrations of novel compounds (6.25, 12.5, 

25, 50, 100, and 200 μM). After 48 hours of 

treatment, MTT solution (5 μl, 5 mg/mL in PBS) 

was added to each well and incubated for 3 h. MTT 
solution was aspirated, and 200 μl DMSO was 
added to dissolve the formazan crystals. UV–Vis 
spectrophotometer was used to measure the 
optical density at 570 nm. The relative cell viability 

was expressed as a percentage relative to Tween 
20 treated cells as 0% viable and untreated control 
cells as 100% viable (31). GraphPad Prism 
software was used to calculate the IC50 values.  
 
2.3.3. Scratch Assay 
A549 cells were seeded on a 35 mm plate at 6×105 

per well for the scratch assay. The seeded cells 
were incubated. Then, the cells were scraped off 
with a p100 pipette tip. The culture medium was 
withdrawn, and the cells were treated with 10 μM 

compound 5 and equal concentrations of DMSO 
solvent for 48 hours. Markings were made close to 
the drawn area to obtain the same area during 

image acquisition. Images of the determined 
reference points were taken at 0, 24, and 48 hours 
under the microscope. Images were analyzed with 
ImageJ software. 
 
2.3.4. ADME Properties 

The ADME properties of the synthesized 
compounds were predicted using the SwissADME 
online property calculator (32). Molecular weight, 
number of rotatable bonds, topological polar 
surface area (TPSA), the logarithm of the partition 
coefficient (XLOGP3), and Lipinski’s rule of five 
criteria were calculated. 

 

2.3.5. Statistical Analysis 
The experiments were carried out in three sets. All 
statistical comparisons were made using the 
Student’s t-test. The differences were declared 
statistically significant at *p < 0.0001. The data 
was expressed as a standard error of the mean 

(SEM). 
 
3. RESULTS AND DISCUSSION 
 
3.1. Chemistry  
The target xanthine derivatives, compounds 5-7 

were synthesized as described in Scheme 1. 5,6-
diamino-1,3-diethyl-2,4(1H,3H)-pyrimidinedione 
hydrochloride 1 was reacted with a carboxylic acid 
(1,3-thiazole-4-carboxylic acid 2, 3-

methylisoxazole-5-carboxylic acid 3 and oxazole-5-
carboxylic acid 4) in the presence of the 
dehydrating agent N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC.HCl) to yield 
the corresponding intermediary amides. Ring 
closure was achieved by heating the intermediate 
amides with aqueous NaOH (1 N), yielding the 
corresponding 1,3-dialkyl-7H-xanthine analogs (5-
7). All compounds were characterized using 1H 
NMR, 13C (APT) NMR, and HRMS analysis as cited 

in the Supplementary material. The methyl peaks 
of the ethyl groups at the 1- and 3-positions of the 
xanthine nucleus are observed as triplets between 
1.32 - 1.41 ppm in the 1H NMR spectra, and 
between 13.18 - 13.81 ppm in the 13C (APT) NMR 
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spectra. The methylene peaks are between 4.19 - 

4.27 ppm in the 1H NMR spectra, and between 

39.37 - 37.06 ppm in the 13C (APT) NMR spectra. 
The methyl group at the 3-position of the isoxazole 
ring in compound 6 was observed as a singlet at 
2.42 ppm in the 1H NMR and 11.32 ppm in the 13C 

(APT) NMR spectra. Aromatic protons showed 

between 6.25–8.92 ppm. In compounds 5 and 7, a 

characteristic peak for the -NH group was also 
observed at ∼ 12-13.5 ppm in 1H-NMR. 

 

 

 

 
 

Scheme 1: Synthetic pathway to xanthine derivatives 5-7. Reagents and conditions: (i) EDC.HCl, 
dioxane:H2O (1:1); (ii) NaOH (aq), reflux. 

 
 
 

3.2. Biological evaluation  
Compounds 5-7 were evaluated for their 
antiproliferative activity against four cancer cell 
lines, lung carcinoma (A549), breast cancer cell 
line (MCF-7), and glioblastoma (GB) cell lines 
(LN229 and U87) using MTT assay, and tamoxifen 
citrate was used as the reference compound. 

Graph Pad Prism software was used to calculate 
the median inhibition concentration (IC50) for all 

compounds. Results are illustrated in Table 1. 
Compounds 6 and 7, containing isoxazole and 
oxazole moieties, respectively, displayed weak 
antiproliferative activity against all cancer cell 
lines. Compound 5, which has a thiazole moiety at 
the 8-substitution in the xanthine nucleus, 
exhibited significant antiproliferative activity in all 

cell lines.  

 
 
 
 

 
 
 
 
 
 
 

 
Table 1: IC50 values (μM) for compounds against the selected cancer cell lines. 
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Compound Antiproliferative activity IC50 (µM) 

 A549 MCF7 U87 LN229 

5 16.70 78.06 22.07 25.07 

6 123.0 148.3 >200 159.8 

7 190.6 182.8 >200 171.2 

Tamoxifen citrate 15.0 15.78 12.68 13.44 

 
 
 
 

 
Figure 2: Cell viability results of compound 5 on cancer cells. The error bars show SEM. 

 
Scratch assay was performed to evaluate the 
inhibition of cell migration in A549 cells treated 

with compound 5. Images at various time points, 
along with the wound closure rate of cells treated 
with 10 μM compound 5 compared to the control, 
are presented in Figure 2. The wound closure rate 

in A549 control cells and cells treated with 
compound 5 for 48 hours was 85 % and 28 %, 

respectively. The data demonstrate that cell 
migration was considerably inhibited in A549 cells 
treated with compound 5 for 48 hours.  
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Figure 3: Results of Scratch Assay. Image of A549 cells treated with 10 μM compound 5 for 24 h and 48 

h (a). Quantification of the scratch area by using ImageJ analysis (b). Control cells were treated with 
equal concentrations of DMSO solvent. Differences were considered statistically significant at *p < 

0.0001, and the error bars were calculated by SEM. 
 

Evaluating pharmacokinetic properties such as 
solubility, permeability, and bioavailability is crucial 

for conducting clinical testing during the drug 
development process. Lipinski's "rule of five" 
defines physicochemical parameters that are 
important for the understanding of molecular 

properties in the design of new drug candidates 
(33). The bioavailability and potency of the novel 

compounds were calculated using the SwissADME 
calculator, and the results are shown in Table 2. All 
of the novel compounds adhered to the Lipinski 

rules, including the number of hydrogen bond 
donors (n-OHNH< 5), number of hydrogen bond 

acceptors (n-ON<10), molecular weight of the 
compounds (Mw< 500 Dalton), octanol-water 
partition coefficient (logP<5), and the topological 
polar surface area (TPSA) of the compounds. 

These data showed that each of the molecules has 
good cell permeability and drug-like properties. In 

addition, most of the synthesized compounds were 
classified as soluble.  
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Table 2: In silico prediction of some pharmacokinetic properties for compounds 5-7. 

Compound Mw g/mol #rotatable 

bonds 

n-OHNH n-ON Log P Tpsa Å2 Lipinski’s 

Violation 

5 291.33 3 1 4 2.00 13.81 0 

6 289.29 3 1 5 1 98.71 0 

7 275.26 3 1 5 1.38 98.71 0 

 
MW: Molecular weight. #Rotatable bonds: number of rotatable bonds, determines flexibility, must be less than 9. N-
OHNH: The number of H-bond donors must be less than 5. n-ON: the number of H-bond acceptors must be less than 
10. LogP: The partition coefficient between n-octanol and water calculated by XLOGP3 method, determines 
lipophilicity, must be between -0.7 and +5.0. TPSA: Topological Polar Surface Area, determines polarity, must be 

between 20 and 130 Å2. 
 

4. CONCLUSION 
 
In the current work, synthesized new xanthine 

derivatives and characterized utilizing diverse 
spectroscopic methods like HRMS, 1H NMR, and 13C 
(APT) NMR. The cytotoxic activity of the target 
compounds against several cancer cell lines (A549, 

MCF7, LN229, and U87) was investigated using the 
MTT test. Compound 5, containing thiazole, 
exhibited more antiproliferative activity compared 
to the tested aryl groups (oxazole, isoxazole, and 
thiazole). The predicted ADME properties of the 
new compounds followed Lipinski's rule, indicating 

that they have sufficient bioavailability and drug-
likeness for further biological investigations. 
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Effect of 3-Amino-1,2,4-Triazole-5-Carboxylic Acid on Human Blood 

Erythrocyte Catalase 
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Abstract: Catalase is an antioxidant enzyme with great therapeutic potential that scavenges hydrogen 
peroxide, a reactive oxygen species produced during cellular metabolism. Substances containing 1,2,4-

triazole structures are biologically important heterocyclic compounds found in the structure of many 
pharmaceutical drugs used in drug discovery studies against various types of diseases in the human 
body. In this study, the effect of phosphate buffer prepared at different pHs and 3-amino-1,2,4-triazole-

5-carboxylic acid (ATZc) on catalase enzyme activity in human blood erythrocytes was determined. It 
was determined that the catalase enzyme was inhibited by ATZc at different pH levels. The weakest 
inhibition was observed at pH 5.5 (IC50:49.01 µM), whereas the strongest inhibition was observed at pH 

7.5 (IC50:23.21 µM). 
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1. INTRODUCTION  
 
Heterocyclic compounds are commonly found in 
nature and are the composition of various 
biologically active molecules, effective modern 
drugs, and plant protection products (1). Nitrogen-

containing heterocycles have been found to have a 
significant impact on the discovery of new 
structures for pharmaceutical applications. These 
compounds are commonly seen in metabolic 
systems that are vital for living organisms. 1,2,4 
triazoles, which have particularly unique structures 
and properties among various nitrogen-containing 

heterocycles, are used in various fields such as 
pharmaceutical chemistry, agricultural chemistry, 

materials science, and organic catalysts (2). 
Triazoles are five-membered rings containing three 
heteroatoms, a nitrogen atom, and two carbon 
atoms that can interact with various proteins, 
enzymes, and receptors in organisms through 

weak interaction bonding. Therefore, they can be 
viewed as bioisosteres of amides, esters, and 
carboxylic acids. Triazoles have various biological 
activities such as anticancer, antibacterial, 
antifungal, anti-inflammatory, antiviral, 
antioxidative, and anti-HIV. These triazole 

compounds show their biological activities through 
the inhibition of some other enzymes such as 
dihydrofolate reductase, DNA polymerase, DNA 
gyrase, and catalase (3).   

 
Catalase is one of the most fundamental 
oxidoreductases in the human body and is a vital 
antioxidant enzyme involved in the catalytic 
removal of reactive oxygen species (ROS), 
prevention of cell damage, and inhibition of tumor 
cell growth (4). This enzyme catalyzes the 

breakdown of H2O2, which is highly toxic, into 
water and oxygen, thus protecting cells against 

toxic oxidants. Inactivation of the catalase enzyme 
has some side effects and can lead to various 
diseases such as cancer, hypertension, Parkinson’s 
disease, and Alzheimer’s disease. Human blood 
erythrocyte catalase is a large (240 kDa) enzyme 

with a tetrameric structure containing iron and four 
heme groups. This large structure facilitates its 
interaction with the substrate H2O2 (5).  There are 
known inhibitors of catalase activity, such as azide, 
cyanide, and cyanogen bromide, but these 
inhibitors are not specific to the enzyme and can 
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inhibit different enzymes. 3-amino-1,2,4-triazole 

(ATZ) causes irreversible inhibition of the enzyme 
by covalent binding to the active center of the 

tetrameric form of catalase in the presence of 
H2O2, and this inhibitor is specific for catalase (6). 
Catalase is primarily localized in the liver. Given 
that the liver is the organ responsible for 

metabolizing and detoxifying drugs, this enzyme 
plays a crucial role in determining the potential 
side effects of medications (7). Erythrocytes are 
also a good model for investigating the 
toxicological effects of xenobiotics (drugs, 
pesticides, etc.) entering the human body (8). 
Because inhibition studies are important to 

investigate drug–zymes interactions, understand 
the mechanisms involved in the body, and 
determine the effective concentration and toxicity 
of drugs, we aimed to determine the effect of ATZc 
on catalase activity in human erythrocytes. In 
addition, the investigation of interactions at 

different pH levels can aid in understanding the 

effects of this compound in various cellular 
environments. Such studies can be valuable in 
biomedical research for the discovery and 
development of potential therapeutic agents. 
 
2. MATERIALS AND METHODS 

 
2.1. Materials 
Hydrogen peroxide (H2O2), dipotassium phosphate 
(K2HPO4), dihydrogen phosphate (KH2PO4), 3-
amino-1,2,4-triazole-5-carboxylic acid were 
obtained from Sigma-Aldrich. The study was 
approved by the local ethics committee (Balikesir 

University Faculty of Medicine Clinical Research 
Ethics Committee, Balikesir/Turkey, Decision 
No:2022/44 and Date:09.03.2022). 
 

2.2. Preparation of Hemolysate 
A 20-mL blood sample was collected from healthy 
volunteers, and the supernatant was separated by 

centrifugation at 5000 rpm for 20 min at +4 °C. 
Then, it was washed three times with 0.9% NaCl. 
The blood sample was then hemolyzed with three 
times the volume of cold water. The hemolysate 
was centrifuged again at 15000 rpm for 40 min at 
+4 °C. 

 
2.3. Catalase Activity Determination 
Enzyme activity was determined by the 
spectrophotometric method by measuring the 
absorbance decrease at 240 nm during the 
conversion of H2O2 to water and oxygen in the 
experimental environment (9). For activity 

determination, 30 mM H2O2 substrate solution was 

used and 50 mM phosphate activity buffer was 
prepared at different pH ranges (5-5.5-6-6.5-7-
7.5-8-8.5). 
 
2.4. Determination of the Inhibition Effect of 
3-amino-1,2,4-triazole-5-carboxylic acid on 

Catalase 

The inhibition study of ATZc (inhibitor) was per-

formed at different pHs and constant substrate 
concentrations. A total reaction volume of 3 mL 

was created by taking 0.1 mL of hemolysate and 
different volumes of inhibitor (0.01 M) solution. 
First, enzyme activity was found in the inhibitor-
free environment and this value was accepted as 

100% activity. The change in absorbance at 240 
nm in one minute was recorded. From the absorb-
ance values obtained, % activity-inhibitor graphs 
were drawn, and IC50 values were calculated from 
their slopes. 
 
3. RESULTS AND DISCUSSION 

 
Triazoles are attracting increasing attention 
because of their broad biological activities. In 
particular, ATZ derivatives have received special 
attention because they demonstrate a broad range 
of bioactivity, including potential applications 

against thrombotic disorders, fibrotic, autoimmune 

diseases, central nervous system disorders, 
obesity, and diabetes (10). Today, there are 
triazole ring-containing drugs with different 
properties and in use for various therapeutic 
purposes. These drugs are used as antifungals, 
such as fluconazole, itraconazole, and 

voriconazole; as antidepressants, including 
triazolam, alprazolam, and estazolam; and as 
antivirals, such as ribavirin. The drugs letrozole, 
anastrozole, and vorozole, which are also 
aromatase enzyme inhibitors used in breast cancer 
treatment, contain a 1,2,4-triazole ring (11). At 
the same time, many compounds derived from 

triazole are effective in inhibiting various enzymes 
such as phosphatase, lactamase, 
butyrylcholinesterase, acetylcholinesterase, alpha-
amylase, and alpha-glucosidase (12). 

 
Catalase, an antioxidant enzyme, plays an 
important role in the defense system to eliminate 

the destructive effects of ROS. Therefore, any 
factor that can weaken the activity of this enzyme 
can cause ROS accumulation and oxidative 
damage to proteins, causing many diseases. ATZ is 
a specific inhibitor that covalently binds to the 
active site of catalase (13). Therefore, the catalase 

enzyme is the most suitable enzyme for studying 
the inhibition properties of triazole derivatives. 
 
In this study, the inhibition effect of ATZc 
on catalase was investigated at different pH 
values. For this purpose, %activity-inhibitor graphs 
were plotted (Figure 1). IC50 values were 

calculated from the slopes of these graphs; the 

strongest inhibition was observed at pH:7.5 (IC50: 
23.21 µM) and the weakest inhibition was 
observed at pH:5.5 (IC50: 49.01 µM). It was found 
to have stronger inhibition at high pHs, whereas it 
had weaker inhibition at low pHs (Table 1). The pH 
of the medium has a significant impact on enzyme 

performance (14). Catalase exhibits activity in a 
broad optimum pH:5-10 range (15). 
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Table 1: IC50 values of 3-amino-1,2,4-triazole-5-carboxylic acid determined at different pH ranges. 

 

pH  

(Buffer Solution) 

IC50  

(µM)  

5 45.74 
5.5 49.01 
6 26.16 

6.5 27.92 

7 24.56 

7.5 23.21 

8 27.88 

8.5 26.52 

 
 

In the present experiment, the inhibition effect of 

ATZc in two forms (ATZ-carboxylic acid and ATZ-
carboxylate) on catalase under different pH 
conditions was investigated. Carboxylic acid 
converts to carboxylate as pH increases, and 
carboxylate converts to carboxylic acid as pH 
decreases. Therefore, inhibition of ATZc was 

observed between pH:5-8.5. This inhibitor showed 

weak inhibition at pH 5-5.5 but strong inhibition in 
the basic form at pH 7.0-8.5. Thus, it shows that 
the active part of this inhibitor interacts with the 
chemical group of the enzyme, which is 
approximately 7–7.5 pKa. 
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Figure 1: Inhibition graphs of 3-amino-1,2,4-triazole-5-carboxylic acid at different pHs. 
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In the literature, the inhibitory effect of ATZ on 

chicken liver catalase activity was reported as 
IC50:3 mM at pH:7 (16), whereas in this study the 

strongest inhibition of human blood erythrocyte 
catalase activity was found at pH: 7.5 IC50:23.21 

µM. These pH values, on the other hand, are close 

together, but the inhibitor we used in our study 
contains a carboxyl (-COOH) group, unlike the ATZ 

compound (Figure 2c). 
 

 

 
Figure 2: a) 1,2,4-triazole b) 3-amino-1,2,4-triazole (ATZ) c) 3-amino-1,2,4-triazole-5-carboxylic acid 

(ATZc). 
 
 
In another study, it was found that ATZ infused 

peripherally in spontaneously hypertensive rats 
(SHR) disrupted sympathetic activity and also 
increased antiyosinergic activity. Additionally, it 

has been found to have a vascular relaxation effect 
and reduce arterial pressure in SHRs (17). Tada et 
al. reported that the ATZ is a competitive inhibitor 

of imidazole glycerol phosphate dehydratase (18).   
 
4. CONCLUSION 
 
In conclusion, in this study, the pH-dependent 
effect of ATZc on human erythrocyte catalase 
enzyme activity was determined. There have been 

no inhibition studies on catalase and 3-amino-
1,2,4-triazole-5-carboxylic acid in the literature. An 
important part of the active substances used for 
therapeutic purposes are drugs that act as enzyme 
inhibitors. Therefore, determining the effect of 
ATZc, which has a 1,2,4-triazole structure, on the 
catalase enzyme is crucial for drug development 

research, but it should be supported by in vivo 
studies for its use in treatment. 
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Abstract: Polyol method, as one alternative in ZnO synthetic methods, have been developed and 
generated a nano-ZnO. However, the produced nano-ZnO is unstable due to its small particle size. To 
overcome the problems, we added Hibiscus tiliaceus leaves’ extract during the ZnO (EZnO) synthesis to 
change the water content and hydrolysis ratio of Zn2+/water. The addition of H. tiliaceus extract resulted 
in a shifting peak at (101) plane compared to ZnO synthesized without extract addition (WZnO). The use 
of H. tiliaceus extracts leads to the formation of large and non-uniform particles compared to the one 
prepared without the extract, which is in agreement with the intensity of diffraction pattern. The use of H. 
tiliaceus extracts shifted the bandgap energy to visible range. The performance of WZnO and EZnO 

samples was tested for simultaneous photo-oxidation of methylene blue and photo-reduction of Cr(VI) 
ions under UV-C irradiation. The EZnO is equally active as WZnO for Cr(VI) ion photo-reduction but less 
active for photo-oxidation of methylene blue. The presence of retained organic material in EZnO is 
plausibly affected by the adsorption and subsequent photo-oxidation of the bulky MB leading to a lower 
photo-oxidation performance. However, the activity of EZnO was a little bit lower than that of WZnO, 

revealing that the synergistic of particle size and band gap energy is a crucial factor in photo-removal 
process. In addition, the presence of phenolic compounds on the EZnO surface might change the nature 

properties of WZnO, which influence its performance. 
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1. INTRODUCTION 

 
Zinc oxide has been extensively utilized for 
pollutant photocatalysis due to its good properties, 
such as bandgap in UV region (3.2 eV), chemically 
stable, un-toxic, and cheap (1,2). The technique of 
synthesis of ZnO (i.e., polyol methods) has been 

developed in order to generate their size in 
nanoscale. ZnO nano-sized particles exhibit a high 
specific surface area, allowing fast reactions due to 
the high number of reaction sites (3,4). 
Nonetheless, ZnO nanoparticles are unstable due 

to their small particle size, which is attributed to 

their high surface energy. The high surface energy 
leads to particle agglomeration; regulating particle 
size, morphology, and microstructure becomes 
hard to observe. Particles’ agglomeration was 
caused by sintering processes and Ostwald 
ripening (5). To overcome this issue, the 

stabilization of ZnO nano-sized particles has to be 
considered via particle immobilization on a 
supporting material or addition of capping agents 
(6–8). 
 

https://doi.org/10.18596/jotcsa.1372145
mailto:y_kusumawati@chem.its.ac.id
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
https://orcid.org/0000-0002-7622-9114
https://orcid.org/0009-0002-1028-5567
https://orcid.org/0009-0008-4355-0973
https://orcid.org/0000-0002-3428-1723
https://orcid.org/0000-0002-2079-3584


 
 
Subagyo R et al. JOTCSA. 2024;11(2):547-556.                        RESEARCH ARTICLE 
 

548 
 

Introducing capping agents (e.g., surfactants, 

polysaccharides, dendrimers, and polymers) during 
the ZnO synthesis has been observed and utilized 

due to the organic nature of the capping agent 
materials that serve on the ZnO nano-sized surface 
(9). Besides, the addition of capping agent also 
improves the compatibility of ZnO nano-sized with 

another phase or improves the functionalities (10). 
For instance, the influence of various capping 
agents has been studied in ZnO synthesis, 
including polyethylene glycol (PEG) and polyvinyl 
pyrrolidone (PVP) by coprecipitation method (11). 
The presence of PEG and PVP during the synthesis 
altered the crystallographic surface energy, 

promoting the anisotropic growth of nanosized 
ZnO. In order to minimize the utilization of 
chemicals as capping agents, plant extracts have 
been used due to their low cost and availability 
(12–14). H. tiliaceus is a tropical plant that has 
been used for various applications. The leaves’ 

extracts of H. tiliaceus have been utilized for ZnO 

synthesis, as reported by Putri et al., showing good 
antioxidant activity (15). The compounds in the 
extract (including phenolic compounds) altered the 
formation of ZnO. The phenolic compound would 
act as a reduction agent and capping agent. 
 

Here, we synthesized the ZnO using polyol 
methods. H. tiliaceus leaf extract was used to 
change the water contained in the polyol methods. 
The activity of the obtained ZnO (EZnO) was 
evaluated for simultaneous photo-oxidation of 
methylene blue and photo-reduction of chromium 
(Cr(VI)) ions under UV-C light irradiation. ZnO 

without H. tiliaceus extracts (WZnO) was also 
produced and utilized for simultaneous removal to 
compare their activities. 
 

2. EXPERIMENTAL SECTION 
 
2.1. Preparation of Hibiscus tiliaceus leaves 

extract 
H. tiliaceus leaves were collected, washed using a 
water-ethanol solution, and dried in an oven set at 
80 °C for three days until the leaves changed color 
from dark green to brown. The brown H. tiliaceus 
leaves were crushed using a blender and sieved to 

obtain a uniform size (100 mesh). The H. tiliaceus 
leaves’ powder was mixed with aqua DM and 
stirred for 30 minutes at 70°C. The obtained 
filtrates were separated using centrifugation at 
10000 rpm. 
 
2.2. ZnO synthesis 

The ZnO nanoparticles were synthesized using a 

polyol method utilizing a reflux system, as 
reported in ref. (1,16). Zn(CH3COO)2·H2O, NaOH, 
Aqua DM, and DEG were mixed at a mol ratio of 
1:2:1. The reflux system was operated for one 
hour at 161°C. The obtained solids were separated 
using centrifugation at 10,000 rpm, followed by 

washing with ethanol and acetone. The obtained 
solid was then left for 3 days at 60 °C. The dried 
solid was collected and labeled as WZnO. In order 
to investigate the influence of H. tiliaceus leaf 
extract, the aqua DM was replaced with H. tiliaceus 

leaf extract. The obtained solid was labeled as 

EZnO. 
 

2.3. Characterization 
The WZnO and EZnO photocatalysts were 
characterized using several instruments to observe 
their characteristics. The structural properties of 

WZnO and EZnO photocatalysts were investigated 
using X-ray diffractometer (XRD, PAnalatical, 2θ = 
5–90°), fourier transform infrared 
spectrophotometer (FTIR, Shimadzu, ν = 4000–
400 cm-1), and field emission scanning electron 
microscope (FESEM, JEOL). Transmission electron 
microscope (TEM, Hitachi7700) was utilized to 

observe the nanostructure of WZnO. The optical 
properties of WZnO and EZnO were analyzed using 
ultraviolet-visible diffuse reflectance 
spectrophotometer (DR-UV-Vis, Agilent Cary 60, 
λ=200–800 nm). 
 

2.4. Photocatalytic Activity Test 

Photocatalytic activity of EZnO and WZnO was 
tested for simultaneous photo-oxidation of 
methylene blue and photo-reduction of Cr(VI) ions 
under UV-C irradiation. Briefly, 50 mg EznO or 
WZnO was dispersed in 12 mL Milli-Q water, 
followed by ultrasonication for 10 minutes. In a 

300 mL crystallizing dish with a diameter of 9.5 
cm, 18 mL of MB at 40 ppm and 20 mL of Cr(VI) 
ions at 40 ppm solutions were added, followed by 
the EZnO or WZnO dispersion. The final MB and 
Cr(VI) ions concentration was 14.4 and 16 ppm, 
respectively, and the [MB]/[Cr(VI)] ratio was 0.9. 
The crystallizing dish was put inside a 59.5 × 49.5 

× 50 cm3 UV-C chamber containing a Philips TUV 
15W/G15 T8 lamp emitting a UV-C (λ = 254 nm) 
light. The dish was separated at 14.5 cm from the 
lamp. The dish was irradiated for 60 min and after 

that 2×1.5 mL of sample was taken, centrifuged at 
7000 rpm for at least 10 min. 1 mL of clear 
solution was analyzed for its MB concentration by 

directly measuring its absorbance at 665 nm 
wavelength. Another 1 mL of clear solution was 
tested for its Cr(VI) ion concentration. The Cr(VI) 
ion concentration was determined colorimetrically 
by mixing 1 mL of the clear solution with 9 mL of 
MiliQ water, 200 μL of H2SO4 6N, and 1 mL of 1,5-

diphenylcarbazide in acetone solution. The mixture 
was incubated for 10 min and the absorbance was 
measured at 540 nm wavelength using a Cary-60 
UV-Vis spectrophotometer. To simulate MB and 
Cr(VI) ions removal due to adsorption, similar 
experiments for EZnO and WZnO were performed 
with the lamp turned off.  An exact solution 

composition without photocatalysts was prepared 

and used as a reference. The percentage of 
removal is calculated as the difference between the 
absorbace of the solution after photo-oxidation or 
photo-reduction (At) and the absorbance of the 
reference (A0) following Eq. 1. 

Removal efficiency (%) = 100 × 
A0-At

A0
            Eq. 1 

The kinetic study of simultaneous photocatalytic of 
MB and Cr(VI) was performed in similar method by 
the variation of time irradiation. The addition of 
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scavenger agent was also performed as well as the 

preliminary test. 
 

3. RESULTS AND DISCUSSION 
 
The structural properties of EZnO and WZnO 
samples were investigated using XRD analysis and 

FTIR analysis. The diffraction pattern of EZnO and 
WZnO samples is shown in Figure 1 (a). All 
samples exhibit characteristic peaks of hexagonal 
wurtzite ZnO at 31.67, 34.39, 36.15, 47.57, 56.61, 
62.81, 66.34, 67.88, 69.14, 72.49, and 76.92° 
which corresponded to (100), (002), (101), (102), 
(110), (103), (200), (112), (201), (004), and 

(202) planes, respectively. This result was similar 
to our previous study reported by Hosni et al. (16) 
and Zakiyah et al. (1). The intensity peaks of EZnO 
are higher than that of WZnO, indicating that H. 
tiliaceus leaves’ extract increases the crystallinity 

of EZnO. The (101) plane has the highest intensity 

for all samples, implying that the ZnO samples 
grew strongly along the (101) direction, which 

reveals a high alignment degree along the c-axis 
and can be vital for tuning the aspect ratio. Figure 
1 (b) showed an enlarged XRD peak of (101) plane 
showing a peak shift with the addition of H. 

tiliaceus leaves’ extract, which was associated with 
the variant in residual strain developed in the 
crystal lattice. The strain induced shift along (101) 
direction might be a crucial factor in controlling the 
equatorial and axial growth of ZnO nanostructure. 
With the addition of H. tiliaceus leaves’ extract, the 
(101) plane was slightly shifted to left compared to 

ZnO photocatalyst prepared without adding H. 
tiliaceus leaves’ extract (WZnO). This suggests 
that c-axis growth is reduced by the addition of H. 
tiliaceus leaves’ extract.   
 

 
Figure 1: (a) diffraction pattern and (b) enlarged (101) peak of samples 

 

FTIR analysis was carried out to analyze the 
presence of functional groups in WZnO and EZnO 
photocatalysts. Both WZnO and EZnO exhibit 
bands at 3430, 2922, 1564, 1407, and 500–400 

cm-1 as shown in Figure 2. The band at 3430 cm-1 
is attributed to the O–H (17), indicating the 
presence of physically adsorbed water. The band at 
2922 cm-1 is attributed to the stretching vibration 
of –CH, confirming the presence of CH2 and CH3 
groups (18). The absorption bands at 1564 and 
1407 cm-1 are assigned to the symmetric and 

asymmetric stretching vibrations of C=O (19). The 
presence of bands at 2922, 1564, and 1407 cm-1 
implies that both WZnO and EZnO contain organic 
material retained on their surface. The intensity of 
those bands is somewhat less pronounced in WZnO 
than in EZnO, suggesting that the EZnO retains 

more organic material than the WZnO. The organic 
compound in WZnO and EZnO is retained since the 
formation of ZnO did not use the calcination 
process. The presence of organic compounds might 

be correlated to the presence of DEG and flavonoid 
compounds extracted from H. tiliaceus leaves. The 
stretching vibration of Zn–O is observed at 500–
400 cm-1. In addition to the mentioned bands 
above, unlike WZnO, EZnO also exhibits prominent 
bands at 1300–1100 cm-1. These bands are likely 
due to the presence of other functional groups 

contributed by the H. tiliaceus leaf extract such as 
polyphenolic compounds adsorbed on the surface 
of EZnO via π-electron interaction of carbonyl 
group with the free orbital of Zn (20). 
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Figure 2: FTIR spectra of samples 

 
The morphology of WZnO and EZnO photocatalysts 
is depicted in Figure 3. The WZnO photocatalysts 

formed a uniform nanosize rods-like morphology. 
The nanorods’ morphology is a one-dimensional 
structure that enables a highly efficient charge 
carrier mobility due to decreased grain boundaries, 
disorder, discontinuous interface, and surface 
defects. In order to clarify the morphology of 
WZnO, TEM analysis has been carried out. As 

shown in Fig. 3b, it can be seen that the dominant 
morphology of WZnO is nanorods. However,      

several morphologies are also observed in WZnO, 
including hexagonal and sphere. The particle has a 

nano-size of 20 – 200 nm. Unlike the WZnO 
photocatalyst, the EZnO photocatalyst exhibits 
nanosize non-uniform morphology. It can be seen 
that adding the H. tiliaceus leaves’ extract altered 
the ZnO formation, leading to the formation of 
non-uniform ZnO morphology. The difference is 
possibly due to the competitive interaction among 

DEG, H. tiliaceus leaf extract, and Zn2+ ions, which 
led to the formation of non-uniform structures. 
 

 
Figure 3: (a) FESEM and (b) TEM image of WZnO. (c) is FESEM image of EZnO 
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The optical properties of WZnO and EZnO 
photocatalysts were analyzed using UV-Vis DRS. 

The UV-Vis spectra of WZnO and EZnO are 
displayed in Figure 4. The WZnO exhibits a high 
absorption in UV region compared to the EZnO 
photocatalyst. The red shift in the absorption edge 

is observed after the addition of H. tiliaceus leaf 
extract, which is associated with bandgap-shifting. 
The band gap energies of WZnO and EZnO 
photocataysts were calculated using the Tauc plot 
following Eq. (2). 
 

(αhν)
1/n

 = A(hν - Eg)   Eq. (2) 

      

where A is a constant of proportionality, α is the 
photon absorption coefficient, hν is the energy of 

photons, and Eg is the band gap energy. As shown 
in Figure 4b, the band gap energies of WZnO and 
EZnO are 3.18 eV and 3.05 eV, respectively. This 
result implies there was a red shift in the 

absorption edge. The red shift of the absorption 
edge is attributed to the position of the band level 
in the ZnO. The addition of H. tiliaceus leaf extract 
might have changed the position of the band level 
due to the presence of various organic compounds 
that affected the generation of EZnO. As a result, 
the band gap decreased.  

 

 
Figure 4: (a) Spectra UV-Vis and (b) Tauc plot of samples 

 
The performance of the WZnO and EZnO 

photocatalysts in simultaneous photo-oxidation of 
MB and photo-reduction of Cr(VI) ions is illustrated 

in Figure 5. Dark experiments showed that the MB 
removal by the WZnO and EZnO photocatalysts is 
minor, implying that MB removal via adsorption is 
negligible (less than 4% after 60 min). The MB 
removal by WZnO photocatalyst was significantly 
increased under UV-C irradiation, where the MB 

removal reached 33.45% after only 10 min 
illumination and further increased to 72.30% after 
60 min UV-C exposure (Figure 5 (left)). The MB 
removal by EZnO photocatalyst behaved similarly. 
However, the MB removal by the EZnO 
photocatalyst was slightly lower at 18.91 and 
47.58% after 10- and 60-min UV-C illumination, 

respectively. This implies that the WZnO 
photocatalyst had better MB photo-oxidation 

performance than the EznO photocatalyst. The 
performance of the WZnO and EZnO 
photocatalysts for Cr(VI) ion photoreduction is 
shown in Figure 5 (right). The removal Cr(VI) ions 
in the dark was negligible (maximum was 6.60% 

after 60 min). The Cr(VI) ions’ removal reached 
20% after 10 min UV-C illumination and 63% after 
60 min. Unlike the MB removal, there was no 
significant differences in the performance of the 
WZnO and EZnO photocatalysts for Cr(VI) ion 
photoreduction. 

 

While the performance of WZnO and EZnO 
photocatalysts for MB photo-oxidation displayed a 

significant difference, their performance for Cr(VI) 
ion photoreduction exhibited no difference. This 
implies that the MB photo-oxidation is affected by 
the surface characteristics of the photocatalysts. 
As mentioned before, the EZnO sample contained 
more retained organic material as compared to the 

WZnO sample, as supported by the FTIR analyses. 
The presence of the organic material might have 
affected the bulky MB adsorption and subsequently 
photo-oxidation of MB, leading to a lower 
performance displayed by the EZnO. For Cr(VI) ion 
photoreduction, on the other hand, due to its 
smaller ionic diameter, the Cr(VI) ions might have 

no restriction to reach active sites in both WZnO 
and EZnO and underwent photo-reduction. 

 
However, the efficiency of MB removal using EZnO 
is lower than that using WZnO. While the Cr (VI) 
removal using WZnO is slightly enhanced 
compares with what EZnO did. Compared with 

WZnO, EZnO particle size is smaller, reducing the 
active sites for dyes and leading to a decrease in 
photocatalytic performance, even though the band 
gap energy of EZnO is narrower than that of 
WZnO. It can be seen that the synergy of ZnO 
properties (nano-sized, surface area, band gap) 
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must be generated in order to obtain the optimum 

photocatalytic performance of ZnO. Nonetheless, 
the addition of H. tiliaceus leaves’ extract to the 

ZnO synthesis can be a good candidate to alter the 

bandgap energy of ZnO in the visible region, with 

further development to achieve the synergistic 
nature of its properties for optimum activity 

performance. 
 

 
Figure 5: Simultaneous (a) photo-oxidation of MB efficiency and (b) photo-reduction efficiency of Cr (VI) 
ions by WZnO and EZnO photocatalysts under dark and illuminated conditions. 
 

 
Figure 6: Kinetic study of simultaneous (a) photo-oxidation of MB efficiency and (b) photo-reduction 

efficiency of Cr (VI) ions by WZnO and EZnO photocatalysts. 
 

Table 1: Summary of pseudo-first order kinetic of simultaneous photocatalytic of MB and Cr(VI) 

Material 
WZnO EZnO 

MB Cr(VI) MB Cr(VI) 

R2 0.9868 0.9856 0.9936 0.9737 
K1 (min-1) 0.0198 0.0126 0.0067 0.0077 

r (M min-1) 0.2851 0.2016 0.0965 0.1232 

 
The kinetics of simultaneous photocatalytic 
reactions of Cr and MB have been determined by 
the pseudo-first order reaction. As shown in Figure 

6, the kinetics of the simultaneous photocatalysis 
of Cr(VI) and MB are in agreement with the 
pseudo-first order. In the MB kinetic study, 
especially for WZnO, the kinetic study was plotted 
from 10 min to 60 min since the large 
improvement of MB removal from the initial to the 

10 minutes correlated with the adsorption process 

of MB on the surface of WZnO. The pseudo-first 
order parameter was tabulated in Table 1. The 
reaction rate of WZnO is faster than that of EZnO. 

This result demonstrates that WZnO has a good 
ability to remove MB and Cr(VI). Besides, the MB 
reaction rate by WZnO is faster than the Cr(VI) 
reaction rate of WZnO, indicating that WZnO is 
more effective for MB photocatalysis. In contrast, 
the reaction rate of Cr(VI) by EZnO is faster 

compared to the reaction rate of MB by EZnO, 
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revealing that EZnO is suitable for photoreduction 

of Cr(VI). The presence of functional groups in 
organic compounds of H.tiliaceus leaves’ extract 

might facilitate the photoreduction of Cr(VI) than 
the photooxidation of MB molecules. The K1 value 
of WZnO and EZnO for Cr(VI) photoreduction is 
higher compared to the previous study using 

ZnO/graphene (21) and ZrO2 (22), indicating that 
WZnO and EZnO have excellent ability to reduce 
Cr(VI) to Cr(III). However, the K1 value of MB 
photooxidation is slightly low compared to previous 
studies using biosynthesis ZnO (23) and 
mesoporous ZnO (24). It can be due to the 
simultaneous photocatalytic process, leading to 

reaction competition between Cr(VI) and MB.  
 
The mechanism of simultaneous photocatalysis of 
Cr(VI) and MB is proposed in Figure 7a. Upon light 
illumination, the electrons in the VB of ZnO are 

excited to the CB of ZnO. As a result, the 

equivalent number of holes was formed in the VB 
of ZnO. Both charge carriers diffused into the 

surface of ZnO, and a redox reaction took place. 
According to Butler and Ginley equation, the VB 
and CB levels of ZnO can be calculated following 
Eqs. (3) and (4) (25). 

 
EVB = X – Ee + ½Eg    Eq. (3) 

    
ECB = EVB – Eg     Eq. (4) 

    
EVB, ECB, and Eg are the VB level, CB level, and 
band gap of ZnO. Ee and X are the free electron 

energy on hydrogen scale (4.5 eV) and the 
electronegativity of ZnO (5.79 eV). The calculated 
VB and CB levels of WZnO are 2.88 eV and -0.3 
eV, respectively, whereas the VB and CB levels of 
EZnO are 2.82 eV and -0.24 eV, respectively. 

 

 
Figure 7: (a) Mechanism of photocatalytic by WznO and EZnO and (b, c) is the removal of MB and Cr(VI) 

after the addition of scavenger agent 
 
The CB level of both ZnO is more negative 

compared to reduction potential of Cr(VI)/Cr(III) 
(E0 = +1.33 eV vs. NHE), indicating that the 
photoreduction of Cr(VI) to Cr(III) is feasible. 
Besides, the VB level of both ZnO is more positive 
than that of oxidation potential of OH-/·OH (E0 = 
+2.40 eV vs. NHE), revealing that the oxidation 
reaction OH- by h+ easily occurred (24,26). 

However, the oxidation potential of O2/·O2
- (E0 = –

0.33 eV vs. NHE) is more negative compared to CB 
level of both ZnO, demonstrating that ·O2

- is 
impossible to generate. Since pH of the used Milli-
Q water is under 7, the main species of Cr(VI) ions 
is HCrO4- or Cr2O7

2- which require three and six 
electrons to reduce to Cr(III), respectively. 

Scavenger agents were added during the 
photocatalytic process to assess the presence of 
radical active species. The scavenger agents, 
including isopropanol (IPA), silver(I) nitrate 
(AgNO3), and p-benzoquinone (BQ), were used to 
inhibit the activity of ·OH (27), e- (28), and ·O2

- 

(29), respectively. As shown in Figure 7b and 7c, 
the addition of IPA decreased the photocatalytic 
activity of ZnO whereas adding BQ and AgNO3 
improved the photocatalytic activity. The 
improvement of photocatalytic activity by adding 

BQ and AgNO3 might reveal that BQ and AgNO3 

can act as electron sinks. Specifically for AgNO3, its 
presence during the irradiation can induce the 
formation of a Schottky junction, thereby 
enhancing electron transfer and facilitating the 
photoreduction process (30). Therefore, it can be 
noted that ·OH is an active species during the 
photocatalytic process.  

 
4. CONCLUSION 
 
H. tiliaceus leaves’ extract influenced the 
properties of ZnO (EZnO). EZnO generated a 
crystalline structure and a large particle size 
compared with WZnO. Nevertheless, EZnO 

exhibited narrow bandgap energy in the visible 
region. However, the efficiency of MB removal 
using EZnO is lower than that using WZnO. While 
the Cr (VI) removal using EZnO is slightly reduced 
compared with WZnO. The synergy of ZnO 
properties (nano-sized, surface area, band gap) 

must be generated in order to obtain the optimum 
photocatalytic performance of ZnO. Nonetheless, 
the addition of H. tiliaceus leaves’ extract in the 
ZnO synthesis can be a good candidate to alter 
bandgap energy of ZnO in the visible region, with 
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further development to achieve the synergistic 

nature of its properties for optimum activity 
performance. 
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Abstract: The effects of tin disulfide (SnS2) addition on the mechanical, thermal, and optical characteristics 

of polyvinyl alcohol (PVA) were determined in this study. The solvent-casting approach was used to create 
composite films with varying SnS2 weight ratios. Mechanical testing revealed that the addition of SnS2 raised 

the tensile strength (TS) of the virgin PVA from 32.10 MPa to 47.50 MPa, while the elongation at break (EB) 
increased from 78.40% to 108.80%. Optical investigations revealed that PVA and SnS2 had intermolecular 
interactions. Furthermore, the contribution of SnS2 resulted in a drop in energy bandwidth from 5.310 eV to 
4.821 eV. Thermal investigations revealed that PVA/SnS2 had greater stability than the virgin polymer. Given 
the data obtained, it was obtained that the addition of SnS2 simultaneously enhanced the mechanical, 
thermal, and optical properties of PVA. 

 
Keywords: Polyvinyl alcohol, tin disulfide, polymer, composite. 
 
Submitted: July 8, 2023. Accepted: January 23, 2024. 

 
Cite this: Uğraşkan V. Mechanical, Optical, and Thermal Properties of SnS2-Filled PVA Composites. JOTCSA. 
2024;11(2):557-64. 
 

DOI: https://doi.org/10.18596/jotcsa.1324711 
 

*Corresponding author’s E-mail: ugraskan@yildiz.edu.tr 
 
1. INTRODUCTION 
 
There has been a recent interest in thermoplastic 
composites filled with various fillers that are used to 
improve the physicomechanical properties and 

provide desirable properties to composites used in 
food packaging, drug delivery, automation, 
aerospace, textile, and so on applications (1). These 
composites have the features of organic polymers, 
such as lightweight and good moldability, as well as 
the inorganic materials' high strength, thermal 
stability, and chemical resistance (2). 

 
Polyvinyl alcohol (PVA) is a semi-crystalline organic 
polymer produced by vinyl acetate polymerization. 
Because of its excellent film-forming, adhesion, 
emulsification, and chemical stability, it could 
potentially be employed in a variety of 

pharmaceutical, cosmetic, or biological applications 
such as drug administration, tissue engineering, 
tissue regeneration, or replacement. It should be 
noted that PVA is difficult to melt because of its 
strong inter/intra hydrogen bonding, yet the many 
hydroxyl groups in the molecular structure supply 
PVA with exceptional water solubility, making it ideal 

for casting (3-5). Furthermore, virgin PVA films 
display low dielectric permittivity and weak 
conductivity behavior across a wide frequency range, 

proving their suitability as low-dielectric ecologically 
friendly, transparent compounds. The customizable 
usability of these polymers' composites with diverse 
fillers has proven them as particularly suitable for the 
construction of a wide range of flexible and 

lightweight biodegradable microelectronic, organoel-
ectronic, and optoelectronic technologies (6). 
 
Tin disulfide (SnS2) is a 2.2 eV moderate bandgap 
CdI2-type multilayer semiconducting material. It has 
recently piqued the interest of researchers for use in 
a variety of applications such as lithium batteries, 

pigments, gas sensors, photoconductors, solar cells, 
optoelectronics, photoluminescence, and so on due 
to its plentiful source components, simple synthesis, 
cost-effectiveness, non-toxicity, strong stability, and 
comparatively strong visible-light photocatalytic 
activity (7-10). However, there is no study reported 

on the mechanical properties of SnS2 and its 
composites in the literature. 
 
In this work, the mechanical, optical, electrical, and 
thermal properties of SnS2-filled PVA composites 
were examined. 
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2. EXPERIMENTAL SECTION 
 
2.1. Materials 

PVA (Mowiol 40-88), tin (II) chloride dehydrate 
(98%), thiourea (≥99.0%), and ethylene glycol 
(99.8%) were purchased from Sigma Aldrich, 
Germany. 

 
2.2. Synthesis of SnS2 
The synthesis of SnS2 was carried out as described 
in the literature (8). To begin, tin(II) chloride 
dehydrate and thiourea was grounded in a mortar at 
a mole ratio of 0.2:0.5. The powder combination was 

then transferred to a porcelain crucible and heated 
at 170 °C for 2 h. Lastly, the resulting yellowish SnS2 
was rinsed with distilled water to eliminate impurities 
and dried overnight in an oven at 90 °C. 
 
2.3. Preparation of The Composite Films 

PVA/SnS2 composites were produced by 

incorporating several weight ratios of SnS2 such as 
0.5%, 1%, 3%, 5%, 7%, and 10% into a 10% w/v 
PVA solution. The combinations were then cast on 
glass templates. The composite films were formed 
following drying at 60 °C under vacuum. 
 
2.4. Characterization 

The instruments used in this study are listed in Table 
1. 
 

Table 1: The instruments used in this study. 

Instruments Model 

FTIR-ATR Nicolet IS10 Thermo FTIR 

SEM Zeiss EVO LS10 

XRD Panalytical Empyrean 

UV-vis Shimadzu UV2600 

TGA and DSC NETZSCH STA 449F3 

Tensile tests ZONHOW, DZ-106 

 
3. RESULTS AND DISCUSSION 
 
XRD spectra of the virgin PVA, SnS2, and PVA/SnS2 

containing 3% SnS2 were given in Fig. 1. The pattern 
of the virgin PVA film displayed two peaks at 19.5˚ 
and 41.4˚, which correspond to the semi-crystalline 
structure kept together by intramolecular and 

intermolecular H-bonding (11) (Fig. 1a). The 
diffraction pattern's reflections are all well-matched 
with characteristic SnS2 crystals and showed the 

hexagonal SnS2 phase. The acquired XRD results are 
consistent with the literature (JCPDPS card no. 22-
0951) (7). In the pattern of the PVA/SnS2, no 
significant change was observed compared to the 
virgin PVA, which was due to the homogenous 
distribution of SnS2 particles in the composite 

structure (12). 

 

 
Figure 1: XRD patterns of the virgin PVA, SnS2, and PVA/SnS2 containing 3% SnS2. 

 
Fig. 2 showed the SEM images of SnS2, and a cross-

sectional view of the films of the virgin PVA, and 
PVA/SnS2 containing 3% SnS2. It was observed that 
the virgin PVA film had a smooth surface, while the 
composite surface was rough. Additionally, the 
homogenous distribution of the SnS2 particles 

without any significant agglomeration in the 

composite structure was observed (Fig. 2a, c, d). The 
micrograph of SnS2 revealed the porous flower-like 
hierarchical structures formed by interpenetrated 
sheets (8).

https://www.sigmaaldrich.com/TR/en/product/sial/t7875
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Figure 2: SEM images of the samples; cross-sectional view of the virgin PVA film (a), SnS2 (b), cross-

sectional view of the PVA/SnS2 containing 3% SnS2. 

 
FTIR-ATR spectra of the virgin PVA, SnS2, and 
PVA/SnS2 containing 3% SnS2 were given in Fig. 3 
whereas the peak assignments were given in Table 
2. For the PVA/SnS2, a spectrum similar to that of 
virgin PVA was obtained, with the peak observed at 
1628 cm-1 originating from SnS2. Additionally, shifts 

in peak values were observed, which were attributed 
to the interaction of the SnS2 particles with the PVA 
matrix. 
 
UV-vis spectra of the virgin PVA and PVA/SnS2 
containing different weight ratios of SnS2 were 
illustrated in Fig. 4. The virgin PVA exhibited a peak 

at 277 nm, which corresponded to π-π* transitions in 
the polymer backbone. In addition, a significant 
decrease in absorbance is noticed in the 200-240 nm 
range, which is related to the sample's band gap, 
suggesting the semi-crystalline structure of PVA as 
revealed by XRD analysis (14). The spectra of the 

PVA/SnS2 were identical to those of the virgin PVA, 
however, the peaks corresponding to the π-π* 
transitions moved to higher wavelengths.  The 
establishment of a strong intermolecular interaction 
between the SnS2 particles and the polar unit of PVA 
caused a shift in the peak locations of PVA/SnS2 to 
the higher wavelengths (15).
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Figure 3: FTIR-ATR spectra of the virgin PVA, SnS2, and PVA/SnS2 containing 3% SnS2. 

 
Table 2: The FTIR-ATR data of the samples [7] [13]. 

Wavenumber (cm-1) Functional group 

3281 O-H stretchings 
1715 C=O stretchings 

1427 C-H bending 
1323 C-H deformation 
1087 C-O stretchings 

840 C-C stretchings 
1636 C–H stretchings 
1421 C–O stretchings 

628 Sn–S band 

 
 

 
Figure 4: UV-VIS spectra of the virgin PVA, SnS2, and PVA/SnS2. 
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Knowing the absorption coefficients would allow you 
to calculate the optical energy band gaps (Eg), which 
are the most significant characteristics of organic and 

inorganic materials. The Tauc relation is utilized to 
calculate the films' energy band gap: 
 

(αhⱱ)= B(hⱱ-Eg)1/n 

 
where 1/n defines the type of electronic transition 
and is related to the density of state distribution. B 
is a constant, connected to the probability of 

transition. Following that, optical band gaps were 
calculated by graphing (αhⱱ)2 against (hⱱ). The 
energy bandwidth of the composites reduced from 

5.310 to 4.767 eV when compared to pristine PVA 
film, indicating that SnS2 might raise the amount of 
energy states between PVA's valence and conduction 
bands, leading to a change in the electronic structure 

of the PVA matrix (Fig. 5). The change in the optical 
bandgap is caused by the localized electronic states 
in the band gaps of PVA created by SnS2 as trapping 
and recombination centers (16).

 

 
Figure 5: (αhⱱ)2 against (hⱱ) plots of the pristine PVA, SnS2, and PVA/SnS2 composites. 
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The TGA spectrum of the virgin PVA and PVA/SnS2 
containing 3% SnS2 were shown in Fig. 6. The weight 
losses observed in all samples below 100 °C 

indicated the removal of the absorbed water 
molecules from the structure (17). SnS2 was 
thermally stable and showed a 7.2 wt% weight loss 
between 260 and 460 °C. The spectra of the virgin 

PVA and PVA/SnS2 revealed a two-stage decom-
position trend. While the samples began to 
deteriorate at roughly 260 °C, they were completely 

decomposed at around 460 °C. Additionally, the 
breakdown temperature of PVA/SnS2 (270 °C) is 
greater than that of virgin PVA (260 °C). Besides, 

according to the DSC data, it was observed that the 
melting temperature of the virgin PVA increased from 
187.5 °C to 189.1 °C with the addition of 3% SnS2. 
The rise in the thermal stability was ascribed to SnS2 

particles' superior temperature stability and 
interfacial interactions with the PVA matrix (18).

 

 
Figure 6: TGA spectra (a) and DSC curves (b) of the virgin PVA, SnS2, and PVA/SnS2 containing 3% SnS2. 
 
Fig. 7 depicts the stress-strain curves of the virgin 

PVA and PVA/SnS2, whereas Table 3 lists the TS, 
Young's modulus, and EB. Tensile testing revealed 
that the virgin PVA's TS increased from 32.10 MPa to 
47.50 MPa with the addition of 3% SnS2. The 
composites demonstrated linear stress-strain 
behavior up to failure and plastic deformation, as well 

as equivalent curve morphologies for plain and 

nanofiller composites (19). Additionally, the 
simultaneous enhancement in the tensile strength 
and elongation was ascribed to the homogeneous 
dispersion of SnS2 particles in the PVA/SnS2 structure 
(20).

 

 
Figure 7: Stress-strain curves of the virgin PVA, SnS2, and PVA/SnS2. 
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Table 3: Tensile properties of the virgin PVA and PVA/SnS2 films. 

Sample TS (MPa) EB (%) 
Young Modulus 

(GPa) 

Virgin PVA 32.10 78.40 1.80 

PVA/SnS2 (0.5% SnS2) 42.00 97.20 3.01 

PVA/SnS2 (1% SnS2) 43.60 95.80 3.04 

PVA/SnS2 (3% SnS2) 47.50 108.80 3.42 

PVA/SnS2 (5% SnS2) 42.55 99.13 2.78 

PVA/SnS2 (7% SnS2) 44.50 92.32 3.11 

PVA/SnS2 (10% SnS2) 43.56 94.86 3.86 

 
4. CONCLUSION 
 
The mechanical, thermal, and optical features of 
SnS2-filled PVA composites were examined in this 

work. Firstly, SnS2 was synthesized, and then 

composite films with varied SnS2 weight ratios were 
made using the solvent-casting process. Mechanical 
testing revealed that the addition of SnS2 raised the 
TS of the virgin PVA from 32.10 MPa to 47.50 MPa, 
while the EB increased from 78.40% to 108.80%. 
Optical investigations revealed that the intermo-

lecular interactions between PVA and SnS2. Thermal 
investigations revealed that PVA/SnS2 are more 
stable than virgin PVA. 
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Abstract: Molecular geometry structures were accurately optimized to low convergence energy thresholds for 
the Zn3S3 cluster before and after adding Polyethylene Glycol (PEG4000). Density functional theory DFT/ B3LYP 

calculations with 6-113G (d, p) basis set were employed to investigate structural and electronic properties of 
Zn3S3/PEG4000 composite. The FTIR spectral lines were analyzed where an agreement of FTIR spectra of titled 

molecules was evaluated between experimental and theoretical findings of the active peaks of O–H, C–H, C=O, 

C–O–C, and Zn–S functional groups. The vibrational modes frequencies were systematically analyzed on the 

distribution basis of potential energy around the range 0–4000 cm-1 and observed 12 modes of vibrations for the 
Zn3S3 molecule, while 36 modes for the Zn3S3/PEG4000 compound. Frontier high occupied, and low unoccupied 

molecular orbitals (HOMO&LUMO) were calculated and plotted to obtain the energy gap (E𝒈) resulting from the 

difference between those orbitals. The promising indicator was obtained at increasing E𝒈 from (4.031 to 4.459) 

eV after adding PEG4000, pointing out the effect of polymer on the ZnS surface as a capping agent. Additionally, 

electronic features of the mentioned structures, such as IP, EA, Ef, E𝒈, 𝐶𝑝, χ, η, Ѕ, and ω, were calculated. 

Finally, the molecular electrostatic potential (MEP) diagram of Zn3S3 and Zn3S3/ PEG4000 and charge densities 

of isosurface and contour diagrams were estimated, showing the nucleophilic and electrophilic attack of these 

compounds. 
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1. INTRODUCTION 

 
Zinc sulfide (ZnS) is a substantial compound with a 

wide range of applications due to its unique optical and 

structural features. ZnS nanomaterials have a 

relatively large bandgap of 3.6 eV, which increases 

with decreasing particle size (1). In addition, 3D-Zn-VI 

used in semiconductors has drawn wide attention due 
to their applications in short-wavelength light-emitting 

devices. 3D-ZnS is one such binary compound that 

appears in two structures: the Wurtzite (WZ) structure 

at high temperatures and a cubic zinc alloy (ZB) 
structure at low temperatures and ambient pressures 

(2-4). Zinc is widely used on electrodes in the 

deposition process industry with other metals like Sn-
alloy (5). The preparation of nanomaterials occupies a 

significant position in research centers, and the 

preparation methods have been varied, either 
physically or chemically, according to their application 

(6-8). Recently, polymers have played a vital role in 

improving and enhancing the characterizations of 

nanoparticles' surfaces (9,10). Polyethylene Glycol 

(PEG4000) is one of these polymers that is an ethereal 

compound belonging to the family of polymers with 
high molecular weight (11); some other names for the 

PEG4000 polymer include polyglycol, poly (ethylene 

oxide) (PEO), and poly (oxyethylene) (POE) (12). PEG 

is the most popular among the three types and the best 
among them to employ in the field of medicine and 

refers to polymers with molecular masses less than 

20,000 g/mol. For instance, PEG 4000 is a safe and 
more effective drug compared to lactulose for the 
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treatment of constipation in children (13), where 

several clinical studies have demonstrated that PEG 
4000 is effective in the treatment of constipation in 

adults and children (14,15). In addition, PEG 4000 acts 

as an osmotic agent that increases fecal water content. 

PEG4000 is nontoxic and non-immunogenic (16). 
Thanks to the feature of PEG4000, it is flexible and 

soluble in water, so that it can work at high osmotic 

pressures (17,18). It has been proven that 
nanopolymers have the advantages of mass production 

and high stability, so the manufacture of smart or 

stimuli-responsive polymers has been achieved. Either 

from natural or synthetic resources, one of the most 

important natural polymers used in the manufacture of 

medical preparations is dextrose gelatin. In contrast, 

synthetic polymers use polyethylene glycol (19,20). 
Density Functional Theory (DFT), which is an algorithm 

of quantum mechanical modeling utilized in the 

chemical and physical fields to discover electronic 

structure (21), has established itself as a valuable 

research tool to validate experimental conclusions or 

characterize those possibilities left open (22). 
 

Computational processes offer precisely superior 

scales in chemical interactions and combinations 

phenomena, particularly (DFT) method, which 
theoretically presents predictions of material design 

through the geometrical structures (23) in addition to 

the low cost. Furthermore, the more quantitative 
predictions of phenomena that are made and 

confirmed by experiment, the more the overall theory 

is accepted when the theoretical investigation is 

“confirmed” for that specific experiment (24). 

Nevertheless, several theoretical studies have been 

relied on and taken into account in practical 

applications such as gas sensors (25). 
 

DFT theory was recently employed to study the 

structural and electronic properties of ZnS molecules 

as a nanotube in different numbers of ZnS atoms 

(26,27), or by ab initio/DFT to study electronic and 

spectroscopic properties of ZnO-NPs. Furthermore, an 

investigation of Polyethylene Glycol (PEG) was based 
on a nanocomposite by DFT study to use as a drug in 

medical applications (23). On the other hand, to study 

the effect of polymers on nanoparticle behaviors, the 

structural and electronic properties of ZnS 

nanoparticles with the presence of PEG4000 have been 

investigated experimentally in our recent work (28). 
However, their structural, electronic, and vibrational 

features have not been theoretically investigated. 

Therefore, this work could be promising for gaining 

more knowledge for this composite over theoretical 
study using the DFT theory. 

 

2. COMPUTATIONAL DETAILS 

 
The development of the quantum mechanical 

technique has been influenced by the density 

functional theory (DFT), which has been used to study 
the electronic structure and behavior of many electron 

systems. Disciplines of physics and chemistry employ 

functional analysis to gain an understanding of the 

electron density distribution. A many-electron system's 

ground state (GS) and other features can be identified 

using DFT, as demonstrated by this study. The most 

popular and adaptable method in computational 
physics and chemistry disciplines is, by far, DFT. 

Additionally, it has proven to be quite efficient at 

estimating the properties of materials in their ground 

state. The approach in this work uses DFT theory with 

hybrid B3LYP (Becke, three parameters, Lee-Yang-

Parr) and a basis set with 6-311G**. Where the first 
asterisk above basis G represents the polarization set 

d-function for heavy atoms. However, the second sign 

indicates the polarization of p-functions of hydrogen 

atoms or sometimes must be written as 6-311G (d, p) 
(29,30). Because of the accuracy of this basis set, it 

was powerfully used to calculate energetic and 

electronic features in multiple phases (31). All those 
equations and theories were involved by Gaussian 09 

and Gaussian View 6.0 software (32). 

 

To achieve accurate results, the geometries of 

molecules were optimized precisely to lower the 

convergence thresholds. Furthermore, Frequencies of 

normal vibrations were calculated to confirm the 
minimal energy at geometric optimization by solving 

the self-consistent field (SCF) equation. 

 

Figure (1-a) demonstrates the molecular structure of a 

cluster of three Zn atoms and three S atoms (Zn3S3); 

either (1-b) clarifies the cluster of Zn3S3 after adding 

PEG4000 polymer (C2H4O)n, as adsorption process 
experimentally on PEG surface. These structures were 

optimized geometrically at the following conditions: 

maximum force, RMS force, max. displacement and 

RMS displacement converged at several steps, 

0.000076, 0.000021, 0.000104, and 0.000099, 

respectively. Figure (2) shows the steps of geometrical 
optimization.

 

 
Figure 1: The optimized structures of ZnSNPs (Zn3S3) before adding PEG4000 (a), and after adding the 

polymer (b) using the DFT method with basis set 6-311G**. 

a b 
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The electronic features of the mentioned molecules 

were computed, which are Fermi level energy (Ef), 
Energy of bandgap (E𝒈), and Ionization potential (IP) 

that represents the amount of energy needed to break 

the structural unit of the weakest electron bond to the 
nucleus. The greater the ionization energy, the more 

difficult it is to extract the electron and electron affinity 

(EA), which is the amount of energy released when an 
electron is added to a gaseous atom, after identifying 

the Highest Occupied Molecular Orbital (HOMO) and 

Lowest Unoccupied Molecular Orbital (LUMO) energies 

by the following equations (33,34): 
 

E𝒈 = ELUMO – EHOMO    (1) 

IP = - EHOMO    (2) 

EA= - ELUMO    (3) 

Ef = (EHOM + ELUMO) / 2   (4) 
 

In addition, to describe the chemical reactivity of the 

studied system between polymer-NPs, the quantum 

molecular identifiers (𝐶𝑝, χ , η, Ѕ, and ω) were 

employed. These descriptors involved are generally: 

the chemical potential (𝐶𝑝) is the energy that can be 

absorbed or released due to a change in the number of 

particles, and it can be known as the ferry energy in a 

semiconductor when a system of electrons at a 
temperature of absolute zero, electronegativity (χ) is a 

measure of an atom's ability to attract electrons in a 

chemical bond; the global hardness (η), the softness 

(Ѕ), and the electrophilicity index (ω) are by the 

following equations (35, 36): 

 
𝐶𝑝 = − χ    (5) 

χ = IP+EA / 2    (6) 

η = IP−EA /2    (7) 
𝑆 = 1/ 𝜂    (9) 

ω = - χ2 / 2𝜂    (10) 

 

 
Figure 2: Steps of geometrical optimization with 

minimal energy DFT study using B3LYP-D/6–311 G. 
 

3. RESULTS AND DISCUSSION 

 

3.1. Vibrational Frequencies & FTIR spectra 
Any way of connection with Ethelyne Glygole polymer 

is a planar structure of the C1 point symmetry group. 

According to the equation (3N-6) for non-linear 

molecules, the number of normal vibration modes can 

be calculated, where N is the number of atoms. Hence, 

twelve vibrational modes were obtained for the Zn3S3 
molecule, which consists of 6 atoms. These frequencies 

have been arranged in Table (1) from the lowest 

frequency of the patterns to the highest mode. The 
highest frequency modes are (11 and 12) in the range 

(408.23-408.89) cm-1. In comparison, 36 modes were 

obtained for the Zn3S3/PEG4000 structure, including 

14 atoms. The strongest modes at high frequencies are 
(33, 34, 35, and 36) at frequencies (3175.62, 3244.59, 

3450.37, 374.07) cm-1, respectively, as shown in Table 

(2). 
 

On the other hand, the IR spectra of the studied 

structure were calculated at the range (0 – 4000) cm-

1 using DFT- B3LYP levels with the 6-311G** basis set. 
The comparison of the FT-IR spectra between 

theoretical and experimental spectra is illustrated in 

Figure (3) for Zn3S3 and Zn3S3/PEG, observing a strong 
agreement between them.

 

 

Table 1: The range of normal vibrational modes for Zn3S3 from lowest to highest frequency. 

No. Mode Frequency/ cm-1 No. Mode Frequency/ cm-1 

MODE 1 89.33 MODE7 297.88 

MODE2 90.87 MODE8 298.05 

MODE3 106.96 MODE9 327.78 

MODE4 107.06 MODE10 387.43 

MODE5 146.05 MODE11 408.23 

MODE6 170.53 MODE12 408.89 

 

  

Commented [YB1]: The total energy (Hartree) axis is 
written in Indian language. Please convert into normal 
(Arabic) numbers. 
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Table 2: The range of normal vibrational modes for Zn3S3/PEG400 from lowest to highest frequency. 

No. Mode Frequency/cm-1 No. Mode Frequency/cm-1 No. Mode Frequency/cm-1 

MODE 1 16.59 MODE 13 278.38 MODE 25 945.70 

MODE 2 37.60 MODE 14 297.00 MODE 26 964.47 

MODE 3 67.18 MODE 15 309.08 MODE 27 1138.66 

MODE 4 80.75 MODE 16 335.13 MODE 28 1271.64 

MODE 5 87.68 MODE 17 372.38 MODE 29 1322.46 

MODE 6 98.75 MODE 18 393.31 MODE 30 1393.98 

MODE 7 105.80 MODE 19 416.68 MODE 31 1407.61 

MODE 8 120.49 MODE 20 431.47 MODE 32 1713.20 

MODE 9 130.08 MODE 21 530.63 MODE 33 3175.62 

MODE 10 154.22 MODE 22 666.68 MODE 34 3244.59 

MODE 11 167.68 MODE 23 721.17 MODE 35 3450.37 

MODE 12 257.22 MODE 24 767.55 MODE 36 3764.07 

 

It was found that the broad peaks at frequency 3760 

cm-1 (DFT) and frequency 3480 cm-1 belong to the 

black line (ZnS/PEG4000 (exp.)), indicating to the OH-

stretching vibrations band (37, 38). This stretching 

vibration is significantly attributed to the hydrogen 
bonding (39). Meanwhile, this band for ZnS (exp.) in 

the pink line has red-shifted to the short frequency 

3221 cm-1 (long wavelength) due to the confinement 

quantum of phonon (26). This could be evidence of the 

effect of polymer that enhances the nano properties of 

ZnS particles. 

 
In addition, the peaks of (1120 and 1110) cm-1 for 

Zn3S3/PEG4000 (DFT) and ZnS/PEG4000 (Exp), 

respectively, indicate the C–O–C band stretching 

vibrations (40). Other signed Peaks at (660, 657, and 

648) cm-1 are attributed to the stretching vibrations of 

the Zn–S bond and belong to the Zn3S3/PEG4000 

(DFT), ZnS/PEG4000 (Exp), and Zn3S3 (DFT) 
respectively (41, 42). It was observed that the peaks 

of vibration bands at regions (416, 416, and 420) cm-

1 belong to (ZnS/PEG4000 (exp.), Zn3S3/PEG 4000 

(DFT), and ZnS (exp.), respectively. Also, it is located 

at the range around 600 cm-1, where the range of the 

appearance of the Zn–S bond is located around the 

range 450–1000. Agrees with Liu et. Al.’s work (43). 
Table (3) presents this comparison of FTIR spectra of 

mentioned molecules.

 

 
Figure 3: Comparison of the FTIR spectra for ZnSNPs before and after adding PEG polymer theoretically and 

experimentally showing remarkable agreement between them. 
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Table 3: Comparison of FTIR of studied structures between experimental and theoretical spectra for ZnSNPs 

before and after adding PEG polymer clarifying the range of functional groups. 

 
3.2. Electronic Properties 

Molecular orbital theory (MOT) is a significantly 

sophisticated model that covers comprehensive 

aspects relating to the bonding of orbitals, energies, 
chemical reactions, and their characterizations. From 

these orbitals are the highest occupied molecular 

orbital (HOMOs) which occupies by electrons in it and 
have the highest energy. The other one is the lowest 

unoccupied molecular orbital (LUMO), which has no 

electrons and the lowest energy. The values of those 

molecular orbitals were computed for ZnSNPs before 
and after adding PEG polymer using the DFT method 

with a 6-113G** basis set. By determining the HOMO, 
LUMO energies and the HOMO-LUMO (E𝒈) that are a 

valuable index of the interaction system, electronic 

properties IP, EA, Ef, Eg, 𝐶𝑝, χ, η, Ѕ and ω, were 

calculated using the (1–10) Equations. Table (4) 

demonstrates the electronic properties of ZnS–NP 

clusters before and after adding PEG4000 at room 
temperature. It was observed an agreement of E𝒈 

experimentally and theoretically around 4.2 (grey 
shaded) and 4.03 eV, respectively, for the ZnS cluster. 

Similarly, there are (4.5 eV - exp) and (4.459 eV - DFT) 

concerning ZnS-PEG. Figure (4) clarifies HOMO and 

LUMO MOs for mentioned molecules, where the energy 
gap (E𝒈) increases with adding polymer, indicating the 

effect of the PEG molecule on the ZnS particles as a 

capping agent, indicating the quantum confinement 

concept strongly, the greater value for the band gap 

(the smallest nanoparticle diameter) (44). 
 

Table 4: Computed electronic features of ZnSNPs 

before and after adding PEG polymer at room 

temperature. 

Properties Zn3S3 (DFT) 
Zn3S3

 /PEG 

(DFT) 

EHOMO - 7.0199 - 6.7014 

ELUMO - 2.9886 - 2.2323 

Ef / eV - 5.0043 - 4.4668 

E𝒈/ eV 4.0310 4.4599 

E𝒈 / eV 
4.2000  

(Exp) 
4.5000  (Exp) 

IP  / eV 7.0199 6.7014 

EA / eV 2.9886 2.2323 

𝑪𝒑 / eV - 5.0043 - 4.4668 

χ   /  eV 5.0043 4.4668 

η   / eV 2.0156 2.2323 

S  / (eV)-1 0.4961 0.4479 

𝛚  / eV - 6.2122 - 4.4691 

3.3. Molecular Electrostatic Potential 

To evaluate the connections and interactions of non-

covalent inside molecules with intermolecular distance 

and to examine the attractive or repulsive interactions, 
nonlocalized dispersion among the structures 

reactions, molecular electrostatic potential (MEP) 
diagram, and densities of the electron with charge 

were utilized (45) using B3LYP calculations with basis 

set 6-311G(d,p). The zones of these interactions were 

described in Figure (5) for a titled molecule to visualize 
three interaction areas based on the electron density 

function (46). 

 
The being of hydrogen bonding is presented in blue 

zones. Red patches indicate the repulsive interactions 

and the green zones refer to the Van der Waals 

bonding (VdW) (46). Figure (5) shows the transfor-
mation of the colored from a cluster of Zn3S3 into 

Zn3S3/PEG4000 (a to b), respectively. Furthermore, 

The advantage of the molecular electrostatic potential 
scheme is that it is a useful tool for investigating 

reactivity to electrophilic or nucleophilic attacks in the 

studied systems depending on the charge distribution. 

The colored line shown in the upper edge in Fig. (5) is 
color-coded of the system referring to two regions (the 

range from -8.065×10-2 (red) to 8.065×10-2 (blue) and 

from -4.036×10-4 to 4.036×10-4 for ZnS cluster and 
Zn3S3-PEG-4000 surfaces respectively; the negative 

charge densities in red color represent the acceptor of 

the H-bonding of molecules. Meanwhile, the second 

zone demonstrates positive charge densities in the 

blue ruler for the donor of the H-bonding (47). 

 

On the other hand, If all Zn3S3/PEG4000 surfaces are 
plotted with all iso-surface values, only the top surface 

will be seen. To see all the studied molecules' surfaces, 

it can simply plot each surface as a contour around the 
molecule, as shown in Figures (5- c and d) for the 

Zn3S3 cluster and Zn3S3/PEG4000 surface, respec-

tively. 
 

 

 

 
 

 

 

 

 

ZnS/PEG (Exp) Zn3S3/PEG (DFT) ZnS (Exp) Zn3S3 (DFT) 

Functional 
group 

The range 
Functional 

group 
The range 

Functional 
group 

The range 
Functional 

group 
The 

range 

Zn – S 657–416 Zn–S 660–416 Zn – S 648–416 Zn – S 412 

C– O –C 1110 C– O –C 1120     

O – H 3760 O – H 3480 O – H 3221   
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Figure 4: Frontier molecular (HOMO&LUMO) orbitals and E𝒈 of ZnSNPs cluster (on left), for Zn3S3/PEG4000 

(on right). An increase in E𝒈 around 0.43 eV with adding PEG polymer indicates the enhancement for nano 

features. 

 
 

Figure 5: Charge density distribution as color-coded ruler in upper edge (red color for negative charge and 

blue for positive), MEP isosurface surfaces diagram of Zn3S3 (a) Zn3S3_PEG4000 (b), MEP contour surface of  
Zn3S3 (c) Zn3S3_PEG4000 (d). 

ELUMO= - 0.082035 Hartree = - 2.2322872 eV 

EHOMO= = - 0.24627 Hartree = - 6.701351478 eV 

E𝒈 = 0.1639 Hartree = 4.4599 eV E𝒈 = 0.14814 Hartree = 4.0314 eV 

ELUMO= - 0.10983 Hartree = - 2.9886281 eV 

EHOMO = - 0.25798 Hartree = - 7.01999 

HOMO   MOs 

LUMO   MOs 

a b 

c d Zn3S3 
Zn3S3-PEG4000 
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4. CONCLUSION 

 
Structural and electronic features of a cluster of three 

atoms of Zn and three atoms of S (Zn3S3) have been 

calculated theoretically for the first time using the DFT 

computations with the hybrid B3LYP and 6-311G (d, p) 
basis set. The same calculations have been conducted 

for the mentioned molecule after adding the PEG4000 

polymer (Zn3S3/PEG4000). The spectral lines, such as 
FTIR spectra, were analyzed, and a comparison has 

been made between the two structures experimentally 

and theoretically. A strong agreement of active peak 

position between experimental and theoretical spectra 

was found. 

 

Vibrational frequencies assigned around the range 0–
4000 cm-1 were systematically analyzed, and 12 

modes of vibration of the Zn3S3 molecule and 36 

modes of the Zn3S3/PEG4000 compound were 

observed. In addition, the energies of HOMO and LUMO 

orbitals were calculated and illustrated to evaluate the 

Energy gap (E𝒈). A remarkable effect of the polymer 

after adding to the ZnS cluster was noticed on the 

Energy gap, where the gap increases from (4.031 to 

4.459) eV, and these findings are in agreement with 
the experimental value indicating the quantum 

confinement concept strongly, the greater value for the 

band gap (the smallest nan particle diameter). The 
molecular electrostatic potential (MEP) diagram and 

charge densities of isosurface and contour diagrams 

were estimated, showing these compounds' 

nucleophilic and electrophilic attack. 
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Abstract: The rapidly increasing prevalence of Alzheimer's disease (AD) poses a significant global public 
health threat. While medications such as Donepezil, Galantamine, and Rivastigmine are used, their serious 
side effects and limited healing fail to provide a definite cure. Consequently, combination therapies are being 
explored to enhance the efficacy of existing drugs. This study aims to evaluate the anti-acetylcholinesterase 
activities of previously identified nutraceutical and metabolite compounds, namely Queuine, Etoperidone, and 
Thiamine. Combined use of Queuine with Donepezil, Etoperidone, and Thiamine on acetylcholinesterase 
enzyme inhibition is also evaluated. The effects of the drug combinations on cell viability and 

acetylcholinesterase inhibition were investigated by using safe doses determined for each drug. The cytotoxic 
effect of drug combinations was investigated on the SH-SY5Y cell line using the RTCA method. All the 
individual or drug combinations were non-toxic to neuronal cells. Anti-acetylcholinesterase activities were 
estimated by Ellman’s method yielding the inhibition percentages as 70%, 61%, 45%, and 51% for Donepezil, 
Etoperidone, Queuine, and Thiamine, respectively. When drug combinations were analyzed, competitive 
inhibition resulted for Queuine+Donepezil and Queuine+Thiamine, the enzyme inhibition percentages being 
diminished to 47% and 21%, respectively. A significant synergistic effect was observed for 

Queuine+Etoperidone with the highest inhibition of 74%. This study provides the first evidence of the 

nutraceutical molecule Queuine's impact on acetylcholinesterase inhibition and the synergistic effect of 
Queuine and Etoperidone as a potent drug combination surpassing the effectiveness of Donepezil. Queuine 
and Etoperidone synergism may serve as a potential AD treatment by further in vivo validations. 
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1. INTRODUCTION 

 
Alzheimer's disease (AD) is a neurodegenerative 
disorder posing a significant challenge in identifying 
effective treatments due to its intricate etiology. 
While the exact cause of the disease is unknown, 
recent insights into disease progression have led to 

several hypotheses such as the cholinergic 
hypothesis which is reflected by reduced levels of 
acetylcholine due to overexpression of 
acetylcholinesterase enzyme (AChE), amyloid beta 
(Aβ) related cascade which involves plaque aggre-
gation, neurofibrillary tangle formation, mitochon-
drial dysfunction, metal toxicity, and generation of 

reactive oxygen species. Current therapeutic drug 
options for AD patients include; Donepezil, 
Galantamine, and Rivastigmine which are marketed 

as AChE inhibitors, and Memantine which is the N-

Methyl-D-aspartate receptor antagonist, as approved 
by the FDA. Donepezil is a synthetic drug, while 
Galantamine and Rivastigmine are obtained from 
natural sources. 
 
Emerging studies reported a close correlation 

between these disease-related hypotheses. Castro 
and Martinez (2006) showed that other than the 
cholinergic function, AChE owns a secondary non-
cholinergic function which is controlling Aβ deposition 
(1). It is suggested that the interaction of AChE with 
Aβ protein may enhance the aggregation of insoluble 
plaques in AD patients (2,3). AChE enzyme 

possesses two crucial binding sites: peripheral 
anionic site (PAS) and catalytic active site (CAS). 
Drugs that bind to CAS and PAS are reported to have 
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a dual effect of boosting acetylcholine levels and at 
the same time preventing Aβ plaque formation (4,5). 
In another study, the generation of Aβ plagues was 

reported to promote the glutamate receptors and 
increase calcium ion expression leading to neural loss 
(6). Deposition of Aβ aggregates may also trigger 
oxidative damage and inflammation contributing to 

AD progression (7). Hence, there is an emerging 
need for a dual-site multi-target drug that would 
impact two main concerns: AChE inhibition through 
interacting with the CAS and preventing Aβ plague 
aggregation through interacting with the PAS. Drugs 
that bind to the PAS of AChE may also hinder 

substrate binding by blocking the entrance of the 
gorge of the active site as well (8). Recent studies 
have suggested that targeting various pathways, 
having fewer side effects, and demonstrating long-
term therapeutic effects, make natural-derived 
active compounds promising approaches in 

Alzheimer's disease (AD) treatment (9). A new road 

to AD pharmacological treatment is thus designing 
dual-binding site natural origin inhibitors. Stemming 
from this emergence of new generation AChE 
inhibitors, a recent study conducted to inhibit plaque 
aggregation through AChE inhibition by natural 
compounds curcumin and piperine demonstrated 
promising neuroprotective effects in SH-SY5Y cells. 

Furthermore, the combined use of these compounds 
achieved a synergistic effect with a better outcome 
than individual usage (10). 
 
Nutraceuticals are derived from isolated phytoche-
micals, often in their pure form or as mixtures of 

flavonoids (e.g. Quercetin, Epigenin, and 
anthocyanins), phenolic acids (e.g. Catechins, Gallic 

Acids, curcumin, resveratrol, and epigallocatechin-3-
gallate), and alkaloids (e.g. morphine, strychnine, 
quinine, ephedrine, and nicotine). Several studies 
have demonstrated the effects of natural phytoche-
micals on Alzheimer's disease treatment and 

nutraceutical-based drug discovery (11). However, 
more research is needed to explore the synergistic 
effects of these isolated metabolites. A recent study 
was conducted to examine the synergistic effect of 
herbal extracts on anti-acetylcholinesterase activity. 
Compounds that are extracted such as gallic acid, 
palmatine, berberine, etc. were tested for their 

inhibitory activity. Palmatine and berberine 
combined use was reported to have a synergistic 
effect by binding to the PAS region, blocking the 
gorge, and hindering enzymatic activity (8). In 

another recent study, it was demonstrated that the 
crude extract exhibited a promising cholinesterase 

inhibitory and neuroprotective effect against Aβ25-
35 cytotoxicity, in comparison to the fractions 
containing Hinokinin and Cubebin lignan (12). Choi 
et al. (2013) investigated the neuroprotective effects 
of flavonoids against amyloid beta (Aβ) and 
discovered that flavonoids inhibited Aβ aggregation 
and Aβ-induced cytotoxicity in PC12 neuronal cells. 

(13). They specifically studied two isolated 
flavonoids, daidzein, and baicalein, and observed 
that while they individually exhibited similar anti-Aβ 
properties, their combination significantly reduced 
Aβ aggregation. This finding suggests the potential 
of baicalein and daidzein as promising approaches in 
developing nutraceuticals for Alzheimer's disease 

treatment in the future. Coqueiro et al. (2023) 
studied the AChE inhibitory effect of the alkaloid 
fraction obtained from Piterogyne nitens. (14). They 

identified three isoprenylated guanidine alkaloids 
(Galegine, Ptero-gynidine, and Pterogynine) from the 
ethanol extract of leaves of P. nitens, all of which 
exhibited potential anti-acetylcholinesterase activity. 

The highest inhibi-tion was observed with Pterogy-
nidine. 
 
Hybridization of the available drugs such as donepezil 
and tacrine by combining indanone and quinoline 
heterocyclic scaffolds was also studied. Several 

hybrid ligands were synthesized and tested for their 
cholinergic and non-cholinergic functions. Promising 
hybrid new leads that serve as modifying agents 
against AD by increasing the cholinergic function, 
decreasing the Aβ toxicity, and promoting neurite 
outgrowth were discovered (15). In another recent 

study individual and drug combinations of donepezil, 

tacrine, berberine, and galantamine were investi-
gated and it was found that the berberine + galan-
tamine drug combination produced the most potent 
synergism and reduced the total drug dose by 72% 
(16). 
 
Recently, we conducted a systematic in silico 

strategy with in vitro evaluation to identify natural-
derived molecules as potential AChE inhibitors in AD 
treatment. Three lead compounds namely, Queuine, 
Thiamine, and Etoperidone were identified as 
promising AChE inhibitors and interactions were 
compared with FDA-approved synthetic and natural 

source drugs namely Donepezil and Galantamine 
(17). Queuine and Thiamine (Vitamin B1) are 

classified as nutraceuticals, while Etoperidone is a 
metabolite. These compounds yielded good docking 
scores and performed essential interactions with CAS 
and PAS sites of AChE that are crucial for the enzyme 
functioning. These interactions were prolonged as 

monitored by molecular dynamics simulations. Previ-
ous literature studies have already demonstrated the 
inhibitory effect of Thiamine on AChE (18, 19). 
However, Etoperidone and Queuine have not been 
evaluated for AChE inhibitory activity yet. Previous 
literature studies reported that Etoperidone was 
inter-linked to tau-hyperphosphorylation and Queu-

ine was engaged in an amyloid-beta-related cascade 
(20-22) Hence in our previous work two new 
promising AChE inhibitors: Queuine and Etoperidone 
that may have a multi-target activity were proposed 

for the first time. 
 

Considering the putative role of both CAS and PAS 
regions of AChE in managing disease control, it is 
evident that dual-binding site inhibitors may acquire 
importance for AD treatment. Thus, in the present 
study, we aim to further support our previous 
findings with enzyme inhibition assays and obtain a 
relative comparison for AChE inhibition among our 

lead molecules both individually and in combined use 
forms. The results of the present study are hoped to 
pave the way to propose drug or drug combinations 
of natural origin, namely Queuine, Etoperidone, and 
Thiamine, that would have dual-site binding to AChE 
and result in high enzyme inhibition. In short, we aim 
to shed light on the combined use of a PAS-effective 
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drug with a CAS-effective one. Would this lead to a 
synergistic effect which in turn would result in a 
boosted inhibitory action as compared to individual 

use of both drugs or contrary to what we expect 
would facilitate a competitive antagonism and hinder 
the individual inhibitory activities? In the present 
study, we tested both individuals and combinations 

of Queuine with other lead compounds using RTCA 
cell culture assay and Ellman’s method for AChE 
assay (23) to address these issues. This research 
aims to propose novel drugs and drug combinations 
with low-risk and dual-action properties that may 
have therapeutic potential to address AD. 

 
2. EXPERIMENTAL SECTION 
 
2.1. Chemicals and Reagents 
The chemical compounds used in the experiments, 
namely Donepezil hydrochloride (Catalog No: 

D6821) and Galantamine hydrobromide (Catalog No: 

G1660), Thiamine hydrochloride (Catalog No: 
T1270), were purchased from Sigma-Aldrich. 
Etoperidone hydrochloride (Catalog No: sc-211494) 
and Queuine hydrochloride (Catalog No: sc-394021) 
were obtained from Santa Cruz Biotechnology. The 
other chemical compounds used in the study were 
purchased from Sigma-Aldrich Co. (St. Louis, MO, 

USA). This study utilized SH-SY5Y (human 
neuroblastoma) cell lines. The SH-SY5Y cell line 
(CRL-2266) was provided by ATCC. 
 
2.2. Cell Culture 
After dissolving the cell line stored in a nitrogen tank 

for long-term use, the cells were removed from the 
culture dish with a 0.25 Trypsin/EDTA solution when 

they reached 70% density in the culture flasks. The 
cells were incubated in DMEM (Capricorn) 
supplemented with 10% heat-inactivated fetal 
bovine serum (FBS) and 0.1 mg/mL of penicillin at 
37°C with 5% CO2. The medium was refreshed every 

48 hours, and passages were made every 5 days 
based on cell confluency. 
 
2.3. Real Time Cell Analysis (RTCA) of 
Candidate Drugs in SH-SY5Y Cell Line 
In our previous study, the optimal safe doses were 
determined for Donepezil, Thiamine, Queuine, and 

Etoperidone. In this study, we evaluated the 
competitive effects of Queuine in combination with 
Donepezil, Etoperidone, and Thiamine on cell growth 
and viability in cell culture using real-time cell 

analysis (RTCA, xCELLigence). The RTCA system is 
an analytical technique that enables real-time 

monitoring of cellular events, such as proliferation, 
by measuring the electrical impedance passing 
through microelectrodes integrated beneath 
specialized plates. A 16-well e-plate compatible with 
the RTCA device, consisting of two plates with eight 
wells each, was used. Initially, 100 μL of DMEM 
containing 15% FBS was added to cell culture to the 

wells to obtain the background density. 
Subsequently, 3x104 cells were seeded in the culture 
medium at 100 μL. After 24 hours, the determined 
concentration ranges were applied individually and in 
combination. Previous studies on Donepezil indicated 
no significant impact on cell viability up to 10 μM, but 
a decline in cell viability was observed after reaching 

15 μM (24). Referring to our previous study, we 
administered the safe dose of 15 μM for Donepezil on 
the SH-SY5Y cell line (17). Similarly, we used our 

previously determined safe doses on SH-SY5Y cell 
lines for the rest of the drugs as well. The safe doses 
were: Queuine (1.25 μM), Etoperidone (70 μM) and 
Thiamine exhibited no toxicity even at high doses. 

Referring to our previous study, we applied a 
concentration of 600 μM for Thiamine (17). To assess 
the synergistic effects of Queuine with Donepezil, 
Etoperidone, and Thiamine on cell viability, we 
administered a combination of Queuine at a safe 
concentration of 1.25 μM, Donepezil at 15 μM, 

Etoperidone at 70 μM, and Thiamine at 600 μM. Each 
selected dose was applied to two different wells. The 
first two wells were assigned as the control group 
without drug treatment. The growth curve was 
obtained from the data generated by the RTCA device 
48 hours after drug administration. The RTCA 

experiments were repeated three times for each drug 

group. 
 
2.4. Protein Estimation Assay 
The required proteins for the Ellman method (23-25) 
were obtained from the SH-SY5Y cell line. A cell 
seeding of 1.2 x 106 cells per petri dish was perfor-
med. After 24 hours of seeding, drug administration 

was carried out at predetermined doses. Following a 
48-hour incubation period with the drugs, the petri 
dishes were washed with PBS and 100 µL of RIPA cell 
lysis buffer were added. The proteins were collected 
by scraping the petri dish surface. The protein 
quantity was determined using the BCA 

(Bicinchoninic Acid) (26) method. 
 

2.5. Acetylcholinesterase Enzyme (AChE) 
Inhibition Assay 
Ellman's method involves the hydrolysis of acetyl-
thiocholine iodide by AChE enzyme or butyryl-
thiocholine chloride by BChE enzyme, resulting in the 

formation of thiocholine. Thiocholine then reacts with 
the Ellman's reagent, 5,5'-dithiobis (2-nitrobenzoic 
acid) (DTNB), producing a yellow-colored 2-nitro-5-
thiobenzoate (TNB) which can be detected at 405 
nm. The rate of yellow color production is measured 
at 405 nm to indicate enzyme activity. AChE activity 
was determined using a 96-well microplate reader 

(OMEGA). A 200 μL protein solution (2 mg/mL, 0.1 
M phosphate buffer, pH 8.0) as enzyme source was 
mixed with a 100 μL solution of DTNB (3.3 mM, 0.1 
M phosphate-buffered solution, pH 7.0) containing 

NaHCO3 (6 mM), and 500 μL phosphate buffer (pH 
8.0). After incubating for 3 minutes at 25 °C, AChE 

activity was evaluated by measuring the change in 
absorbance at 405 nm using a spectrophotometer. 
This experiment was repeated three times. 
 
2.6. Statistical Analysis 
All analysis data obtained from the RTCA device and 
the data read by the microplate reader (OMEGA) 

were documented using the MARS application. RTCA 
data were analyzed using GraphPad Prism 9.5.1 
software to determine the significance compared to 
the control group. Statistical analysis was performed 
using one-way ANOVA with multiple comparisons 
using the Tukey test. 
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3. RESULTS AND DISCUSSION 
 
3.1. Interactions of Drug Molecules with AChE 

In our previous study, we conducted systematic 
simulations including virtual screening, natural 
database generation, molecular docking, molecular 
dynamics, MM-GBSA binding free energy 

calculations, and ADMET analysis to propose 
promising natural molecules with anti-acetylcho-
linesterase activity. The identified compounds were 

Thiamine, Queuine, and Etoperidone which interact 
with important binding sites and possess dual binding 
properties to CAS and PAS of AChE (Figure 1).

 

 
Figure 1: Structures of AChE inhibitors investigated in the present study. 

 

The details about the methodology can be found in 
Girgin et al. (2023) (17). The docking scores for 
AChE and half inhibitory concentration (IC50) of each 

compound were determined on SH-SY5Y cell lines. 
The docking scores obtained were -10.1, -10.1, and 
-13.4 kcal/mol for Queuine, Thiamine, and 
Etoperidone, respectively which may be compared to 
two control benchmark drugs namely Donepezil and 
Galantamine yielding -14.8 and -8.1 kcal/mol, 
respectively. The interactions with CAS and PAS 

regions of AChE were also investigated by molecular 
docking and molecular dynamics simulations. Results 
revealed that Queuine interacts mainly with PAS 
similar to Galantamine, while Etoperidone and 
Thiamine interact with both CAS and PAS of AChE 
similar to Donepezil (Figure 2). As depicted in Figure 
2, the CAS residues of AChE are His 447 and Ser 203 

and PAS residues consist of Asp 72, Asp74, Tyr124, 
Ser 125, Trp 286, Tyr 337, and Tyr 341. 
 
IC50 values that reflect the relative potencies of each 
drug were determined by in vitro cell culture assay 
on SH-SY5Y cells using RTCA and MTT assays. IC50 

values were 70.9, 712.8, 18780.3, 222.2, and 556.0 
μM for Queuine, Etoperidone, Thiamine, Donepezil 
and Galantamine, respectively. Among these 
Queuine has the highest potency with a much lower 
IC50 value as compared to both Donepezil and 
Galantamine. In light of this work, we further 
supported these findings with individual and 

combined drug use experiments on SH-SY5Y cell 
lines and enzyme inhibition tests to explore 

synergistic and/or competitive effects on anti-
acetylcholinesterase activity. 
 

3.2. RTCA Assay: Effects of the Reagents on Cell 
Viability 
The effects of Donepezil, Etoperidone, and Thiamine 
as well as the combinations of Queuine with 
Donepezil, Etoperidone, and Thiamine on cell growth 
and proliferation were determined using the 
xCELLigence Real-Time Cell Analysis (RTCA) system 

on the human neuroblastoma SH-SY5Y cell line. For 
this purpose, SH-SY5Y cells were exposed to safe 
concentrations determined in our previous study: 
Donepezil (15 μM), Etoperidone (70 μM), and 
Thiamine (600 μM), as well as Queuine (1.25 μM). 
Additionally, the combinations of Queuine with FDA-
approved Donepezil and our candidate compounds 

Thiamine and Etoperidone were tested at the 
following concentrations: Queuine with Donepezil 
(1.25 μM - 15 μM), Queuine with Etoperidone (1.25 
μM - 70 μM), and Queuine with Thiamine (1.25 μM - 
600 μM). After 48 hours of exposure, the relative cell 
viability was calculated. The synergistic effects of 

Queuine with Donepezil, Etoperidone, and Thiamine 
were evaluated using the xCELLigence RTCA system, 
and the cell index percentage graphs obtained are 
presented in Figure 3. In Figure 3, the cell indices are 
as follows: Donepezil (15 μM) 86%, Etoperidone (70 
μM) 79%, Thiamine (600 μM) 88%, Queuine (1.25 
μM) 92%, Queuine with Donepezil 90%, Queuine 

with Etoperidone 91%, and Queuine with Thiamine 
101%. When comparing the RTCA results of the two 
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studies for the safe doses we found in our previous 
study and used in this study, which are Donepezil (15 
μM), Etoperidone (70 μM), Thiamine (600 μM), and 

Queuine (1.25 μM), the results were consistent with 
each other (17). According to the percentage cell 

density graph presented in Figure 3, no significant 
cytotoxicity of the candidates on the cell line was 
observed with *P<0.05, **P<0.01, and ***P<0.001 

levels of significance. 

 

 
 

Figure 2: Binding site interactions of lead compounds Thiamine (A), Queuine (B), and Etoperidone (C) with 
AChE active site. 

 
 

 
Figure 3: Viability of SH-SY5Y cells as a percentage graph compared to the control group after exposure to 
selected concentrations: Donepezil (15 μM), Etoperidone (70 μM), Thiamine (600 μM), and Queuine (1.25 

μM). The last three columns represent the percentage graph of cell viability for the synergistic effects of 

Queuine with Donepezil, Etoperidone, and Thiamine. Sequentially, cell index (Control%): Donepezil (15 μM) 
86%, Etoperidone (70 μM) 79%, Thiamine (600 μM) 88%, Queuine (1.25 μM) 92%, Queuine with 

Donepezil 90%, Queuine with Etoperidone 91%, and Queuine with Thiamine 101%. The results represent 
the average ± SEM of experiments repeated three times at different time points with the same 

concentration ranges. When compared to the control, *P<0.05, **P<0.01, and ***P<0.001 indicate 
significant differences. 
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Figure 4: The results of the RTCA analysis: The cells were not treated with any drug for the first 24 hours. 

After 24 hours, different concentrations of drugs, both individually and in combination with Queuine, 
Donepezil, Etoperidone, and Thiamine at their respective safe concentrations, were applied. Following drug 

application, the cell index was measured continuously for 48 hours. 
 
The cell index graphs obtained from the xCELLigence 
RTCA system were shown separately for Donepezil, 

Etoperidone, Thiamine, Queuine, and the combina-
tions of Queuine with Donepezil, Etoperidone, and 
Thiamine in Figure 4. The safe dose ranges were 
consistent with the previous study, and no 
cytotoxicity was observed. Additionally, there was no 
significant toxic effect on cell viability and 

proliferation with the combination of Queuine with 
Donepezil, Etoperidone, and Thiamine. 

 
 

3.3. Measurement of Acetylcholinesterase 
(AChE) Levels Using the Ellman’s Method 

The enzyme inhibition results are shown in Figure 5. 
Our synthetic control group, Donepezil achieved 70% 
inhibition on AChE, while our natural-sourced control 
group Galantamine showed 44% inhibition. Among 
our three lead candidates, Etoperidone, Queuine, and 
Thiamine provided 61%, 45%, and 51% inhibition, 

respectively. When Queuine combined with Done-
pezil, Etoperidone, and Thiamine their synergistic 

effect on AChE inhibition was examined, resulting in 
47%, 74%, and 21% inhibitions, respectively.

 

 
Figure 5: Percentage inhibition of AChE by study samples using Ellman’s Method. Values are mean ± 

standard deviation, n=3. Samples were compared with controls Donepezil (DNP) and Galantamine (GLN), 
and the differences between the bar pairs marked with ** (p<0.005) and *** (p<0.001) were statistically 

significant. DNP: Donepezil; GLN: Galantamine; ETO: Etoperidone; QUE: Queuine; THNM: Thiamine. 
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When evaluating the percentage of AChE enzyme 
inhibition graphs, a significant difference was 
observed between Donepezil and Thiamine at 

(p<0.005). Significant differences were found 
between Donepezil and all candidate groups except 
for Thiamine at (p<0.001). Additionally, a significant 
difference was observed between Galantamine and 

Etoperidone at (p<0.005). The difference was also 
significant between Galantamine and the groups of 
Queuine+Etoperidone and Queuine+Thiamine at 
(p<0.001). 
 
 

Enzyme inhibition percentages are presented in 
Table 1. The values reveal that Queuine and 
Galantamine exhibit similar AChE inhibitory activity 

with inhibition percentages of 45% and 44% 
respectively. Regarding Queuine, its impact on 
amyloid has been reported in a previous study 
conducted on the microglia cell line (22). 

Additionally, it is suggested that Queuine may 
possess cholinergic activity through AChE inhibition. 
These findings support us in silico studies. Hence, we 
propose Queuine as a candidate multi-target 
nutraceutical compound probably being involved 
both in cholinergic and non-cholinergic amyloid-

related mechanisms. 
 

Table 1: % AChE enzyme inhibition values 

Samples % AChE inhibition SEM +/- 

Donepezil 70 3.52 

Galantamine 44 10.04 

Etoperidone 61 4.09 

Queuine 45 5.16 

Thiamine 51 0.24 

Donepezil+Queuine 47 0.71 

Thiamine+Queuine 21 1.36 

Etoperidone+Queuine 74 0.23 

 
In clinical trials, it has been reported that 

Etoperidone can inhibit the reuptake of serotonin, 
norepinephrine, and dopamine in the central 
transmission of serotonin (27,28). It has been 

indicated that several clinical trials involving 
etoperidone and its derivatives (trazodone, 
haloperidol) are primarily focused on the treatment 
of sleep disorders and Alzheimer's disease (AD) 
(20,21,29,30). However, the precise molecular 
mechanism underlying this treatment has not been 
fully understood. In this study, the inhibition of AChE 

by Etoperidone is demonstrated. Etoperidone 
produces a comparable inhibitory action with 
Donepezil, the AChE inhibition values being 61% and 
70% for Etoperidone and Donepezil, respectively. 
These results substantiate the accuracy of our 
previous in silico study. To elucidate the combined 

effect of PAS-effective and CAS-effective drugs, we 
conducted combined drug use experiments with 
Queuine specifically. It is worth noting that the 
combined use of Queuine with Donepezil, and 
Queuine with Thiamine produced a competitive 
inhibition by hindering the individual inhibition 
values. This may stem from the fact that when 

Queuine binds to PAS, it may prevent the entry of 
Donepezil and Thiamine into the active site gorge, 
leading to a competitive antagonism. Contrarily, we 
observed a significant synergistic effect for the 
combined use of Queuine and Etoperidone, which 
resulted in a boosted inhibitory value as compared to 
individual use of both drugs. The highest % AChE 

inhibition value was obtained for this combined use 

of Queuine+Etoperidone, which may be suggested as 

a promising drug therapy for AD treatment. 
 
In previous literature studies investigating combined 

therapies, it has been noted that drugs binding to the 
peripheral anionic site (PAS) of acetylcholinesterase 
(AChE) could impede substrate binding by blocking 
the entrance to the active site gorge (8,16). 
Consequently, Queuine may obstruct the entry of 
both Donepezil and Thiamine into the gorge towards 
the catalytic anionic site (CAS), preventing their 

interaction with both CAS and PAS. This interference 
may hinder the individual inhibitory actions of 
Donepezil and Thiamine in the presence of Queuine. 
On the other hand, the scenario may differ with 
Etoperidone, as it could potentially enter the gorge 
before Queuine. As a result, Etoperidone might 

interact with the CAS, while Queuine simultaneously 
interacts with PAS. This dual interaction could lead to 
an enhanced inhibitory action. Upon analyzing the 
raw data from our previous molecular dynamics (MD) 
simulation results (17), comparing binding types and 
residues involved in binding interactions, we can 
assert the following: Queuine and Etoperidone, 

where a synergistic effect was observed, do not 
exhibit overlapping binding positions that would 
interfere with each other over the 100 ns MD 
simulation period. While Queuine shows a more 
active binding in the PAS region, Etoperidone 
demonstrates a stronger binding in the CAS. Despite 
the overlapping nature of these results, it is crucial 

to note that the synergistic effect presented in this 
study is highlighted for the first time, and thus its 
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implications need further comprehensive clarification 
through additional experimentation consistent with 
the results obtained from the Ellman method. 

 
4. CONCLUSION 
 
Queuine and Etoperidone were previously suggested 

to have neuroprotective effects in amyloid-beta 
plaque accumulation and tau-hyperphosphorylation, 
respectively (20-22). Neither of them has been 
mentioned as AChE inhibitors until now. In this 
study, we propose Queuine and Etoperidone as 
potential AChE inhibitors in addition to previously 

discovered amyloid-beta-related functions. Queuine 
is a nutraceutical molecule performing similar 
interactions and comparable enzyme inhibition 
values with Galantamine in the AChE PAS region. 
However, when their effectiveness in terms of 
dosages was compared, the IC50 value for Queuine 

was determined as 70.9 µM, while for Galantamine it 

was 556.0 µM. This indicates that Queuine provides 
its therapeutic effect at a lower dose, i.e. more 
potent than Galantamine. Queuine may serve as a 
multi-target drug that is effective both in cholinergic 
and amyloidogenic mechanisms and Queuine alone 
may serve as a strong drug candidate to replace 
Galantamine. 

 
We suggest that the AChE interaction of Queuine in 
the PAS may be the basis of its effect on amyloid-
related action. Etoperidone also has similar interac-
tions and comparable enzyme inhibition values with 
Donepezil. Both can bind to CAS and PAS at the same 

time. However, Donepezil was found to be more 
potent than Etoperidone, with IC50 values being 

712.8 and 222.2 µM, respectively. For this reason, 
Etoperidone alone is not as effective as Donepezil. 
Considering the synergistic effect studies, the 
combined use of Queuine and Etoperidone creates a 
significant synergistic effect, resulting in a higher 

enzyme inhibition than Donepezil, which also has not 
been reported in the literature before. Queuine and 
Etoperidone are of nutraceutical and metabolite 
origin, while Donepezil is a synthetic drug. This fact 
may be another advantage of substituting Donepezil 
with this drug combination as economic and toxicity 
issues are concerned. The results of the present 

study suggest alternative low-risk novel natural 
drugs and drug combinations having therapeutic 
potential and dual-action to combat AD. 
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Abstract: A de novo designed biomolecule called INASHD was utilized through computer-aided drug design 
techniques to specifically target β2-spectrin, effectively suppressing and preventing NASH disease. Advanced 
computational software tools concerning the technologies of molecular docking and molecular dynamics (MD), 
were employed to showcase the drug's remarkable ability to efficiently suppress and control the α-helical 
topology of β2-spectrin. This protein is a vital component within the disease pathway. We successfully devised 

an effective design suppressing β2-spectrin, exhibiting an inhibition score surpassing any other molecule 
documented in scientific literature. With robust support from validated computational software, this 
bioorganic structure holds significant value and can be applied for a patent due to its innovative design. It 
shows promising potential for delivering positive outcomes in various stages, including in vitro, in vivo, ex 
vivo, and human phase studies. 
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1. INTRODUCTION 
 

Nonalcoholic fatty liver disease (NAFLD) is one of the 
most widespread disorders in the world. NAFLD is 
defined as a spectrum disorder affecting the liver that 

leads to hepatic steatosis. Nonalcoholic steatohe-
patitis (NASH) is described as an inflammatory 
subtype of NAFLD. In this condition, steatosis is 
accompanied by inflammation and hepatocyte 
damage, with or without fibrosis. It is also known 
that NASH can progress to cirrhosis in time, although 
it initially remains silent (1–5). 

 
In a recent study by Rao et al., β2-spectrin (SPTBN1) 
stimulates sterol regulatory element-binding protein 
(SREBP)-related lipogenesis, and in this way, it 

promotes hepatic cancer development in an in vivo 
model. This study also reveals that SPTBN1 silencing 
in hepatocytes protects from lipid accumulation, 

fibrotic tissue formation, and hepatic damage in the 
same animal model. Furthermore, clinical samples 
from NASH patients indicate elevated SPTBN1 
expression (6). Thus, SPTBN1 silencing and/or 
downregulation could provide a valuable route to 

develop novel therapeutic strategies for treating 
NASH. To completely eradicate NASH, it is essential 

to explore strategies such as gene silencing of 
SPTBN1, suppressing the expression of β2-spectrin, 
or inhibiting its overexpression. The initial approach 

involves regioselective drug design aimed at 
targeting particular repetitive nucleotide bases within 
the extensive 220,000-nucleotide sequence of 
SPTBN1 on chromosome 2 (7). Nevertheless, this 
proves to be a formidable challenge due to the 
demanding nature of modeling and simulation 
studies, requiring an immense amount of computa-

tional power, potentially involving thousands of GPUs 
in supercomputers, and spanning several months, if 
not years. 
 

As an alternative approach to addressing the issue, a 
potential solution lies in the development of a siRNA-
based drug that targets and suppresses the 

expression of β2-spectrin. However, caution must be 
exercised as this approach carries some risks, 
particularly concerning potential drug counter-
indications. Spectrin proteins play a crucial role in 
maintaining the structural stability of cell membranes 
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and cell morphology. Excessive suppression of 
spectrin could lead to cell membrane instability and 

loss of cell structure (6,8,9). 
 
A third strategy involves dealing with NASH, where 
there is an excessive accumulation of β2-spectrin 
due to inflammation. In this case, complete elimina-

tion of β2-spectrin, as proposed in the second 
approach, may not be desirable. Alternatively, de 
novo drug design can be employed to both inhibit and 
regulate the activity of β2-spectrin, enabling 
effective management of NASH symptoms and 
addressing the inflammatory issues within the 

affected tissue. 
 
A new drug compound named INASHD has been 

computer-aided and designed with in silico 
techniques to specifically target β2-spectrin and 
effectively combat NASH disease. Computational 
software tools, including molecular docking and 

molecular dynamics (MD), were employed to 
demonstrate the drug's exceptional efficiency in 
suppressing and controlling the α-helical topology of 
β2-spectrin. This protein plays a crucial role in the 
progression of the disease. 
 
Overall, we have successfully designed the molecule 

with a pharmaceutical organic formulation, and its 
inhibitory capabilities surpass those of any molecule 
documented in scientific literature. By substantiating 

the chemistry of this molecule with extensively 
validated computational software, it becomes a 
valuable bioorganic structure that was sent for 

patenting. Its innovative design holds the potential 
to yield promising results in various stages of testing, 
including in vitro, in vivo, ex vivo, etc. 
 
2. MATERIALS AND METHODS 
 
2.1. Theoretical Geometric Optimization 

To accurately determine the active sites of a 
molecule and investigate its interactions with 
receptors, it is essential to establish its optimal 
geometric structure. In our present study, we utilized 
INASHD as the ligand's organic chemical structure 

and analyzed its most stable molecular geometry 
using the Gaussian 09 program (10) with density 

functional theory (DFT)/B3LYP functional (11) and 
the 6-31G(d,p) basis set. This process resulted in the 
formation of the most stable molecular structures of 
INASHD with β2-spectrin (PDB ID: isolated from 
6M3P, AnkG was removed), intended for further 
computational and simulation-based research, as 

depicted in Figures 1 and 2. To prepare input files for 
molecular docking, molecular dynamics 
computations, and post-processing of output files, 
we employed GaussView 6.0 and Avogadro 1.95 
softwares (12,13). 
 

2.2. Molecular Docking Procedure 

Molecular docking simulations were conducted using 
AutoDock Vina 1.1.2 software (14), renowned for its 
exceptional precision and accuracy in biochemical 
docking simulations. A total of 800 poses were 
generated, comprising 100 poses for each 
simulation. Blind docking was employed, and the grid 
box dimensions were set to 80 × 80 × 100 Å3 (as the 

x, y, and z grid parameters, respectively). The ligand 
INASHD, designed de novo, was studied for its 

interactions with the receptor structure of β2-
spectrin, which was downloaded with the PDB id of 
6M3P and then isolated from the protein complex for 
analysis. Gauss View 6.0 and Avogadro 1.95 software 
were utilized for the optimization of the ligands and 

1BNA structures. The simulations effectively 
illustrated the interactions and binding of the drug to 
the receptor, with the docking scores represented in 
kcal/mol signifying the Gibbs free binding energy. 
From all the simulations, the initial structure and 
input file for the subsequent molecular dynamics 

(MD) simulations were selected as the docking pose 
with the most accurate and favorable binding energy, 
identified within the best-clustered data. 

 
2.3. Molecular Dynamics (MD) Simulations 
The initial structures for the MD simulations were 
chosen based on the docking poses with the most 

favorable binding energies (15–18), as previously 
reported in scientific literature. The molecular 
dynamics (MD) simulations were conducted using 
Schrödinger’s Maestro Desmond software (19), each 
spanning 50 ns with 5000 poses at 10 ps intervals. 
To ensure accuracy, each MD simulation was 
repeated five times with different seed numbers, 

confirming the correctness of the simulation 
parameters and the structures of the INASHD-β2 
spectrin complexes formed. 

 
During the MD simulations, the dynamic properties 
of the ligand-receptor complexes were continuously 

evaluated over time. The simulation area was defined 
by a grid box measuring 130 × 130 × 130 Å3 with a 
spacing of 0.5 Å, providing an extensive grid area for 

the simulations. TIP3P-type water molecules were 
included within the box, and 0.15 M NaCl ions were 
added to neutralize the system. The temperature and 
pressure conditions were set as follows: NPT at 310 
K with Nose-Hoover temperature coupling (20) and 

a constant pressure of 1.01 bar using Martyna 
Tobias−Klein pressure coupling (21). The system 
was unconstrained, and the default fitting for OPLS 
3.0 standards provided the initial velocity values for 

the forcefield calculations. 
 

Furthermore, the formation of hydrogen bonds 
during the interaction of ligands with β2 spectrin was 
investigated during the MD simulations. 
 
3. RESULTS AND DISCUSSION 
 
This in silico study offers a further comprehension of 

the non-covalent interactions between the drug and 
protein, aiming to unveil the inhibition efficiency and 
the role of hydrogen bonding in the drug binding 
mechanism. 
 

The objective is to initiate the research using 
computational and simulation tools to effectively 

illustrate how the drug aligns with the domains of β2-
spectrin (Figure 1) and subsequently assess the 
protein binding affinity, inhibition, binding 
mechanism, and overall efficacy of the drug. 
 
To reach this objective, it is essential to understand 
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that the efficacy of interactions seems to rely on 
several factors, such as the drug's external groups' 

affinity towards the protein and the binding topology. 
 
The primary concept involves the simulation and 
calculation of the theoretical stability of β2-spectrin 
under inflammatory conditions within a liver cell, 

specifically at a pH of 7.3. This stability will then be 
compared to the ∆(ΔG) (Gibbs free energy change) 
when β2-spectrin forms a complex with INASHD, 
leading to INASHD-β2-spectrin. 
 
Figure 2 illustrates the main pose of the INASHD-β2-

spectrin, taken under 3D video within Schrödinger’s 
Maestro Desmond MD software, where each MD run 

had 5000 frames. INASHD is strongly attached to the 
groove active site of β2-spectrin. Along with the MD 
results in Schrödinger’s Maestro Desmond and 
according to the cluster analyses of 100 posed trials 
from the molecular docking studies in Autodock Vina, 

it forms strong H-bonds β2-spectrin, and the 
obtained docking energies are around -14 kcal/mol. 
The drug bends the morphological alpha-helical 
structures of β2-spectrin. INASHD inhibits and bends 
the alpha-helical structure and morphology of β2-
spectrin via very strong H-bonds. 

 
 

 
 

Figure 1: De novo designed INASHD (patent pending) with 2D and 3D illustrations, geometrically 
optimized under OPLS 3.0 Force field and a pH of 7.3 to suppress NASH disease.  
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Figure 2: INASHD-β2-spectrin complex with the inhibition Δ(ΔG) binding energy of -13.9 kcal/mol.  

 

Depending on the cluster analyses in Figure 3, there 
were two main clusters, which are good result 
indicators and expected to happen for strong binding, 
inhibiting drugs as in the scientific literature. The two 
main clusters have similar binding energies that are 
around -14 kcal/mol. 
 

With such a high docking score, α-helical modulation, 
and a bioactive molecule, along with great cluster 
results that can pass in vitro and clinical tests 
depending on the data at hand and our research 
paper publishing past in this area, the molecular 
formula should be patented before going into further 
pre-clinical and clinical studies. 

 

 
Figure 3: The cluster analysis of all the docked poses. 
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4. CONCLUSION 
 

A new drug compound called INASHD was created 
using computer-based techniques to specifically 
target β2-spectrin and effectively combat NASH 
disease. Computational tools, including molecular 
docking and molecular dynamics (MD), were 

employed to demonstrate the drug's remarkable 
efficiency in inhibiting and regulating the α-helical 
topology of β2-spectrin, a protein critical in the 
disease pathway. 
 
In conclusion, we successfully designed this 

molecule with a pharmaceutical organic 
formulation, and its inhibitory potential surpasses 
that of any molecule documented in scientific 

literature. Given the strong support from validated 
computational software, this bioorganic structure 
holds significant value and has already been sent 
for patenting. Its innovative design shows 

promising potential for success in various stages, 
including in vitro, in vivo, ex vivo, and human 
phase studies. 
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Abstract: The main target of the present paper is to investigate the effect of different acidic aqueous 
media(DAAM) on the synthesis of cadmium telluride thin films(CdTeTFm). The synthesis of CdTeTFm was 
carried out by the electrochemical deposition method(EDM) in DAAM. The chronoamperometry method of 

electrodeposition(ED) was used for the production of CdTeTFm. Furthermore, the electrochemical behaviors 
of the solutions were studied using cyclic voltammetry. The experiments were carried out with 3 electrodes 
(a working electrode (WE), a reference electrode(CE), and a counter electrode(RE)) using the electrochemical 
cell potentiostatic method. The experimental conditions of the acidic aqueous CdTe solution have been 
determined to be pH 3.56-3.57, the temperature of the solution is 85°C, the concentration of CdTe  2.45x10-

1 M, and the reaction time is 25 minutes. The physical properties of CdTeTFm were determined by XRD, 
SEM/EDX, FT-IR, and UV-VIS analysis methods. According to the results of the analysis, it was observed that 

acidic aqueous media have an important role in the synthesis of CdTeTFm. The bandgap ranges and Cd/Te 
ratios of the synthesized thin films were obtained as 1.42, 1.48, 1.50, 1.58 eV, 0.65, 0.587, 0.79 and 0.738, 

respectively.  
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1. INTRODUCTION 
 
The production of CdTe thin films has been very 

attractive because they can be useful in lasers, 
biosensors, photoelectric diodes, and protein 
markers, among other application fields (1,2) solar 

cells (SCs) (1-3). Moreover, CdTe cells have emerged 
as the most widely used commercialized thin film 
photovoltaic technology (4, 5). CdTe is now the only 
thin film technology in the top ten global producers. 
This is because CdTe is a very strong and extremely 
chemically stable material that can be deposited 
using a wide range of processes, making it perfect for 

large-scale production (5). Semiconductors (SmC) 
and nanocrystals (NCs) also have interesting 
electrochemical behavior. However, the applications 
in this area are currently limited by the low solubility 

of most of the NCs in watery media and the lack of a 
complete explanation of redox mechanisms (6-8). 
SmC devices based on thin films(such as CdTe) 

strongly depend on their structural and optical 
properties(OPs) (9,10). Moreover, the OPs of thin 
films depend on surface characteristics, shape, 

crystallite size, and other variables such as doping 
(11). 
 
The highly efficient SC material "II-VI compound 
SmC," such as CdTeTFm is well known (12,13) and 
thought to be convenient due to its energy matching 
to the solar emitting spectrum and larger 

AC(absorption coefficient) natural structure (because 
of the direct transition energy band diagram and their 
values also are 1.45 eV and 1.5eV). It is almost 
optimum for photovoltaic SCs. Moreover, CdTe has a 

https://doi.org/10.18596/jotcsa.1285341
mailto:veli.simsek@bilecik.edu.tr
https://dergipark.org.trr/jotcsa
https://www.turchemsoc.org
https://orcid.org/0000-0002-8339-947X
https://orcid.org/0000-0002-3518-1572
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wide optical AC(> 105 cm−1) compared to a-Si. So, 

something that has only a few microns of CdTe can 
absorb as high as 90% of photons (14). 

 

Different growth methods, such as MBE(molecular 
beam epitaxy) (15) sputtering (16), ED (17-19), 
MOVPE (metal-organic chemical vapor deposition) 
(20) and chemical vapor deposition (21) have been 

improved. However, the ED of compound SmC thin 
films has some advantages. For example, (a) it is 
easy to check the electrical features of obtained films 
by managing deposition potential (DP) and adding 
impurities to the deposition films. (b) Because of the 
ease of device construction, it enables the production 

of wide-area films, and (c) it does not contain 
hazardous metal-organic reagents (for example, 
Ga(CH3)3; trimethylgallium). (d) It can be obtained 
at a low cost and with environmentally friendly 
energy. Furthermore, it was previously stated that 

1.5 eV is the direct transition energy bandgap of CdTe 
(22). Moreover, that is the only material that can 

check the conduction sort and conductivity of II-VI 
materials by controlling impurity addition and 
exploiting ED. 
 
Until now, the correlation between the electric 
features and the deposition conditions (which is the 
main carrier density (CD) and conduction sort) of 

CdTeTFm has been manufactured and explained 
openly by controlling the film composition and the 
DP. When the films are at a negative DP of more than 
-0.40 V versus Ag/AgCl on the positive part. In this 
case, CdTe is of the Te-rich p-type, while in the 
negative part, it is of the Cd-rich n-type (23). The CD 

of electro-deposited CdTeTFm is at most 1016 to 1017 

cm-3 (24). On the other hand, it is too low to obtain 
high-efficiency SCs that require more than 1020 cm-3. 
Thus, they researched the deposition method for 
CdTe thin films to control the transmission sort and 
CD, and stated the correlation between coating 
conditions and film features with Cu-doped CdTe (24, 

25) where Cu works as a single acceptor. In the 
literature, it was observed that different methods 
carried out the synthesis of CdTeTFm. In this 
research, the synthesis of CdTeTFm was performed 
by EDM in different acids aqueous solutions, and with 
low pH values. Hence, a comparison of CdTeTFms 
obtained using four different acid solutions was made 

for the first time. Furthermore, one of the important 

points of this study, CdTeTFm, was obtained by the 

electrochemical deposition method with perchloric 
acid (HClO4). HClO4 is a chlorine oxoacid which is a 

water-soluble, colorless liquid.  
 
In this work, CdTeTFm were obtained by using ED 
device of IVIUM VERTEX different acidic aqueous 
media. Furthermore, in the development of physical 

and chemical properties of synthesized CdTeTFm, 
mixing speed, duration, concentration, pH and 
temperature were investigated. Physical properties of 
obtained CdTeTFm were determined by XRD, 
SEM/EDX, FT-IR, and UV-VIS analysis methods. 
 

Finally, according to the analysis (SEM, XRD, etc.) 
results, it was observed that synthesized CdTeTFm 
with HClO4 acid is smoother than synthesized 
CdTeTFm with other acids (H2SO4 and HNO3). 
Moreover, SEM images of CdTeTFm don't have 

pinholes on the surface. 
 

2. EXPERIMENTAL 
 
2.1. Synthesis of CdSe Thin Films  
In this investigation, CdTeTFm was synthesized by 
using an ED device of IVIUM VERTEX in different 
acidic aqueous media. A 3-electrode ED cell was used 
for the deposition of Cd(NO3)2 containing ITO 

(indium-doped tin oxide as a WE), platinum wire 
(CE), and Ag/AgCl (RE). First, ITO-coated glass 
substrates (GSs) were washed with C3H6O and H2O 
during a certain time to ensure that no pollution was 
left on the GSs. Second, Deposition baths consisted 
of 2.45x10-1 M Cd(NO3)2, Na2TeO3, 0.1 M KCl, and 3 

drops of a solution of acid (HCl, H2SO4, HClO4, and 

HCO3). The cathodic potential was used to be -
0.45eV. Cd(NO3)2 and Na2TeO3 were used as Cd and 
Te sources, respectively. H2SO4, HCl, HClO4, and 
HNO3 acids were used to facilitate ion transfer in the 
solution medium. Synthesis conditions of CdTeTFm 
are shown in Table 1. CdTeTFm were called CdTe 

(HCl), CdTe (H2SO4), CdTe <(HClO4), and CdTe 
(HNO3), respectively. When the bath temperature 
reached 85°C, the film was formed Cd(NO3)2 and 
Na2TeO3 covered on ITO-coated GSs during the 
depositions. Hence, analysis of current densities 
(CDs) time curves for different acidic aqueous media 
of samples was carried out using EDM for 25min. The 

experimental scheme is given in Figure 1. 
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Figure 1: The experimental scheme of CdTeTFm. 
 
 

Table 1: The synthesis parameters and chemicals of CdTe thin films. 
 

Experiments HCl H2SO4 HClO4 HNO3 

Concentration (M) 2.45x10-¹ M 2.45x10-1 M 2.45x10-1 M 2.45x10-1 M 
Cathodic potential 

(V) 
-0.45 -0.45 -0.45 -0.45 

Analysis time (min.) 25 25 25 25 

pH 3.56 3.57 3.56 3.57 
Acid type HCl H2SO4 HClO4 HNO3 

Temperature (°C) 85 85 85 85 
Source of Cd (CdNO3)2 (CdNO3)2 (CdNO3)2 (CdNO3)2 
Source of Te Na2TeO3 Na2TeO3 Na2TeO3 Na2TeO3 

Revolutions per 
minute (rpm) 

800 800 800 800 

 
 
2.2.Characterization studies  
In this paper, FT-IR spectra of CdTeTFm were 
obtained in the range of 650-4000 cm-1(the Perkin 

Elmer model IR). XRD analyses of CdTe also were 
performed using 0.066 step size, CuKα (λ=1.540 Å) 
radiation with 30V (tension), 40kV (current), and 
over the range 0°<2θ<70°(Panalytical Empryan HT-
XRD). SEM and EDX mapping analyses were 
performed to obtain the surface morphology and the 

elemental composition of Cd and Te using the Zeiss 

SUPRA V 40. To determine the bandgap and 
adsorption wavelength features (OPs) of  CdTeTFm 
was used, A JASCO V–530 double-beam UV–Vis 
spectrophotometer. 

 
3. RESULTS AND DISCUSSION 
 
Figure 1 illustrates UV-Vis analyses of the CdTeTFm. 

Hence, the OPs of CdTeTFm deposited versus acidic 
aqueous media were determined with A JASCO V–
530 double-beam UV–Vis spectrophotometer. Band 
gaps of thin films have important effects on their 
performance such as solar cells. Therefore, the 
transmittance spectra of CdTeTFm are worth 

studying. It with different acidic aqueous media are 

given in Fig.2(b). It reports that CdTeTFm can absorb 
(Fig. 2(a)) almost all photons with a wavelength from 
550 nm to 1000 nm (26).
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Figure 2: OPs of CdTe thin films deposited at versus acidic aqueous media a) Absorbance, b) 
Transmittance. 

 
Figure 3 shows the CdTeTFm current densities. The 
current density depends on the thin film thickness 
and particle size (27). 
 

At 85 °C, average CDs were obtained at 0.05 
mA/cm2. In addition, it was determined that the CDs 
increased proportionally by as much as 1.1 mA/cm2 
while the temperature value increased from 58 to 
98°C. Therefore, it can be said that the reaction rate 
(RR) increases with temperature. It was observed 

that when the deposition temperature is increased, 

the molecular collision increases; thus, RR increases 
(28). Based on literature data, syntheses were 
performed at 85°C. 

 
SEM images showed they agreed with the film 
particle sizes varying depending on the CD values 
(Fig. 3, 6 (a)). Besides the high CD values of HNO3, 
the particles of CdTeTFm synthesized with HNO3 were 
larger than the other thin films (Fig. 3, 6). 

 

 

 
 

Figure 3: CD  and  time curves for different acidic aqueous media. 

 
Figure 4 illustrates the XRD samples of synthesized 
CdTeTFm with diverse acidic aqueous media. The 
spherical-shaped grains structure of CdTeTFm was 

identified by the diffraction patterns between 2Θ = 
20°−90° with main 5 peaks, which correspond to 

2Θ=111,220, 311, 440, and 112 of ordered 
hexagonal structures. All CdTeTFm had a clear (d111, 
220 and 311) CdTe main Bragg peaks occurring at 
2θ=23.72°, 30.51°, 39.22°, 45.20°, 55.52° and 
59.89°(29). The crystallite sizes corresponding to 
different aqueous media were calculated using the 
Scherrer equation (28, 30). 

 

𝑫 =
𝒌𝝀

𝑩(𝒓𝒂𝒅𝒊𝒂𝒏)𝒄𝒐𝒔(𝜽𝑩)
  (1) 

 
In the above expression of the Scherrer equation, “D” 
(the average size of the crystallites), particle shape 
factor “k” was taken to be 0.94, the wavelength of 
the X-ray is “λ” (λ= 0.1542 nm), “B” is the FWHM 
intensity, and ʘB is the Bragg angle. To determine 

the average nanoparticle crystalline size of CdTeTFm, 
the values associated with the 2Θ=d(111)  plane in the 
Scherrer equation were replaced. 
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Figure 4: The XRD spectra of CdTeTFm deposited under different acid solutions HNO3, H2SO4, HCl and 
HclO4. 

 
Despite very few shifts in the XRD d(111) main 
peaks, the crystallite sizes and FWHM(°) values of all 
thin films were 35.66 and 0.2378, respectively (Table 

2 and Fig. 4). However, film thickness affects the 
intensity of XRD peaks. Furthermore, XRD peaks of 
thick films have a low intensity (Fig. 4, d(111)). 
However, if thin films have high sensitivity, these 
films are said to crystallize very well. When well-
crystallized films are used as a permeable layer in 

solar cells, light can pass easily. This facilitates the 
passage of the photons between “n” and “p” regions. 
It allows the formation of electron-hole pairs. 
Moreover, it is preferred for solar cell applications. 
 
Optical absorption measurements of thin films coated 
on glass were made. The photon energy, depending 

on the absorption coefficient, was calculated with the 
Tauc formula and can be expressed as follows: 
 

𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝑔)𝑛  (2) 

 
The graphs of the thin films were drawn (Figure 4), 
and the band gaps were determined (Table 2). Here, 

the photon energy is hν, the absorption coefficient is 
α, A constant, and Eg band gap, n=1/2 for the direct 
band gap. The “n” of the indirect band gap, on the 
other hand, is assumed to be 2 (n = 2).For thin films, 
it also depends on the thickness of the film(31,32). 
The direct transitions CdTeTFm are used(29). 

 
The calculated band gaps of CdTe (HclO4, HNO3, 
H2SO4 and HCl) thin films were obtained as 1.42, 
1.48, 1.58, and 1.50 eV, respectively (Figure 3 and 
Table 2). As expected, CdTe(HclO4) thin films with 
small particle sizes have been determined to have 
lower forbidden energy band gap values. This 

situation can be explained by the relationship 
between matter and the light used. 

 

 
 

Figure 5: Tauc’s plot curves of CdTeTFm. 
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Table 2: Physical properties of CdTeTFm. 

 

Experiments HNO3 H2SO4 HCl HClO4 

Crystallite 
Size(nm) 

11 20 20 17 

FWHMβ(°) 0.2378 0.2378 0.2378 0.2378 

Band 
gap(eV),(Tauc's 

plot) 

 
1.48 

 
1.58 

 
1.50 

 
1.42 

FWHMβ(°) (full width at half-maximum). 

 
Figure 6 shows the SEM images of the CdTeTFm 

(30kx magnifications). The surface morphology 
results of CdTeTFm showed different surface 
morphologies in different acidic aqueous media. Nitric 
acid-synthesized CdTe thin films had more clear 
spherical shaped grains (25) and were larger than 
others (Figures 6 and 7(a and c)). Furthermore, as 

the acidity of the solution decreased, the surfaces of 

the synthesized thin films became smooth (Fig. 7 (a, 
c)). According to EDX analysis results, Cd/Te ratios 
of CdTe thin films synthesized in different aqueous 
media were obtained as 0.65, 0.587, 0.79, and 
0.738, respectively ( Fig. 6 and 7(b and d)). 

 

 
 

Figure 6: SEM images and EDX results of CdTeTFm deposited under different acid solutions (a, b) HNO3, 
(c,d) H2SO4. 
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Figure 7: SEM images and EDX results of CdTeTFm deposited under different acid solutions (a, b) HCl, (c, 

d) HClO4. 
 
The thick films are not desirable in solar cells. 
However, the high absorbance of the films is 
desirable if it can be applied to gas sensors. The 
flatness of the obtained thin films does not scatter 
the photons. That is, this property increases the 

permeability of the films. If the surfaces of the 
synthesized films are rough, they cause the 
scattering of photons, reduce permeability, and 
increase absorption. Moreover, thin films to be used 
in solar panels should have an optimum 1.5eV and 
high permeability and absorption values. These 

properties can be obtained as a result of easier 
penetration of rays into the P semiconductor region. 
 

In addition, surface characterizations of the obtained 
thin films were determined with the ImageJ(Fiji-
win64-Fiji.app) program. The surface plot, 3D 
surface plot, and SurfChar1 q programs were used 
for the surface morphologies of the thin films. The 

results obtained are given in Figure 8. According to 
SurfCar1 q analysis results, roughness values were 
obtained as 11.9880, 10.6749, 8.6264, and 
6.9208nm, respectively. It has been observed that 
these results are compatible with surface plots and 
3D surface plot images. It was determined that the 

thin film synthesized with HCl was less rough and the 
grain sizes were more homogeneous (Figure 9). 
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Figure 8: ImageJ analyses of CdTe (a, b, c are HNO3 and d, e, f are H2SO4). 
 
 

 
 

Figure 9: ImageJ analyses of CdTe (a, b, c are HCl and d, e, f are HClO4). 
 
4. CONCLUSION 
 

CdTe thin films were obtained by the electrochemical 
deposition method. The effects of DAAM(such as HCl, 
H2SO4, HClO4, and HNO3) on the film surface, the 
structural morphology, and the OPs of the thin films 
obtained were investigated by XRD, SEM/EDX, FT-IR, 
and UV analysis methods. Moreover, a novel 
investigation of synthesized CdTeTFm with HClO4 

acidic aqueous media has been reported in the 
literature. By investigating the OPs of 

semiconductors, information regarding the behavior 
of electrons and holes in the material, as well as band 
structures, can be gleaned. Each material emits 
varied and distinct wavelengths. Similarly, the 
wavelengths absorbed by each substance will differ 
from those of other materials. The amount of light 
absorbed can have positive effects on optical 
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properties. Therefore, the surfaces, shapes, and 

crystal sizes of the synthesized thin films are 
important. It was observed that SEM images of 

CdTeTFm obtained with nitric acid were rough 
compared to other films. However, no pinholes were 
observed on the film surfaces. The permeability of 
the beams, which is thought to be due to the film 
thickness, was low. Despite the low transmittance of 

HClO4, the current density and absorbance value 
were higher than other thin films. It was observed 
that the surface of the CdTe thin film synthesized 
with HClO4 was smoother than the films obtained with 
HCl and H2SO4, and also that the Cd/Te ratio was 
higher. This result is predicted to be due to the grain 

size thickness of CdTeTFm synthesized with HClO4. 
We think that since HClO4 has a higher acidity than 
other solvents, it causes thinner smooth thin films to 
be obtained. The grain size and film thickness of 
HClO4 were calculated as 105 and 344 nm, 

respectively. Moreover, it has the lowest forbidden 
band gap. Solar cells can store energy more 

efficiently with thin films of low transmittance and 
high absorbance. As a result, it has been seen that 
CdTeTFm prepared with HClO4 is a good candidate for 
solar panels with the lowest transmittance and 
highest absorbance value. 
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Abstract: Nemadectin, a macrocyclic lactone of the milbemycin class, is a fermentation by-product of the 
bacteria Streptomyces cyanogriseus subsp. non-Cyanogenus. Moxidectin is a semi-synthetic derivative of 
nemadectin. River blindness, also known as onchocerciasis, is treated with moxidectin in patients 12 years of 

age and older. This condition is brought on by the parasitic worm Onchocerca volvulus and is subjected to 
intense itching, skin conditions that are disfiguring, and impaired vision brought on by the larvae of the worm. 
Some of the most common internal and exterior parasites are killed by moxidectin by selectively binding to 
their glutamate-gated chloride ion channels. In this review article, various pieces of equipment, such as a UV 
spectrometer, HPLC, LC-MS, and UPLC-MS, are used to determine moxidectin as well as its related 
compounds. The QuEChERS method was also used in the sample preparation according to the literature 
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1. INTRODUCTION  
 

The drug moxidectin (MOX) is a member of the 
macrocyclic lactones (MLs) class. It is created by the 
bacteria Streptomyces cyanogriseus or S. 
hygroscopicus and is primarily used in veterinary 
medicine to treat a variety of parasite infections in 
animals used for food production. Various regulatory 
organizations have defined maximum residue limits 

and tolerance limits for veterinary drugs to protect 
humans from being exposed to harmful residual 

levels through the consumption of edible products 
produced from treated animals. The liver and other 
tissues including the kidney and the muscle regulate 
the maximum levels of these drugs. (1) Because MLs 

are harmful, the European Union Council decided to 
set a maximum residual level for this substance out 
of concern for consumer safety. To identify ML 
residues in goods of animal origin, extremely 
sensitive and selective procedures are needed 
because the concentration of interest was frequently 
quite low. (2). 

 
1.1. Pharmacodynamics 

Moxidectin has been reported to be 
extremely effective against Onchocerca volvulus than 
other drugs. Moxidectin remains to be more efficient 
than a variety of Ivermectin-resistant nematode 
species when given to infected individuals. While still 
safe to be utilized in mass drug administration, the 
levels of microfilaria were reduced to undetectable 

levels, and moxidectin's efficacy is significantly 
higher when compared to other drugs. (4) 

 
1.2 Pharmacokinetics 
 Moxidectin was more quickly absorbed from the 
injection site than other drugs (absorption half-life = 

0.7 days). Moxidectin's highest plasma concentration 
(Cmax) had occurred much earlier (Tmax = 0.4 days). 
However, moxidectin's mean residence time was 
longer than doramectin's (9.4 days) and had a higher 
region under the concentration-time curve (475 ng 
day/mL) than doramectin's (198 ng day/ mL) (4). No 
variations in Cmax values were seen. Moxidectin has a 

https://doi.org/10.18596/jotcsa.1257065
mailto:sraja61@gmail.com
https://dergipark.org.tr/jotcsa
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shorter Tmax but a longer Cmax and AUC.  It has limited 

oral bioavailability and this small species' early 
emergence of resistance may be connected. (5) 

 
1.3 Drug interaction studies 
1.3.1. Clinical Study using Midazolam (CYP3A4 
substrate) 
In healthy individuals, taking moxidectin tablets in 

combination with a single 8 mg dosage had no impact 
on the pharmacokinetics of midazolam. Moxidectin 
and CYP3A4 substrates can be administered 
together. (5) 
 
2. HIGH-PERFORMANCE LIQUID CHROMATO-

GRAPHIC (HPLC) METHOD 

 

HPLC is used to separate the complex molecular 
mixtures that can be found in biological and chemical 

systems so that each function of the component can 
be thoroughly understood. The HPLC method can 
achieve the required precision and has great 
selectivity. The drug has been analyzed by using 
HPLC with UV, MS, or MS/MS detection modes. 

Utilizing high-performance liquid chromatography-
based techniques, Animal tissues like liver, muscle, 
and fat as well as milk, urine, feces, and plasma have 
been found to contain moxidectin. (1) The following 
table 1 lists the results of the quantitative 
measurement of moxidectin using HPLC techniques. 

 
Table 1: Determination of moxidectin by HPLC method. 

 

Sr 
No 

 Drug Mobile phase Stationary 
phase 

Parameters Reference 

1. Moxidectin Acetonitrile, ethyl 
acetate, and Water 

(90:4:6 v/v/v) 

Waters Sun Fire C8 
column (150 mm x 

4.6 mm, 5 μm, 
Waters, USA) 

Selectivity, 
linearity, trueness, 

LOD, LOQ, decision 
limit (CCα), and 
detection capability 
(CCβ). 

     
 

     1 

2. Moxidectin 85% Methanol and 
15% water 

Waters PAH C18 (50 
mm × 4.6 mm × 3 
μm from Waters 

Mild ford, MA, USA)  

Recovery, 
trueness, precision, 
decision limit, and 

detection capability  

     
   
     2 

3. Moxidectin Acetonitrile and 
water (90:10 v/v), 
Acetonitrile and 
Isopropyl alcohol 
(85:15 v/v) 

Zorbax Eclipse 
XDB-C18 column 
(150mm × 4.6 mm 
× 1.8 µm, Agilent, 
USA) 

Linearity, LOD, 
LOQ, decision limit, 
detection 
capability, 
precision 

    
 
     3 

4. Moxidectin Acetic acid - 
Methanol – 
Acetonitrile 
(4:15:31, v/v/v). 

a Supelcosil C8 
column  

Linearity, precision, 
recovery, LOD, 
LOQ 

     
     6 

5. Moxidectin Tetrahydrofuran–
Acetonitrile–Water 
(40:38:22 v/v/v) 

Alltech Ultra sphere 
C18 (5µm, 4.6 × 
250 mm) column 

Selectivity, 
precision, 
accuracy, recovery, 
linearity 

      
    7 

6. Moxidectin 0.2% Acetic acidic in   
water/methanol 
Acetonitrile 
(1.6:60:38.4, v/v/v) 

Reverse Phase 
C18 column (5 μm, 
4.6 mm × 250 mm
) 

Cmax, Tmax, t1/2, AUC, 
standard deviation  

   
 
     8 

7. Moxidectin Acetonitrile and 
Water (94/6, v/v) 

Merck Lichrospher 
100RP-18E, (5 µm, 
125mm × 4 mm) 

Recovery test, 
LOD, LOQ, 
precision 

     
    9 

8. Moxidectin Acetic Acid: 
Methanol: 
Acetonitrile 
(20:40:40, v/v/v). 

Supelcosil C18 
column (5 µm, 
4.6mm ×150mm) 

Recovery, 
radiopurity 

 
    10 
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9. Moxidectin Acetonitrile: 
methanol: water 
(55:27:18, v/v/v) 

Gemini C18 column 
(150 mm × 4.60 m
m, 5 µm) 

Precision, 
accuracy,  
recovery tests, 

robustness 

 
    11 

10. Moxidectin Acetic acid-
methanol-
acetonitrile 

Supelcosil C18 
column (5 µm 150 
mm x 4.6 mm) 

Cmax, Tmax, mean 
residence time 
(MRT) 

 
    12 

11. Moxidectin Acetonitrile (A) and 
water (B) 

Luna C8 (150 
mm × 3.0 mm, 
5 µm) 

Specificity, 
linearity, recovery, 
precision, LOD, 
LOQ 

 
    13 

12 Moxidectin Acetonitrile, 
Tetrahydrofuran, 
water (52:25:23 
v/v/v). 

C18 column (150 × 

5mm, 5 μm)  
LOD, LOQ, 
recovery, 
correlation 
coefficient 

 
    14 

 

Fabio Macedo et al. developed and verified a method 
for measuring four macrocyclic lactones in butter 
simultaneously by combining liquid chromatography 
(LC) with fluorescence detection. The mobile phase 
consisted of 10 ml of a (90:4:6 v/v/v) ACN, ethyl 
acetate, and water solution. For the separation, a Sun 
Fire C8 (150 x 4.6 mm, 5 m) column was used. The 

examined samples had ML residues, according to the 
method's applicability to actual samples. The 
recovery, repeatability, within-laboratory 
reproducibility, and LOD values were satisfactory for 
the intended application. The technique proved 
straightforward to apply and performed well for the 

simultaneous measurement of Macrocyclic lactone 
residues in butter. (1) 
 

David Pimentel-Trapero et al. established a 
procedure employing QuEChERS and HPLC with 
fluorescence detection to measure the macrocyclic 
lactones in the liver of cows. An analytical Waters 

PAH C18 column of (50 mm × 4.6 mm, 3 μm) was 
used for the separation. Methanol comprised about 
85% of the mobile phase and 15% of it was water. 
The analytes' fluorescent derivatives were generated 
by subjecting the sample extracts to a mixture of 
trifluoroacetic anhydride, triethylamine, and 1-
methylimidazole. Results for recovery of analytes, 

trueness, repeatability, LOD, and LOQ were found to 
be following EU Decision 2002/657's requirements. 
(2) 
 
Ana Maria de Souza Santos et al. created and verified 
a very sensitive analytical technique for the detection 

of five macrocyclic lactone residues in cheese. For the 
separation, a Zorbax Eclipse XDB-C18 column (150 
mm × 4.6 mm, 1.8 μm) has been used. ACN and 
water made up the mobile phase (ACN: H2O, 90:10 
v/v), and acetonitrile and isopropyl alcohol made up 
the reaction mixture (ACN: ISOPOH, 85:15 v/v) (B). 
Excellent mean recoveries, repeatability, limits of 

quantification, and intermediate precisions were 
obtained. (3) 
 

Bengone-Ndong et al. analyzed the kinetics of the 
plasma of moxidectin and doramectin in zebu gobra 
in the field settings following cutaneous application of 
available commercial formulations for cattle at 0.2 
mg/kg. When compared to doramectin, the highest 
plasma concentration of moxidectin was achieved 
significantly earlier. The Cmax values were constant, 

but moxidectin had a larger area under the 
concentration-time curve (475 ng day/ml) than 
doramectin (198 ng day/ml) and its average 
residence time was extended (13.4 days) than 
doramectin's (9.4 days). The outcomes revealed 
information about the bioavailability of doramectin 

and moxidectin in zebu gobra, which have a 
pharmacological property similar to that of other 
cattle. (4) 

 
Escudero et al. investigated how doramectin and 
moxidectin act pharmacologically in goats and 
followed by oral or subcutaneous at a dosage of 0.2 

mg/kg. Both compartmental and non-compartmental 
approaches were employed to analyze the data on 
drug plasma concentration over time. The maximal 
plasma concentrations of moxidectin were reached to 
a greater extent than doramectin. Moxidectin's mean 
residence time (MRT), when delivered 
subcutaneously or orally did not differ significantly. 

This small species' early emergence of resistance and 
its low oral bioavailability may be related. These 
findings should be compared to efficacy research to 
optimize the dosage needs for endectocides in this 
species. (5) 
 

Alvinerie et al. reported that using fluorescence-
enhanced high-performance liquid chromatography 
as a technique to detect moxidectin in plasma. By 
using this technique, moxidectin can be converted 
into a fluorescent derivative rapidly. Using a 
Supelcosil C8 column with fluorescence detection, the 
separation was performed, and the mobile phase 

consisted of acetic acid/methanol/ACN (4:15:31, 
v/v/v). The limitations of the analyte recovery, 
precision, linearity, and quantification limits were 
found to be within the expected limits. The approach 
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has worked well for the pharmacokinetic study of 

moxidectin administered to cows subcutaneously. (6) 
 

Dennis Kitzman et al. devised an HPLC approach for 
the detection of ivermectin and moxidectin in human 
plasma that is precise, sensitive, and selective and 
separates the parent drug from metabolites. The 
mobile phase consisted of 

tetrahydrofuran/acetonitrile/water (40:38:22 v/v/v) 
for separation on an Alltech ultra-sphere C18 (5µm, 
4.6 × 250 mm) column. For all concentrations, the 
assay was linear over the range of 80% and above. 
With the coefficient of variation, it showed excellent 
precision. Studies on precision and storage stability 

were within acceptable limits. This technique was 
reliable and appropriate for pharmacokinetic clinical 
research. (7) 
 
Mercedes Lloberas et al. worked to determine the 
drug concentrations in plasma, target tissues, and 

parasites were measured by HPLC. An RP C18 (5µm, 

4.6 mm × 250 mm) column with a mobile phase of 
0.2% of acetic acid in water/methanol/ACN 
(1.6:60:38.4, v/v/v) was used for the separation at 
a flow rate of 1.5 ml/min. Moxidectin concentrations 
showed a longer plasma persistence (P < 0.05). By 
using the least squares linear regression analysis, 
calibration curves were developed. Correlation 

coefficients and coefficient of variation were 
determined, and the results were found to be within 
the limits. (8) 
 
Hsiu-Kuan chou et al. developed a technique for 
simultaneously determining the compound residue 

quantities (abamectin, doramectin, moxidectin, 
ivermectin, milbemycin) using HPLC and fluorescence 
detection in bovine muscle. The mobile phase 
consisted of 940 mL of acetonitrile and 60 mL of 

water (94/6, v/v). Acetonitrile was used to extract 
the samples, and then a C18 column (5 µm, 125mm 
× 4 mm) was employed for solid phase extraction to 

clean them up. The quantification thresholds are 
below the specified limit residue threshold for each 
compound. The detection limits and recovery studies 
both were within accepted limits. Hence, the 
suggested method can be utilized to quickly screen 
for macrocyclic lactones in cow muscle. (9) 
 

Alvinerie et al. examined how the enzyme 
cytochrome P450 contributes to the in vitro 
metabolism of moxidectin in homogenates of adult 
Haemonchus contortus stages. After phosphate 
buffer homogenization, 2 ml of the homogenates 
were cultured with 5 microorganisms, MOX, at 37 °C 

for 24 hours. To separate MOX and its metabolites, 

HPLC with Supelcosil C18 (5 µm, 4.6 mm ×150 mm) 
column with radio detection online was utilized. The 
mobile phase consisted of acetic acid/ methanol/ 
acetonitrile (20:40:40, v/v/v), and was pumped at a 
flow rate of 1 ml/min. One molecule was found, and 
carbon monoxide prevented the formation of that 

metabolite. The results showed that the cytochrome 
P450 system in the milbemycin-resistant H. 
contortus metabolizes moxidectin. (10) 
 

Roseanne Andrade Teixeira et al. conducted 

comprehensive research on Poly (1-vinyl imidazole-
co-trimethyl propane trimethacrylate) which was 

employed in pipette-tip nanostructured polymeric 
solid phase extraction as a selective adsorbent. For 
the chromatographic separation, the mobile phase 
was comprised of acetonitrile, methanol, and water 
(55:27:18, v/v/v), and the analytical Phenomenex® 

Gemini C18 column was employed (150 mm × 4.60 
mm, 5 µm). The stability, robustness, recovery, 
sensitivity, precision, and accuracy performance 
criteria have been evaluated and were determined to 
be within the suggested limits. The results 
demonstrated the good potential of the HPLC-UV 

coupled PT-MIP-SPE technique for the extraction of 
macrocyclic lactones from water, grape juice, and 
other substances. (11) 
 
Patricia Esmeralda Vazquez-Quintal et al. developed 
a method using spectrofluorometry and HPLC with 

fluorescence detection to measure moxidectin (MOX) 

and abamectin (ABA) levels in bovine plasma. The 
separation was carried out on a supelcosil C18 column 
(150 mm x 4.6 mm, 5 µm) with acetic acid, 
methanol, and acetonitrile serving as the mobile 
phase. The developed procedures' total analysis time 
was comparable to or less than that of the published 
analytical procedures. The linear range and recovery 

studies were within the ranges. (12) 
 
Roberta Galarini et al. developed a technique for 
simultaneously detecting the anti-parasitic veterinary 
drugs (abamectin, doramectin, emamectin, 
ivermectin, and moxidectin) in foods and feed. With 

the help of a Luna C8 (150mm x 3.0mm, 5 µm) 
column, the separation was accomplished. 
Acetonitrile (A) and water made up the mobile phase 
(B). The recovery studies, repeatability, and 

reproducibility within the lab were satisfactory. Since 
it completely satisfies the criteria, national control 
strategies for both food and feed have effectively 

used this multi-analyte strategy. (13) 
 
Craven et al. investigated if the composition of the 
animal body at the time of treatment affected the 
pharmacokinetics of both MOX and IVM. Following a 
300 g/kg intravenous infusion of IVM or MOX, 
samples of blood were collected regularly, and the 

plasma was analyzed using fluorescence-HPLC on a 
C18 column (150 × 5 mm, 5 μm) eluted with the 
mobile phase consisting of acetonitrile, 
tetrahydrofuran, and water (52:25:23 v/v/v). IVM 
kinetics showed significant differences from MOX 
kinetics regardless of body composition, allowing 

MOX to be detectable in plasma for more than 40 

days. MOX had more extended distribution and 
elimination half-lives than IVM, as well as a slower 
clearance rate. In this investigation, changes in body 
composition had no noticeable effect on the kinetic 
distribution of IVM. MOX was dispersed more evenly 
inside the lean animals and eliminated quickly than 

from fat animals, even though still there was no 
change in the area under the curve and the volume 
of dispersion. (14) 
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3. LIQUID CHROMATOGRAPHY-MASS 

SPECTROSCOPY (LC-MS) 
 

One of the most significant developments of the 
preceding part of the twentieth century is the 
combination of mass spectrometry and liquid 
chromatography. It has become the preferred 
method for analytical sustenance during several 

stages of pharmaceutical quality control and 

assurance. It has been demonstrated that tandem 
mass spectrometry (MS/MS) was a useful method for 

describing the structural characteristics of unknown 
compounds. (15) The quantitative measurement of 
moxidectin using LC-MS methods is listed in the 
following table 2. 

 
Table 2: Determination of moxidectin using LC-MS/MS. 

 

Sr 

No 

Drug Mobile phase Stationary 

phase 

Parameters Reference 

1. Moxidectin Methanol and water Whatman RAC I1 
Partisil5-C8 (4.6 
mm x 10 cm) 

Concentration ion     
    15 

2. Moxidectin 78% acetonitrile, 
22% water, 

0.1%triethylamine 

3 mm ‘Luna’ C18 
stationary phase 

 

Recovery studies, 
CCα, CCβ, 

precision 

 
    16 

3. Moxidectin 3mM ammonium 
formate or 0.05% 
formic acid 
prepared in pure 
water.  

Luna C8 column 
(30 × 2.0 mm, 3 
µm particle size, 
100 Å) 

Accuracy, 
precision, 
selectivity, 
sensitivity, 
linearity 

 
    17 

4. Moxidectin The mixture of (A) 
0.05% TEA in 

acetonitrile and (B) 
0.05% TEA in water 
(70:30 v/v) 

C18 (5 μm, 2.1 
x150 mm, 

Waters, Milford, 
MA, USA). 

Specificity, 
selectivity, 

precision, 
stability, 
ruggedness, CCα, 
CCβ 

  
 

    18 

5. Moxidectin 50% water (A), 
45% ACN (B), and 

5% 50 mM 

ammonium acetate 
buffer pH 5 (C) 

Phenomenex 
Luna C18 column 

(150 mm x 2.1 

mm, 5 μm) 

LOD, LOQ, 
selectivity, 

retention, 

CCα, CCβ 

 
 

    19 

6. Moxidectin Acidic: contained 4 
mM ammonium 
formate and 0.1% 
formic acid in 

methanol and 
water. Basic: 10 
mM ammonium 
acetate in 
methanol and 
water 

Aqueous C18 
column (3 μm, 
100 x 2.1 mm) 

Accuracy, 
linearity, 
precision,  
ruggedness, CCα, 

CCβ 

  
 
     
 

    20 

7.  Moxidectin (A) MeOH: ACN 

(1:1) with 0,1% 
formic acid, and 
eluent  
(B) ammonium 

formate solution 
with 0.1% formic 

acid. 

A Waters Acquity 

UPLC BEH C18 
column (100 mm 
x 2.1 mm, 1.7 
μm) 

Selectivity, 

linearity, 
retention, 
accuracy, 
precision, LOD, 

LOQ, CCα, CCβ 

 

 
 
   21 

8. Moxidectin Methanol/water 
(90:10 v/v) 

Agilent Zorbax 
SB-C18 (3 mm × 
150 mm, 3.5µm) 

Average 
recovery, %RSD 

 
   22 
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J. Steven Stout et al. utilized significant amounts of 
metabolites produced in vitro from incubations of 
liver microsomes to study the in vivo metabolism of 
moxidectin in cattle, sheep, and rats. To estimate the 

molecular weight of the unidentified metabolites 
using liquid chromatography/tandem mass 
spectroscopy and to produce daughter ion spectra of 
molecular species, both metabolites produced in vitro 
and in vivo were characterized. It was discovered 

that the principal metabolites of moxidectin 
originate from the monohydroxylation of the parent. 

Less commonly occurring processes were O-
demethylation, monohydroxylation, and 
dihydroxylation. Little metabolic differences have 
been observed between the species. (15) 
 

Howells et al. established a multi-residue technique 

for measuring and verifying the presence of 
avermectins as well as moxidectin residues in the 
liver of cattle. Using C8 solid-phase cartridges, the 
target analytes were isolated from the liver 
homogenate and detected by using an atmospheric 
pressure chemical ionization (APCI) interface and 
ion-trap mass spectrometry in the negative ion 

mode. The approach allowed for the detection of 
abamectin, doramectin, moxidectin, and ivermectin 

at levels of 3.1, 3.2, 2.2, 4.0, and 3.2 ng g-1 liver, 
respectively, which is lesser than each of their 
respective maximum residue levels. (16) 
 
Daniela Hofmann et al. developed a method using LC-

MS to compare the levels of moxidectin from human 
blood collected using capillary sampling and the 
micro-sampling technology mitra® to blood and 
plasma collected using venous samples. Using a Luna 
C8 (30 × 2.0 mm, 3 µm) column, moxidectin was 
discovered. The mobile phase consisted of 3 mM 

ammonium formate or formic acid (mitra®) produced 
in ultrapure water at a concentration of 0.05%. For 
venous and capillary blood, the quantification limits 
were 0.5 and 2.5 ng/ml respectively. All of the 

following were validated: sensitivity, selectivity, 
linearity, stability, recovery, and haematocrit effect. 
It has been shown that the quick and efficient 
capillary method using mitra® micro-sample is 
suitable for moxidectin pharmacokinetic research. 

(17) 
 

Herlinde Noppe et al. established a selective and 
precise approach for the simultaneous evaluation of 
one milbemycin (MOX) and five avermectins in fish, 
beef meat, and pig liver. Acetonitrile was used for 
extraction, while C18 SPE was employed for 
purification. A mixture of 70% A: 30% B, consisting 

of (A) Triethylamine (TEA) in acetonitrile and (B) TEA 
in water, made up the mobile phase. A negative-
mode LC-MS equipped with APCI was employed for 
detection. Considering the application of analytical 
techniques and interpretation of outcomes, the 
method has been verified according to the standards 
stated in EC/2002/657 Commission Decision. 

Additionally, all compounds showed good precision 
results, linear response, detection limits, and 

quantification limits. (18) 
 
Gabriel Rubensam et al. detected the presence of 
ivermectin and milbemycin residues in cattle muscle 
by (LC-MS/MS) and (LC-FL) detection by using easy 

and affordable sample preparation, a solvent 
extraction-based process that is followed by low-
temperature clean-up. Using Phenomenex Luna C18 
column (150 mm × 2.1 mm, 5 µm), the separation 
process occurs that involves the use of a solvent, 
made up of (A) 50% water, (B) 45% ACN and 5% 

9. Moxidectin Ammonium 
acetate: water: 
methanol 

Whatman RACII 
Partisil 5-C8 (10 
cm x 4.6 mm) 

Linearity, % 
recovery, RSD 

 
   23 

10. Moxidectin ACN: water (50:50 
v/v) 

Waters Xterra 
RP18, (3.5micron, 
3 mm × 100 mm) 

CCα, CCβ, LOD, 
LOQ, %recovery, 
sensitivity, 

precision. 

 
   24 

11. Moxidectin 50 mM ammonium 
acetate buffer: 
acetonitrile (5:95, 
v/v) 

Luna C18 column 
(50 mm × 2.1 m
m, i.d., 5 μm) 

Precision, 
accuracy, CCα, 
CCβ, LOQ, LOD, 
recovery test 

 
 
   25 

12. Moxidectin (A) ACN and (B) 
MeOH: H2O (50:50 
v/v) and TEA  

Reverse phase 
analytical column 
C18 (50 × 2.1 

mm, 2.7 µm) 

Linearity, 
sensitivity, 
selectivity, 

precision, 
accuracy  

 
  
   26 

13. Moxidectin A- methanol 
B- 10mM 

ammonium 
formate 

Kinetex EVO C18 
(100mm x 

4.6mm, 5 µm) 

Linearity, 
precision, 

accuracy, stability 

 
   27 

14. Moxidectin 0.1% acetic acid 
and methanol–

acetonitrile (1:1, 
v/v) 

ACE C18 (50× 
3.0 mm, 3 μm) 

Precision, RSD, 
correlation 

coefficient, linear 
range 

   
   28 
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ammonium acetate buffer pH 5 (C). The recovery 

studies, variation coefficient for repeatability and 
reproducibility, and precision led to satisfactory 

results. A total of 760 samples were analyzed in total, 
but none of them revealed residual concentrations 
above those permitted by the current regulations. 
(19) 
 

Chris Sack et al. did collaborative validation of the 
QuEChERS technique for LC-MS/MS detection of 
pesticides in food to detect 173 pesticides in under 
20 minutes, seven FDA pesticide laboratories worked 
together. For the examination of oranges, carrots, 
and spinach, the LC-MS/MS method was employed. 

Aqueous C18 column was employed, and the mobile 
phases were basic (10 mM ammonium acetate in 
methanol and water) and acidic (4 mM ammonium 
formate and 0.1% formic acid). Recoveries of the 
pesticides were found to be satisfactory. Thus, the 
method was suitable to detect pesticides in food. (20) 

 

Ioulia Moschou et al. utilized the LC-ESI-MS/MS 
method to simultaneously estimate avermectins and 
moxidectin in fish tissue. Using the Waters Acquity 
UPLC BEH C18 (100 mm × 2.1 mm, 1.7 µm) column, 
the target analytes were separated and the mobile 
phase was made up of (A) 0.1% HCOOH in ACN-
MeOH and (B) 0.1% HCOOH in 1 mM HCOONH4. The 

LOD and relative standard deviations were all within 
the acceptable ranges, indicating the method's 
excellent sensitivity. Fish samples from aquaculture 
were successfully processed using the established 
technology. (21) 
 

Sherri Turnipseed et al. used a variety of ionization 
methods, such as atmospheric pressure 
photoionization (APPI), to detect ivermectin, 
doramectin, and moxidectin residues in milk. Using 

Agilent Zorbax SB-C18 column (3 mm × 150 mm, 3.5 
µm) and (90:10 v/v) methanol/water was the mobile 
phase used to achieve separation. Electrospray, 

APPI, Atmospheric Pressure Chemical Ionization 
(APCI), and a combination of APPI and APCI were all 
used to determine the ionization responses of these 
chemicals. The responses of these compounds were 
evaluated by operating the APCI/APPI source in 
positive ion mode without supplying the corona 
needle with any discharge current. An MS-MS 

approach was developed using this mode of 
ionization to track the ions of sodiated molecular salt 
product ion scans utilizing an ion trap apparatus. 
Relative standard deviations and good recovery 
studies were observed for the residues. (22) 
 

Khunachak et al. used liquid chromatography-mass 

spectrometry with fluorescence detection to 
determine moxidectin in cattle tissue using Whatman 
RACII Partisil 5-C8 column (10 mm x 4.6 mm) and the 
solvent was made up of ammonium 
acetate/water/methanol. Following the ACN-hexane 
partitioning phase, the underivatized parent 

compound was identified using the LC/MS 
confirmatory method with an average recovery of 
108% at the 250 ppb level in cow fat. (23) 
 

David Durden. quantified antiparasitic endectocide 

medicines (abamectin, doramectin, and ivermectin) 
in milk with LC-MS-MS techniques using positive and 

negative electrospray. The mobile phase consisted of 
ACN: water (50:50 v/v) which was employed on 
Waters Xterra RP18 (3 mm × 100 mm, 3.5 µm) 
column for separation. The LOD results were 
obtained within the limits. The positive ion signals 

were stronger and had low detection limits, the 
negative ion technique produced more linear 
responses and more accurate performance. (24) 
 
Gabriel Rubensam et al. created a method and 
validated it using liquid chromatography with 

fluorescence detection to examine the macrocyclic 
lactones in cow's milk. Using an isocratic mobile 
phase made up of 50 mM ammonium acetate buffer: 
acetonitrile (5:95, v/v), the separation was 
accomplished on the Luna C18 (50 mm × 2.1 mm, 5 
μm) column. The quantification limits were much 

lesser than the maximum allowable limits, and the 

recovery rates fell within the ranges. The suggested 
approach has proven to be simple and inexpensive, 
enabling for high-volume analysis of several samples 
per day. (25) 
 
Rafaela Baptista et al. established a method using 
high-performance liquid chromatography-

electrospray ionization-tandem mass spectrometry 
for detecting MOX in lamb serum. For the 
chromatographic separation, a reverse phase C18 (50 
mm × 2.1 mm, 2.7 μm) analytical column was 
employed. The sample solvent was made up of ACN, 
MeOH: H2O (50:50 v/v), and TEA was added in 

required quantities to achieve a pH of 8. The 
outcomes of precision, accuracy, LOD, and LOQ were 
found to be within the limits, according to the method 
validation. (26) 
 

Subbarao et al. validated a rapid bioanalytical 
approach for the determination of moxidectin in 

cattle hair. Using a liquid-liquid extraction, 
moxidectin was isolated from cow hair using methyl 
tert-butyl ether as the solvent and Sorenson's buffer 
as the digesting solvent for incubation. The 
separation was achieved using a Kinetex EVO C18 
(100 mm x 4.6 mm, 5 μm) column and the sample 
solvent made up of methanol: 10 mM ammonium 

formate. Studies on validation characteristics like 
linearity, accuracy, precision, and stability have 
provided reliable results. The method for calculating 
the amount of moxidectin in cattle hair was 
successfully utilized. (27) 
 

Yashpal singh chhonker  et al. created a bioanalytical 

LC-MS technique to identify moxidectin in mouse, 
monkey, and human plasma. On the ACE C18 (50 mm 
x 50 mm, 3 μm) column, the separation has been 
accomplished using the sample solvent made of 
methanol: acetonitrile (1:1, v/v) and 0.1% acetic 
acid. With a correlation coefficient of 0.997 or above, 

over the range of 0.1-1000 ng ml-1, MS/MS response 
was linear in plasma. The accuracy and precision 
were within acceptable bounds. A study of 
moxidectin's in vitro metabolic stability using this 
technique proved effective. (28) 
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4. UV- SPECTROPHOTOMETRIC METHOD 
 

Spectrophotometry is the quantitative measurement 
of a material's wavelength-dependent transmission 
or reflection properties. The advantage of these 

methods is that it requires minimal time and effort. 

These methods also offer good precision. The 
following table 3 lists the quantitative measurements 

of moxidectin made using UV spectrophotometric 
techniques. 

 
Table 3: Determination of moxidectin using UV spectrophotometer. 

 

SR 
No: 

Drug Instrument λ max 
(nm) 

Parameters References 

1. Moxidectin UV 
spectrophotometer 

 

244.89 nm Linearity, Accuracy, 
Precision, LOD, LOQ, 

Specificity, Assay 

29 

 
Sathish Babu et al. developed a sensitive, accurate, 
and validated UV spectrophotometry method to 
determine moxidectin in bulk drug and synthetic 
mixture. With a correlation coefficient of 0.9994, the 

calibration curve was plotted in the range of 8-22 
g/ml. LOD and LOQ findings were within the expected 
range. The RSD for the method's precision was found 
to be less than 2% as a percentage. A 100.8% assay 
percentage was discovered. The newly developed 
method's linearity, accuracy, precision, and 
specificity were all validated following the ICH 

requirements. (29) 
 

 
 
 

5. ULTRA HIGH-PERFORMANCE LIQUID 
CHROMATOGRAPHY (UHPLC) 
 

Liquid chromatographic separations using columns 

that encapsulate particles smaller than the commonly 
used HPLC particle size range of 2.5-5 µm are 
referred to as "ultra-high-performance liquid 
chromatography". Similarly, to HPLC, UHPLC 
operates under the governing principle that efficiency 
and therefore, resolution increase with a decrease in 
the column packing particle size. In the modern 

world, all chromatographic techniques that support 
separations using shorter columns, faster flow rates 
for high speed, and better resolution and sensitivity 
are available through UHPLC. (30) The following table 
4 lists the results of the quantitative analysis of 
moxidectin using UHPLC.

 

 
Table 4: Determination of moxidectin using the UHPLC method. 

 

Sr. 
No 

Drug Mobile Phase Stationary  
Phase 

Parameters Reference 

1. Moxidectin 5 mM ammonium 
formate 
solution + 0.1% 
formic acid (A) and 
acetonitrile + 0.1% 

formic acid (B)  

Zorbax Eclipse 
Plus C18 RRHD 
column (1.8 μm, 
2.1 mm x 
50 mm) 

Linearity, 
sensitivity, 
precision, 
accuracy, CCα, 
CCβ, LOQ and 

LOD 

 
 
   30 

2. Moxidectin Ammonium acetate: 
acetonitrile (10:90, 
v/v) 

Acquity UPLC BEH 
C18 analytical 
column (2.1 × 50 

mm, 1.7 μm) 

Linearity, 
precision, LOD, 
LOQ, accuracy. 

 
 
   31 

3. Moxidectin 5 mM ammonium 

formate in water with 
0.1% formic acid and 
B acetonitrile: in water 
with 0.1% formic acid 

Acquity 

UPLC® BEH C18 
column (50 mm x 
2.1 mm, 1.7 µm)  

Linearity, 

selectivity, matrix 
effect, CCα, CCβ, 
LOD, LOQ, 
accuracy, 
precision, 

robustness 

 

 
 
   32 

4. Moxidectin (A) water:  acetonitrile 
(98:2, v/v), containing 
10 mmol L−1  aqueous 
ammonium formate, 
and (B) methanol: 

Waters Acquity 
UPLC™ analytical 
column HSS-T3 
(100 × 2.1 mm,1.
8 μm particle size) 

Accuracy, 
precision, CCα, 
CCβ, linearity, 
RSD. 

 
 
 
   33 
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Sr. 
No 

Drug Mobile Phase Stationary  
Phase 

Parameters Reference 

acetonitrile (75:25, 
v/v), with 0.1% formic 
acid. 

5. Moxidectin Acetonitrile and 

methanol 

Acquity BEH C18 

column (50 × 2.1 
mm, dp: 1.8 μm) 
and an Acquity 
HSS-T3 column 
(100 × 2.1 mm) 

Linearity, LOD, 

LOQ, precision, 
accuracy, carry-
over, specificity, 
stability 

 

 
    34 

6. Moxidectin 0.1% solution of 
formic acid in water 

(A)/acetonitrile (B) 

RP ACQUITY UPLC 
BEH C18 (1.7 μm, 

100 mm × 2.1 
mm). 

Precision, CCα, 
CCβ, % recovery 

  
    35 

7. Moxidectin A consisted of a 5 mM 

ammonium formate in 
water and acetonitrile: 
water (95:5 v/v) with 
0.1% formic acid  

Acquity UPLC® 

BEH C18 column 
(50 mm × 2.1 m
m, 1.7 μm)  

Linearity, 

selectivity, CCα, 
CCβ, accuracy, 
precision, LOD, 
LOQ,  

  

 
 
    36 

8. Moxidectin Mobile phase A, 0.01% 
HOAc in water: 
MeCN (90:10, v/v) 
and Mobile phase B, 
5 mM ammonium 

formate in MeOH: 
MeCN (75:25, v/v). 

A stainless steel 
HSS T3 analytical 
column 
(100 mm × 2.1 
mm, particle size 

1.8 μm)  

Sensitivity, 
linearity, 
precision, 
accuracy, CCα, 
CCβ, 

 
 
 
    37 

9. Moxidectin 5 mM and 10 mM 
ammonium buffer and 
0.1% formic acid 

C18 column Precision, LOD, 
LOQ, recoveries 

 
    38 

10. Moxidectin 5 mM ammonium 
formate + 0.01% 

formic acid, pH 4.00) 
and mobile phase B 
(acetonitrile: mobile 
phase A, 95:5 v/v) 

Waters Acquity 
BEH UPLC® 

C18 column 
(100 × 2.1 mm 
ID, 1.7 μm) 

Selectivity, 
linearity, CCα, 

CCβ, recovery, 
LOD, LOQ  

 
 

 
   39 

11. Moxidectin A- Water 
B- Methanol 

Poroshell 120 EC-
C18, 
(150 mm × 3.0 m

m, 2.7 μm 
column) 

LOD, LOQ, 
precision, 
recovery, 

linearity, trueness 

 
 
   40 

 
Michelle Del Bianchi Cruz et al. established a 
throughput approach (UHPLC-ESI-MS/MS) for the 
identification of moxidectin residues in the target 

tissues of lambs. The sample was prepared using a 
modified QuEChERS technique to increase the 

analyte's high recovery from the matrices. Using 
Zorbax Eclipse Plus C18 (1.8 μm, 2.1 mm x 50 mm) 
column and a linear gradient program were used to 
carry out the chromatographic separation. The 
sample solvent was made up of (A) 5 mM ammonium 

formate solution + formic acid and (B) acetonitrile + 
0.1% formic acid. Results for the method's linearity, 
accuracy, and precision were found to be adequate. 
(30) 
 

Fabrício de Oliveira Ferreira et al. reported a 
technique for determining the presence of moxidectin 
residues in soils using online SPE-UHPLC-TMS and 

extraction from solids. Using Acquity UPLC BEH 
C18 (2.1 mm × 50 mm, 1.7 μm) analytical column 

was used for separation. The optimal conditions 
were: a sample solvent of water: methanol (40:60, 
v/v); a solvent of water/methanol (96:4, v/v); a 
sample volume of 2 × 250 μL; and with the back flush 
of mobile phase composed of 5 mmol l ammonium 

acetate/ ACN (10:90, v/v), eluting the analytes 
retained on the SPE column. Results from this 
method were within the acceptable ranges in terms 
of accuracy, precision, linearity, LOD, and LOQ. (31) 
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Guilherme Resende da Silva et al. created and 

validated a multi-residue approach by combining 
QuEChERS extraction and UHPLC-MS/MS to identify 

avermectins, benzimidazoles, and nitroimidazoles in 
bovine muscle tissue. The separation was achieved 
on the Waters Acquity UPLC BEH C18 (50 mm x 2.1 
mm, 1.7 µm) column. Mobile phase (A) was made up 
of 5 mM ammonium formate in water with 0.1% 

formic acid and ACN/water (95:5 v/v) with 0.1% 
formic acid was used as mobile phase (B) with a flow 
rate of 0.4 ml/min at a column temperature of 35 °C. 
All the studied analytes performance results, 
including those for accuracy, linearity, selectivity, 
LOD, LOQ, precision, and robustness, were 

satisfactory. (32) 
 
Tiele Rizzetti et al. developed a straightforward and 
quick multi-class technique for detecting veterinary 
drugs in the muscle, liver, and kidney of cattle. Using 
the sample solvent made up of water/ACN (98:2, 

v/v), with 10 mol l1 of ammonium formate; (B) 

methanol: acetonitrile (75:25, v/v), with formic acid, 
separation was carried out on Waters Acquity UPLCTM 
analytical column HSS-T3 (100 mm x 2.1 mm, 1.8 
µm particle size). The results of linearity, accuracy, 
precision, detection limits, and capability limits fell 
within the acceptance limits. According to European 
Commission Directive 2002/657, the approach has 

been verified and provided satisfactory results for 69 
veterinary pharmaceuticals in the liver and 68 
chemicals in the muscle and kidney. (33) 
 
Gemechu Zeleke et al. created a quick, accurate, and 
safe UHPLC-MS/MS technique for determining 

moxidectin simultaneously in bovine plasma. For the 
chromatographic separation of the analytes in 
plasma, two RP UPLC columns, the BEH C18 column 
(50 × 2.1 mm, 1.8 μm) and the Acquity HSS-T3 

column (100 mm × 2.1 mm, 1.8 μm), were assessed 
with mobile phased made up of 0.01% acetic acid in 
ACN and methanol. All the analytes had limits for 

quantification of 1 ng/ml, although the detection 
limits of IVER, DORA, and MOX were 0.02 ng/ml, 0.03 
ng/ml, and 0.58 ng/ml, respectively. The intraday 
(RSD 6.50%) and inter-day (RSD 8.10%) results 
were proved to be within the limits. (34) 
 
Bayer et al. conducted a study to establish the MS/MS 

detection parameters to assess the application of 
UHPLC-MS and to specify the validation requirements 
for the investigation of the residual content of 
avermectins and moxidectin in milk. The samples 
were chromatographed in gradient mode using the 
Acquity UPLC BEH C18 (100 mm × 2.1 mm, 1.7 μm) 

RP analytical column and a system of formic acid 

solution in water (A) and acetonitrile (B). The data 
collected to evaluate the results' suitability, accuracy, 
and reproducibility complies with the European 
Directive's (2002/657/EC) standards. The effective 
UHPLC-MS technology, which has been devised and 
adopted for widespread use in veterinary medicine 

laboratories, enables the detection of residual levels 
of the five avermectins used in animal breeding to 
prevent helminthiasis. (35) 
 

Victor Pastore et al. utilized a QuEChERS technique 

to establish a quantitative and confirmatory approach 
to measure the macrocyclic lactone residues, 

monensin, and fipronil present in the liver of cattle. 
The separation was accomplished by Acquity UPLC® 
BEH C18 (50 mm × 2.1 mm, 1.7 μm) column. The 
mobile phase (A) was ammonium formate in water at 
a concentration of 5 mM, while the mobile phase (B) 

was ACN and water at a ratio of (95:5 v/v) with 0.1% 
formic acid. The method presented linearity and 
selectivity with a coefficient of correlation, LOD and 
LOQ were within the ranges. The accuracy, precision, 
CCα, CCβ, and uncertainty results showed a 
satisfactory level of performance. The method proved 

successful in determining MLs, monensin, and fipronil 
residues in the livers of chickens and cattle. (36) 
 
Michelle Whelan et al. devised and tested a modified 
QuEChERS-type extraction technique to detect 38 
anthelmintic medication residues, including 

benzimidazoles and avermectins, in milk. For the 

separation, a stainless steel HSS T3 (100 mm × 2.1 
mm, 1.8 μm) analytical column was utilized and the 
mobile phase (A) was made up of 0.01% HOAc in 
water: MeCN (90:10, v/v) and mobile phase (B) was 
composed of 5 mM ammonium formate in 
MeOH/MeCN (75:25, v/v). The decision limits of the 
method were found to be within the limits. By taking 

part in a proficiency study, the method's 
effectiveness for benzimidazoles and levamisole was 
successfully confirmed. (37) 
 
Mirta Zrncic et al. established a method to investigate 
the presence of 10 anthelmintic medications in 

surface water using quadrupole linear ion trap mass 
spectrometry linked to UHPLC (UHPLC-QqLIT-MS). To 
achieve chromatographic separation, a C18 column 
was employed. The organic phase contains 0.1% 

formic acid in methanol or ACN, whereas the aqueous 
phase is made up of 5 mM and 10 mM ammonium 
buffers. At two concentration levels, most of the 

analytes displayed analyte recoveries from spiked 
samples > 75%. The devised technique was applied 
to study the anthelmintics in the Lobregat River and 
its principal tributaries. All the samples were 
analyzed, and eight of the 10 anthelmintics were 
found at quantities below the ngl (-1) threshold. The 
technique covers a gap in analytical methods for 

environmental anthelmintic drug identification. (38)  
 
Marianna Ramos dos Anjos et al. developed a method 
using QuEChERS for extraction and clean-up, coupled 
with detection and quantification by UPLC-MS/MS, for 
the evaluation of moxidectin, abamectin, doramectin, 

ivermectin, and aflatoxin M1 in whole raw milk. The 

Waters Acquity BEH UPLC C18 (100 mm x 2.1 mm ID, 
1.7 μm) column was used for chromatographic 
separation. The mobile phase (A) was made up of 5 
mM ammonium formate/ formic acid and the mobile 
phase B was ACN: mobile phase (A) (95:5 v/v). 
Within the suggested working ranges of recovery 

studies, standard deviation, LOD, and LOQ, it was 
shown that this technique was suitable for measuring 
these analytes. Animals treated with abamectin, 
doramectin, and ivermectin samples were analyzed 
using an established method. (39) 
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Heng Zhou et al. devised a technique for qualitative 
screening and quantitative analysis of 569 pesticides 

in honeysuckle utilizing UHPLC with quadrupole-
orbitrap high-resolution mass spectrometry and an 
internal executable chemical database that contains 
theoretical masses of precursor and fragment ions 
and retention times. A Poroshell C18 column 

(150 mm × 3.0 mm, 2.7 μm) from the infinity lab was 
used for the separation. Water and methanol were 
employed as the mobile phases, and both contained 
5 mM ammonium formate and 0.1% formic acid. The 
method showed good repeatability, linearity, and 
precision. Among the 82 samples analyzed, 

pesticides were found in 75 of them, with some of the 
most severely polluted samples having pesticide 
amounts as high as 4116.9 g/kg. To analyze honey, 
and suckle samples both qualitatively and 
quantitatively, UHPLC-Full MS/ddMS2 was thought to 
be the best procedure. (40) 

 

 
6. CONCLUSION 
 
Onchocerciasis is treated with moxidectin, a potent 
second-generation endectocide macrocyclic lactone 
(river blindness). For the assessment of moxidectin 
in pharmacological dose forms, various analytical 

methods, including UV, HPLC, and hyphenated 
techniques such as LC-MS/MS and UPLC-MS/MS were 
reported. Among these techniques, LC-MS and UPLC-
MS yielded successful results due to their greater 
resolution and sensitivity. Also, the HPLC methods 
were desirable due to no sample preparation or 

extraction step. Of all the HPLC methods, David 
Pimentel-Trapero et al. established a greener method 
compared to others by using methanol and water as 
mobile phase and also the use of the QuEChERS 

method made it much more productive. The use of 
the QuEChERS method made the analytical technique 
minimize the usage of chemical solvents and a non-

labor-intensive process. Additionally, there were 
more HPLC methods available for evaluating 
moxidectin in pharmaceutical dosage forms that are 
available in bulk. Among the UHPLC methods, Heng 
Zhou et al. developed a greener method compared to 
others using methanol and water as mobile phase. 
The current study provides a brief overview of the 

analytical techniques used to evaluate moxidectin in 
pharmaceutical formulations. 
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Abstract: The aim of this study was to investigate the rapid, simple, and inexpensive biosynthesis and 
characterization of gold nanoparticles (AuNPs) an extract from leaves of Morus alba L. The generated 
gold nanoparticles were characterized by UV-Vis spectroscopy, TEM, FT-IR and zeta-sizer. For the 
biogenesis of gold nanoparticles, Morus alba L. (Mulberry)  leaves and HAuCl4.3H2O solution were utilized 

as the starting ingredients. Fresh leaves of Morus alba L. were collected from Turkey (Trabzon). 100 mL 
of distilled water was mixed with 10 g of dried material for 120 minutes. The mixture was then extracted 
using a laboratory microwave for 4 minutes at 600 W. For the biosynthesis of AuNPs, different amounts 
100 ml of (0.5 mM, 1 mM) aqueous HAuCl4.3H2O solution of leaf extract (0.5 and 1 mL) were mixed with 
HAuCl4. 3H2O solution, and then the mixture was placed in a household microwave at 90 W for 1 to 30 
minutes. UV-vis spectroscopy, TEM, FT-IR and zeta-sizer were performed to characterize the produced 
gold nanoparticles. UV-Vis absorption spectra was measured using a Shimadzu UV-1240 UV-Vis 

spectrophotometer with a wave length range of 300 to 800 nm. The development of AuNPs was indicated 
by the mixture's purple-red colour. From the results of zetasizer study, the average particle size of the 
AuNPs was 78.95±0.57 nm, the zeta potential was 12.9±0.808 mV, and the polydispersity index was 
0.321±0.004. When the AuNP solutions were kept in the refrigerator, their UV-Vis absorption spectra 

rarely changed and remained stable for around 2 to 2.5 months. 
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1. INTRODUCTION 

 

The capacity to translate this structure into 

applications by introducing a new product in 
several scientific fields, including materials science, 

biology, and chemistry, is what makes 
nanotechnology one of the most promising 
branches of nanoscience and nanotechnology in 
the modern era (1). The definition of 

nanoparticles, which constitute the fundamental 
units of nanotechnology, may change depending 
on the application area, studies, and the properties 
of the corresponding materials, and they are 
commonly known as particles that range in size 
from 1 to 100 nm (2). Nanoparticles are particles 
composed of carbon, metal, metal oxides, or 

organic substances (3,4). Most crucially, one of the 
things that distinguish nanotechnology from other 
technologies is that the surface and volume 

properties of the material are linked at the 
nanometer scale, and the ratio of surface to 
volume rises (5). Surface molecules can cause high 

hardness in metals and also make electronic 
devices and drugs highly efficient (1). 
Nanoparticles in nanotechnology in medicine and 

pharmaceuticals Electrics/electronics, food, 
textiles, environment and energy, materials and 
manufacturing industries (3, 7-9). Nanomaterials 
can provide solutions to various environmental 
problems through technological innovations and 
advances in energy storage, medicine, and 
wastewater treatment (9-12). 

https://doi.org/10.18596/jotcsa.1372302
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https://orcid.org/0000-0002-3589-2323


 
 

Serdar G. JOTCSA. 2024; 11(2): 615-622.   RESEARCH ARTICLE 

616 
 

Modern extraction techniques, like microwave-

assisted and supercritical fluid extraction, have 
improved as a result of the shortcomings of 

conventional approaches, especially when working 
with medicinal plants, as modern techniques are 
needed that minimize the use of organic solvents, 
reduce extraction time, and are environmentally 

friendly. More recently, "green synthesis" (13,14) 
has been used to overcome limitations such as 
expensive chemicals and equipment, extreme 
reaction conditions, potentially hazardous and 
negative environmental impact, and 
biocompatibility (15). "Biogenic synthesis," an 
alternative production method recognized as an 

ecological approach for the production of various 
nanomaterials and plant extracts (16-18), 
environmentally friendly approaches have been 
developed and used, including the application of 
natural and renewable materials. Plant materials 
containing biological extracts are employed as 

reducing and capping agents in green synthesis, 

which is quite inexpensive because it greatly 
lowers the cost of the synthesis process (19) 
overall and produces more symmetrical and stable 
nanoparticles (14, 20). Biological synthesis was 
preferred due to its environmental and economic 
advantages (21). Because they are produced using 

a single approach, biologically produced 
nanoparticles are one step more convenient and 
stable and have the characteristic of having 
dimensions (22).  

Plant extracts have been suggested in recent years 
as a straightforward and practical alternative to 
chemical and physical approaches for producing 

nanoparticles due to their advantages. One of the 
most investigated metallic NPs is gold. Due to their 
good stability, optical properties, biocompatibility, 

antifungal, antidiabetic and antibacterial effects in 
nanoparticle research, researchers have become 
interested in Au nanoparticles in numerous crucial 
application areas for many chemical, biological, 

and environmental sectors (21, 23-25). AuNPs 
with a wide range of sizes and shapes have 
exceptional properties that can facilitate the 
development of new devices for a variety of 
biomedical applications. Important biomedical 
applications of AuNPs include targeted drug 

release, cancer therapy, contrast agents in medical 
imaging, molecular imaging in living cells, 
antimicrobial and antibacterial activities, antiviral 
treatments, biosensors and intracellular analysis, 
photothermal therapy, and hyperthermal effects 
(23, 24). 

In this research, using Morus alba L. leaves extract 

as a coating and reducing agent, it has been 
reported that gold nanoparticles can be 
biosynthesised in under 30 minutes. Mulberry, a 
multifunctional agro-forestry plant from the 
Moraceae family, is frequently used as a silkworm 
diet (26). Morus alba sometimes referred to as 
white mulberry, common mulberry, and silkworm 

mulberry.  It is widely cultivated and does well all 
year long in China, India, Japan, and Korea (27). 
Mulberry and its parts are frequently utilized to 
generate a variety of functional foods, including 

mulberry leaf-carbonated beverages and healthy 

beverages, due to their high bioactivities. Due to 
its low toxicity and effective therapeutic properties, 

it is also consumed in China and Japan as a 
traditional herbal medicine and substitute tea (28, 
29).  

This study's objectives were to research the quick, 

simple, and affordable biosynthesis and 
characterisation of AuNPs utilizing an extract made 
from Morus alba L. leaves. UV-Vis spectroscopy, 
TEM, and Zeta-sizer were used to characterize the 
produced gold nanoparticles. 

 

2. EXPERIMENTAL SECTION 

 

2.1. Preparation of Morus alba L. leaves 
extract 

For the biogenesis of gold nanoparticles, Morus 
alba L. leaves and HAuCl4.3H2O solution were 
utilized as the starting materials. Morus alba L. 
leaves were gathered from the Eastern Black Sea 

region of Turkey (61 m, Trabzon, Turkey) at the 
end of June 2022. The plant material has been 
placed at the Herbarium of the Department of 
Forest Engineering Faculty at Karadeniz Technical 
University in Trabzon, Turkey (KATO:19271), after 
Prof. Dr. Salih TERZİOĞLU verified the taxonomic 

identity of the plant sample. And then cleaned with 
de-ionized water, dried in the shade and finely 
ground in a grinder. 10 g of dried material was 
combined with 100 mL of purified water and left 
for 120 minutes. The flask was shaken before 
being placed inside a lab microwave, where it was 
extracted at 600 W for 4 minutes before being 

allowed to cool (30). To filter the mixture, 
Whatman filter paper was employed. The extracted 
solution was kept for future use in a refrigerator. 
Analytical grade 99.9% HAuCl4.3H2O Sigma Aldrich 
Chemical Reagent Co. Ltd. was purchased. Using 
Morus alba L. leaf extract as a reducing and 
stabilizing agent in an aqueous solution, gold 

nanoparticles were easily created by reducing 
HAuCl4.3H2O.  

 

2.2. Production of AuNP 

In a typical synthesis procedure, 100 ml of (0.5 
mM, 1 mM) aqueous HAuCl4.3H2O solution were 

combined with a specified volume (0,5 mL–1 mL) 
of mulberry leaves extract. The mixture was then 
microwaved at 90 W for 1–30 minutes, indicating 

the creation of gold nanoparticles. There were 
three iterations of each technique. The gold 
nanoparticles were then gathered, removed from 
the mulberry leaf extract using centrifugation, and 

then dried at 40 °C for an additional 18 hours. 

2.3. AuNP characterization 

UV-Vis spectroscopy makes it simple to see how 
gold nanoparticles are made by reducing gold ion 
solution with mulberry leaf extract. Using a 
Shimadzu UVP-1240 spectrophotometer, the 
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absorption spectra of reaction solutions at various 

mulberry leaf extract concentrations and 
HAuCl4.3H2O solution concentrations were 

captured with a resolution at wavelengths between 
300 nm and 800 nm. Water that had been double-
distilled used as a blank solution. 

To determine the shape of nanoparticles, a 

transmission electron microscope (TEM) was used. 
A Hitachi HT-7700 Tecnai transmission electron 
microscopy instrument was used for the TEM 
observations, and it was run at an accelerating 
voltage of 40–120 kV. The condition of a 
nanoparticle in polar liquids is determined by its 
zeta potential, which also provides specific details 

about the dispersion mechanisms. Using the DLS 
technique (Malvern Zetasizer Nano ZSP), light 
source He-Ne laser 633nm, Max 10mW, 100VA 
maximum power, temperature range 0°C - 90°C 
+/ -0.1, zeta potentials, polydispersity indices (PI), 
and average particle sizes of Au nanoparticles are 

calculated. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Characterization of Gold Nanoparticles  

As stated before, the transition from light yellow to 
dark purple is a certain indicator that nanoparticle 

manufacturing has taken place (Figure 1). 

 

Figure 1.  (a) Before microwave treatment, color 
change of HAuCl4.3H2O solution and Mulberry leaf 
extract mixture, (b) and (c) after microwave 

treatment, purple pink color indicating the 
formation of Au-NPs.  

The mulberry leaf extract was employed as a 
capping and reducing agent to create nano gold 
colloid. Using UV-vis spectroscopy, which is an 
effective spectroscopic technique for finding 
metallic nanoparticles, it was possible to confirm 

the creation of gold nanoparticles.  

 

a) 

b)  

 

Figure 2.  SPR absorption spectra of gold nanoparticles produced at a concentration of 0.5 mM (a [0,5 
ml]-b [1 ml]) HAuCl4.3H20.  
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According to Figure 2a, which shows a distinctive 

resonance band about 530-580 nm after 18 
minutes of exposure, which is the typical 

absorption band of spherical gold nanoparticles, it 
appears that AuNPs were successfully produced 
with 0.5 mL mulberry leaves extract. After 30 

minutes of microwave treatment at 90 W power, 

the band reached its highest point. The size and 
form of the gold nanoparticles are related to the 

absorption band, which is the surface plasmon 
absorption of gold nano colloids. 

 

a) 

 

b) 

 

Figure 3:  SPR absorption spectra of gold nanoparticles produced at a concentration of 1 mM (a [0.5 

ml]-b [1 ml] HAuCl4.3H20. 

The amount of nanoparticles was undoubtedly 
increased by the larger extract volume (1 mL). For 
14 and 30 minutes, the surface plasmon resonance 
(SPR) absorption band was very strong and wide. 
However, significant agglomeration caused the 
particle size to be high. The hue of the reaction 

mixture revealed it. After the exposure period, the  

colloidal solution had turned dark purple and 
cloudy. A higher concentration of HAuCl4.3H2O led 
to more AuNP generation (Figure 3a and b). There 
must be a limit to the bioactive components 
reductive power. On the other hand, even after an 
11-minute microwave treatment, 1 mL of mulberry 

leaves extract appears to yield AuNPs (Figure. 3a 

and 2b). A notable band peak shift to the 600 nm 
region was also noted (Figure 3). 
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Figure 4. TEM images of Au nanoparticles were 
produced using the microwave extraction method 
with 0.5 mM HAuCl4.3H2O (100 nm). 

Through TEM analysis, the morphology of the 

biosynthesized AuNPs was further confirmed. 
Figures 4. demonstrated the creation of a few 

irregularly shaped particles as well as three 
different magnifications of almost spherical AuNPs.  

 

Figure 5. FT-IR spectrum of synthesized AuNPs. 

The potential biomolecules responsible for capping 
and effective stabilization of the Au-NPs produced 
with mulberry leaf extract were determined using 
FT-IR studies. The biosynthesized AuNPs 
demonstrate strong bands at 3228 cm-1, 2917 cm-

1, 1551 cm-1, 1290 cm-1, 1071 cm-1, 1041 cm-1, 
616 cm-1. This shows the various functional groups 

of biomolecules that have been adsorbed on the 
surface of the nanoparticles and also shows the 
impact of organic moieties on the synthesis of 
AuNPs and their ability to withstand the aqueous 
medium. The strong band seen at 3228 cm-1 is due 

to amine group stretching vibrations on the side of 
the hydroxyl group. It is possible to attribute the 
signal at 2917 cm-1 to C-H stretching vibrations of 
the methyl, methoxy, and methylene groups. The 
properties of C-OH protein vibrations and the -C-
O-C bending mode are represented by the peaks at 

1071 cm1 and 1041 cm-1, respectively. The N-H 

groups of proteins' plane-bending vibrations could 
be the cause of the band at 661 cm-1. According 

to the findings of FTIR spectral analysis, the 
biomolecules in the extract of Mulberry leaf served 
as the agents in reducing, stabilizing of AuNPs. 

 

 

 

 

Figure 6. Zeta potential (a) and size distribution 
(b) of Au nanoparticles produced by microwave 
extraction using 0.5 mM HAuCl4.3H2O and 0.5 mL 

mulberry leaves extract, respectively. 

The size of the metallic core and the thickness of 
the capping or stabilizing substance surrounding 

the metallic nanoparticles are determined using 
the dynamic light scattering (DLS) technique (31). 
Using DLS measurements, Figure 6(a) displays the 
particle size distribution of the biosynthesized 
AuNPs. Au-NPs were discovered to have an 
average particle size of 78.95 ± 0,57 nm. The ZP 
value of -12,9 ± 0,808 mV and a polydispersity 

index of 0,321±0,004 are shown in Figure 6(b), 
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which points to colloidal AuNPs' increased stability.  

These findings were found to be comparable with 
the literature carried out by Adavallan and 

Krishnakumar (2014) (31). Adavallan and 
Krishnakumar (2014) synthesized gold 
nanoparticles from Mulberry leaf extracts using 
chemical synthesis and biosynthesis and used the 

zeta-sizer method for their characterization. They 
found the zeta potential and the average particle 
size of the biosynthesized AuNPs gold 
nanoparticles were -16 mV, 50 nm, respectively. 
Zeta potential (ZP) values provide details on the 
stability and surface charge of biosynthesised Au-
NPs (32). It's possible that the mulberry leaf 

extract's abundant protein content is what causes 
the metal ions to be reduced and the 
biosynthesized nanoparticles to be stabilized 
effectively (32).  

 

4. CONCLUSION 

 

The study describes a straightforward, innovative, 
and productive method for creating gold 
nanoparticles that uses Morus alba L. leaf extract 
as a reducing and stabilizing agent for gold. The 
surface plasmon resonance of biosynthesized 
AuNPs was validated by UV-visible spectrum 

spectroscopy. For bio-synthesized AuNPs, the zeta 
potential value was −12,9 ± 0,808 mV, confirming 
the stability of the nanoparticles. Gold nanoparticle 
preparation is illustrated utilizing a straightforward, 
quick, and environmentally friendly method that 
uses mulberry leaf extract as a capping and 
reducing agent. In the proposed technique, when 

the extract volume is 0,5 mL and the HAuCl4.3H2O 

concentration is 0,5 mmol/L, it takes 30 minutes to 
synthesis gold nanoparticles in MAE. The 
production of size particles depends on several 
factors, including the quantity of extract, the 
concentration of HAuCl4.3H2O, and time. 
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1. INTRODUCTION 
 
A widespread disease emerged in December 2019 
and caused a major health problem worldwide after 
its sudden strike in China (1-3). SARS-CoV-2, also 
known as the novel coronavirus, is the human 

pathogen that caused a global pandemic with well 
over 100,000 diagnosed patients across the world, 
from China to Europe and all the way to the U.S.A., 
and yet still, there is no efficient halt to this spread 
currently. There is now quite an effort within the 
industrial and scientific community to find an 
inhibition mechanism for SARS-CoV-2 via varying 

strategies to save millions of lives (4-8). There are 
far more than 350 genome sequences of SARS-CoV-

2; however, 30,000 base-pair genomes of SARS-
CoV-2 is quite a different strain from SARS-CoV 
which was a beta coronavirus infecting mankind that 
caused a major health problem in 2003 and 2004 

(9,10). 
 
Under these terms, especially in silico drug discovery 
and drug repurposing settings have become rapidly 
even more popular than they used to be and are 
utilized quite often since the beginning of this 
disease. SARS-CoV-2 enters into the human host 

cells through its spike subunit S1’s binding to the host 

cell’s ACE2 transport protein. The modulation of the 
spike S1 protein (which is bound to S2 protein where 
it is attached to the surface membrane SARS-CoV-2) 
occurs in such a way that its trimeric structure 
accepts homodimer ACE2 proteins, and the binding 
occurs in Figure 1. ACE2 is a type 1 membrane 

protein known to be highly expressed within the 
respiratory cells. The S1 is known to be an excellent 
cell surface receptor binder in terms of binding 
affinity and efficiency. Specific anti-viral drugs from 
pharmaceutical synthetic and pharmacological 
origins are being re-examined in terms of their 
binding mechanisms to the ACE-2 enzyme and S1 

subunit protein of coronavirus. Several drugs are 
being used together in the patients currently instead 

of solely using a drug to be able to keep them alive. 
Chloroquine, Arbidol, Favipiravir, Remdesivir, and an 
anti-asthmatic drug, Zafirlukast, and several other 
antibiotics and antifungal drugs Itrazol, Fazadinium, 

Troglitazone, Gliquidone, Idarubicin, and Oxacillin 
are also being tested in clinical trials effective 
immediately. Sending spike proteins (S1 analogs) as 
the drug to bind them to ACE2 receptors was the first 
strategy, Figure 2a, in hand. Since these spike 
protein analogs will block all ACE2 receptors, SAR-
CoV-2 cannot bind to any ACE2. Thus, there will be 

no viral infection, and the immune system will be able 

https://doi.org/10.18596/jotcsa.1406290
mailto:soykan.agar@kocaelisaglik.edu.tr
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to recognize these non-harmful spike proteins and 

develop a response to the SAR-CoV-2 in time. 
However, blocking a protein channel such as ACE2 
might cause some side effects. In Figure 2b, 

scientists also thought of a similar approach. Utilizing 
antibodies instead of the spike proteins would yield a 
similar outcome since the outcome of permanently 
blocking all ACE2 receptors might have adverse side 

effects for the patients in the long run (11-13). 

According to Figure 2c, sending an inhibitory protein 
or drug such as Favipiravir to inhibit the S1 domains 
of SAR-CoV-2 directly might be an efficient route. 

With the spike proteins on the SAR-CoV-2 surface 
blocked, they can no longer get into interaction with 
ACE2 receptors (14). 

 

 
 

Figure 1: The binding illustration of the S1 subunit spike protein of SAR-CoV-2 and ACE2 transport protein 
of human host cell. 

 
Nanobodies, also known as therapeutic antibodies, 

can serve the same purpose as stated in Figure 2d. A 
further advantage of these might be the choice of 
DNA sequences within the nanobodies. The choice of 
sequence might be beneficial for further intra-cellular 
mechanisms from the immune system perspective 
and aid in initiating the neutralizing immune response 
(15-17). 

 
Rather than choosing these strategies to suppress 
coronavirus activity as the other scientists tried 

within the scientific literature, a significant de novo 
design (strategy Figure 3) was made via the complex 
of Calcitonin and Peptide Nucleic Acids (PNA) since 
the Calcitonin domain is essential for blood 

circulatory system bioavailability. In contrast, PNAs 
can be used to silence virus RNAs. Thus, the 
significance of Calcitonin and PNA should be 
mentioned. Calcitonin, a 32-amino-acid peptide, is 
secreted by the C-cells of the thyroid in mammals 
and by the ultimobranchial glands in sub-mammals. 

As a therapeutic agent for metabolic bone disease, 
Salmon calcitonin (SCT) has been in use for over 
three decades, and it has received approval for the 
treatment of postmenopausal osteoporosis in more 
than 90 countries. It is also approved for other 
indications such as Paget’s disease, bone-associated 
pain conditions, and emergency treatment of 

hypercalcemia using injectable salmon calcitonin. 
The hormone's bioavailability within the bloodstream 
plays a crucial role in its mechanism. Initially 
identified in 1961 for its blood calcium-lowering 
properties, synthetic or recombinant Calcitonins from 
various species, including human, porcine, eel-
derived, and SCT, have been employed for medical 

purposes. Over the past 15 years, new insights have 
emerged regarding the effects of SCT in preserving 
bone quality, particularly trabecular 
microarchitecture, which may contribute to its anti-
fracture efficacy. SCT is the most widely used 

preparation in clinical practice, owing to its 40-50 

times higher intrinsic potency compared to human 
calcitonin and its improved analgesic properties. 
Nonetheless, despite being discovered 45 years ago, 
the physiological role of calcitonin remains not 
entirely understood and continues to be the subject 
of ongoing research (18-24). 
 

Peptide Nucleic Acids (PNAs) were originally designed 
as DNA-binding agents that target the major groove 
domain of DNA, similar to triplex-forming 

oligonucleotides. Instead of using the sugar-
phosphate backbone found in oligonucleotides, PNAs 
were created with a pseudopeptide backbone (25). 
Upon synthesis, it became evident that PNAs, with 

their backbone and nucleobase linkers, closely mimic 
the structure of DNA and RNA. They can form stable 
duplex structures with complementary DNA, RNA, or 
other PNA oligomers (26-28). The synthesis of PNA 
oligomers can be done through standard solid-phase 
manual or automated peptide synthesis, using either 

tBoc or Fmoc-protected PNA monomers (29-31). 
After synthesis, the oligomers are deprotected and 
separated from the polymer using TFMSA/TFA (for 
tBoc) or purified through reversed-phase HPLC. 
Characterization of the oligomers can be done using 
MALDI-TOF or proton NMR. PNA oligomers can be 
easily labeled with fluorophores or biotin. In cellular 

uptake experiments conducted in vitro and in vivo, 
PNA oligomers are used as antisense or antigen 
agents, typically consisting of 12-18 nucleobases and 
having molecular weights of 3000-4000 amu. These 
hydrophilic structures have applications as antigens, 
antibacterial, and antiviral agents. These oligomers 
demonstrated intriguing characteristics in a complex 

formed by the interaction of polyamide nucleic acid 
with purine and pyrimidine bases attached to it. 
Notably, they exhibit high stability in human serum 
and cell extracts and exhibit antisense activity and 
suppress HIV virus RNA (32-37). 
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Figure 2: Strategy 2a: Occupying the ACE2 Receptors with ACE2 binding drugs (spike proteins); Strategy 
2b: Occupying the ACE2 Receptors with ACE2 binding drugs (antibodies); Strategy 2c: Blocking SAR-CoV-2 

directly via inhibitory drugs; Strategy 2d: Blocking SAR-CoV-2 directly via nanobodies. 
 
 

Hence, studying the antiviral complementary 
suppression activity of Polyamide-backboned PNA 

combined with the superior bioavailability features of 
SCT is the primary goal of this research paper. For 
the sake of argument, we can call our designed ligand 
(drug) Peptide Polyamide Nucleic Acid complexed 

with Salmon Ligand, or in short, PPNASL, which will 
serve as an Adenine binder and inhibitor of RNA of 
Coronavirus along with its attached Glycoprotein. 
 
2. MATERIALS AND METHODS 
 
2.1. Geometric Optimization 

An accurate determination of its geometrically 
optimal structure is essential to determine the active 
sites of any molecule and investigate its interactions 
with receptors. In our current study, the ligand 
designed to inhibit Coronavirus RNA-glycoprotein 
was determined using our group's vast 
organic/pharmaceutical chemistry knowledge. These 

organic chemical structures, with their most stable 
molecular geometries, went under the processing of 
the Gaussian 09 software (38) with density functional 
theory (DFT)/B3LYP functional (39). Using the 6-
31G(d,p) principle, the most stable molecular 
structures of polyamide-g-thymine and calcium 

molecules were formed for computational and 
simulation further research, as can be seen in Figure 
1. GaussView 6.0 and Avogadro 1.95 software (40) 
was used to prepare the input files for the molecular 

docking and molecular dynamics computations as 

well as for the post-processing of the output files. 
 

2.2. Molecular Docking Procedure 
All molecular docking simulations were performed via 
AutoDock Vina 1.1.2. and PyRx 0.8 software (41), 
both of which are widely used and accepted for their 

great precision and accuracy in biochemical docking 
simulations. The docking simulations took 50 posed 
simulations to 100 posed simulations in each run, 
totaling 800 poses. The drug complex of PPNASL has 
two domains. Its PNA (Polyamide-g-Thymine) part 
was de novo designed. In contrast, its Calcitonin part, 
along with the receptor structure of Coronavirus 

RNA-Glycoprotein, was downloaded from the Zinc 
Database with the following IDs of 2GLG and 7ACT, 
respectively. The optimizations were done using 
Gauss View 6.0 and Avogadro 1.95 and run, 
illustrating the interaction and binding of the drug to 
the receptor. The docking scores of all simulations 
were in kcal/mol as units stating the Gibbs free 

binding energy. The docking poses with the most 
accurate and favorable binding energy within the 
best-clustered data were chosen to be used as the 
initial structure and input file for MD simulations in 
each simulation with different seed numbers. 
 

2.3. Molecular Dynamics (MD) Simulations 
The docking poses possessing the best and most 
favorable binding energy concerning the docking 
results were used as the initial structure for the MD 
simulations (42,43). Utilizing Schrödinger’s Maestro 
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Desmond software (44), all the ligands were run for 

molecular dynamics (MD) simulations with 50 ns total 
time periods per each new seeded run, including 
5000 poses with 10 ps time intervals, respectively. 

Each molecular dynamics simulation was repeated 3 
times with different seed numbers to ensure the 
simulation parameters and structure of the PPNASL 
(ligand) bound Coronavirus RNA-Glycoprotein 

(receptor) complexes were correct. MD simulations 
were run to evaluate the dynamic properties of the 
drug-receptor complexes over time. The grid box in 
which the system was created was set to 150 × 150 
× 150 Å3 and with the spacing of 0.5 Å choice for this 
large receptor. TIP3P-type water molecules were 

placed in the box, and 0.15 M NaCl ions were also 
added to neutralize the system. As the temperature 
and pressure parameters, NPT was employed at 310 
K with Nose-Hoover temperature coupling (45) and 
at the constant pressure of 1.01 bar via Martyna 
Tobias−Klein pressure coupling (46). There were not 
any constraints on the systems, and the initial 

velocity values for the force field calculations were 
used as default fitting for OPLS 3.0 standards.  
 
2.4. Post Molecular Dynamics 
Characterizations 
The trajectory datasets of MD results were used for 
‘’Hydrogen contact mapping analyses’’ so that atom 

by atom, the complexes' binding effects and the 
drug's efficiency could be verified. The ”Event 
Analyses” modules of Schrödinger’s Maestro 
Desmond software were used for this purpose, where 
these results can be compared to the inhibition 
constant values. 

 

3. RESULTS AND DISCUSSION 
 
To achieve the goal of suppressing the activity of 

Coronavirus RNA-Glycoprotein by silencing its RNA to 
block its expression, one should know the 
pharmaceutical chemistry tendencies of functional 
groups and the genetic engineering aspects of the 

nucleotide-specific silencing on the receptors and its 
bioactivity features. The effectiveness of interactions 
appears to depend on various factors, including the 
affinity of the drug's pendant Thymine domains to 
RNA and the topology of the binding. 
 

In our strategy to suppress Coronavirus, shown in 
Figure 3, the organic chemical structure of the 
designed drug (ligand) can be seen at pH 7.4. By 
merging PNA (Polyamide-g-Thymine) with Salmon 
Calcitonin 9-19, the efficiency of the ligand was 
planned to be increased in terms of chemical 
Hydrogen bond affinity towards the receptor since 

the mode of binding and the nucleotide 
regioselectivity plays a pivotal role in the inhibition 
and suppression mechanism. 
 
Triple Thymine groups were chosen to bind to the 
Adenine groups of Coronavirus RNA-Glycoprotein, 
which has multiple repeating Adenines. This PNA 

oligomer possessing a Polyamide backbone with 
Thymine grafts is especially the right fit for the job in 
terms of RNA silencing (37, 48-50). For the first time 
here, we use it to silence Coronavirus RNA. 

 
 

Figure 3: The de novo drug’s chemical structure.  
 

The second issue that should be referred to is that in 

terms of pharmacokinetics, the addition of Calcitonin 
to the ligand structure is significantly beneficial due 

to its good bioavailability within the blood circulatory 
system. In our in silico studies, referring to a 
published research paper of the Ph.D. thesis (51) of 
our group, which had the experimental in vitro and in 

vivo findings, the half-life of Calcitonin had the range 
of 50 to 80 minutes while its protein binding rate is 
30-40%. Due to its peptide-based structure, 
Calcitonin is easily broken down in the 
gastrointestinal tract. Hence, it can be administered 
parenterally or intranasally. The plasma 
concentrations of 0.1-0.4 ng/mL were obtained after 

200 units of subcutaneous administration. While 

there is an immediate effect after intravenous 

administration, the effect is observed 15 minutes 
after intramuscular or subcutaneous administration. 

Salmon Calcitonin has the greatest effect 
approximately 4 hours after intramuscular or 
subcutaneous administration. While the effect after 
intravenous administration lasts between 30 minutes 

and 12 hours, it lasts for about 8-24 hours after 
intramuscular and subcutaneous administration. 
 
In Figure 4, the organic chemical structure of the 
receptor target, Coronavirus RNA-Glycoprotein, is 
illustrated. Since the glycoprotein and RNA domains 
are merged within the nuclei of Coronaviruses, it is 

best to study the inhibition of the whole complex. 
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Figure 4: a) Chemical structure of PPNASL. b) De novo strategy for designing the biochemical organic 

structure of PPNASL. 
 

 
Figure 5: The receptor molecule: 3-D chemical structure of Coronavirus RNA-Glycoprotein. 

 
The 3-D chemical structure of Coronavirus RNA-
Glycoprotein was optimized using Gauss view and 
Avogadro. It was seen that the steric hindrance of 
RNA is not as much as one can expect, which is a 

good starting point. Since its nucleotides, especially 
recurring Adenine triplets, are exposed, and the 
Polyamide-g-Thymine triplets of PPNASL can find the 
affinity and availability towards these sites easily and 
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docks onto them efficiently with ∆(∆G) of -12.1 

kcal/mol and significantly good inhibition constant of 
124.1 µM. 
 

By simulating and computing the theoretical stability 
and binding energies of PPNASL docked onto 
Coronavirus RNA-Glycoprotein, Figure 6 illustrates 
one of the main poses of the PPNASL, taken under 3D 

video within Schrodinger’s Maestro Desmond MD 
software, where the MD run had 5000 frames. The 

thymine pendant groups on polyamide PNA 

selectively chose the adenine triplet of coronavirus 
RNA and silenced it. 
 

Another detailed close-up shot of the docked pose of 
the ligand to Coronavirus RNA can be seen Ligand-
receptor complex equilibrium and stabilization occur 
in Figure 7. The Thymine-Adenine binding of the 

ligand-receptor complex can be observed clearly. 

 

 
 

Figure 6: The best favored MD pose of PPNASL docked onto Coronavirus RNA-Glycoprotein. 
 
 

Table 1: The Post-Molecular Dynamics Hydrogen bond contact mapping analyses of PPNASL 
 

 

RNA domains 
% of H-Bonds 

Thymines choose RNA 
Binding Energy 

(kcal/mol) 
H-Bond Distance 

 (Å) 

Adenine (1) 30.4 -12.4 2.08 

Adenine (2) 32.3 -11.9 2.01 

Adenine (3) 31.8 -12.0 2.13 

The Rest 5.5 - - 
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Figure 7: The close-up shot of the best favored MD pose of PPNASL docked onto Coronavirus RNA. 
 

After conducting 3D motion trajectory analyses, 
Table 1 presents a subsequent investigation using 
Schrödinger Maestro Desmond's Event Analyses 
tools. The aim was to compute all potential 
interactions between functional groups on drugs and 

RNA domains. This intricate affinity and binding study 
involved examining all hydrogen bonds among 
thousands of atoms based on the matrix data from 
the MD study's trajectory files. 
 
Matrix matches were manually performed for each 

atom to analyze the post-MD Hydrogen contact 

mapping. Additionally, a machine learning pre-coded 
script was utilized to determine the regioselectivity of 
Thymine groups of Polyamide PNA towards the 
Adenine domains of RNA. This approach was adopted 
to calculate the percentages of tendencies for 
functional group bindings. 

 

The drug aligns and maneuvers itself onto the 
Adenine domains regioselectively, and strong 
Hydrogen forces (2.08, 2.01, 2.13 Å) take place 
there, maintaining inhibitory ∆(∆G) energies (-12.4, 
11.9, -12.0 kcal/mol) so that PPNASL suppresses the 

RNA-Glycoprotein activity. 
 
In Figure 8, it can be seen that after around 30 
nanoseconds, the whole complex begins to reach an 
equilibrium in the yellow color compared to the non-
bound pristine receptor (target molecule) of 

Coronavirus RNA, indicating lower oscillations and a 

stable structure form in the ligand-receptor bound 
situation. However, as can be seen from the blue 
Coronavirus RNA illustration, the oscillations among 
the atoms of the RNA structure go on around 2Å and 

do not diminish. 
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Figure 8: The Root Mean Square Deviation plot (R.M.S.D.) of all atoms studied under the force field of 
OPLS 3.0; PNA-Thymine in complex with RNA in yellow and non-bound receptor Coronavirus RNA (pristine) 

in blue respectively. 
 

4. CONCLUSIONS 
 
This research study has explored de novo drug design 
methods by utilizing the organic chemical structures 
of Salmon Calcitonin 9 - 19 and PNA to target the 
Coronavirus Ribonucleic Acid (RNA)-Glycoprotein 
complex. PNA, with its polyamide backbone and 

Thymine pendant groups, has been employed to 
selectively bind and inhibit the Adenine domains of 
the RNA-glycoprotein complex. Molecular docking, 
molecular dynamics, and post-MD characterization 
studies were conducted, revealing a highly favorable 
inhibition total docking energy of -12.1 kcal/mol and 

a significantly good inhibition constant of 124.1 µM. 
These findings confirm the effective and 
regioselective suppression of the Coronavirus RNA-
Glycoprotein complex at the nucleotide level. This 
also proves the achievement of the Molecular 
Dynamics  
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Abstract: The degradation of tolonium chloride (TC+) dye by phosphate ion (PO4
3-) in an aqueous acidic 

solution was studied using spectrophotometric analysis at 301 K, I= 1.0 M, [TC+]= 1.5 × 10-5 M, [H+]= 
1.0×10-3 M, and ʎmax 600 nm. To determine the potency and rate of the reactant species, an aqueous acidic 

medium was employed. The reaction's direction and tendency were predicted using a thermodynamic analysis 
at an interval of 5.0 K and a temperature range of 301-321 K. Without the presence of intermediate 
complex/free atoms formation, a reaction that produced phenyl sulphoxide, phenylamine, and HPO3

2- as 
products of the reaction was obtained with a molar ratio of 1:1 for both reactants. First-order tolonium 
chloride reactivity was found in the reaction and first-order for the phosphate ion, resulting in a second-order 
reaction overall. The reaction process accelerated as the concentration of hydrochloric acid rose. The response 
time decreased with an increase in ionic strength concentration and added Ca2+ and Cl- did catalyze the 

reaction positively. A straight line that went through the origin was produced by plotting 1/ko vs PO4
3- 

concentration. The spectroscopic analysis showed no discernible shift from λmax of 600 nm. Additionally, an 
increase in temperature accelerated the reaction process. The reaction has a negative free energy change, 
G (-3.13–1.12 KJ/mol) which indicates that it is spontaneous and that the reactants have more free energy 
than that of the products. While the enthalpy of activation, H is positive and indicates that the reaction was 

endothermic and followed an associative path, the entropy of activation, S, is also negative (-7.45–1.10 

KJ/mol), indicating that the reaction is less disordered. Due to the added ions catalysis and absence of free 
atoms during the course of the reaction, an outer-sphere mechanism was suggested for the reaction. 

 
Keywords: Degradation, Tolonium chloride, Phosphate ion, Acidic Medium. 

 
Submitted: September 19, 2023. Accepted: February 14, 2024. 
 
Cite this: Umoru PE, Lawal M, Babatunde OA, Sahabi Y. Degradation of Tolonium Chloride Dye by Phosphate 
Ion in Aqueous Acidic Solution: Kinetic Approach. JOTCSA. 2024;11(2):633-42. 
 

DOI: https://doi.org/10.18596/jotcsa.1362644 
 
*Corresponding author’s E-mail: peumoru@nda.edu.ng 
 
1. INTRODUCTION 

 
An acidophilic metachromatic dye called tolonium 

chloride, hereafter referred to as TC+ only stains 
acidic tissues (1). Since TC+ has a strong affinity for 
nucleic acids, it can bind to tissues rich in DNA and 
RNA as well as nuclear material (2,3). Water and 
alcohol only partially dissolve TC+ (2-4), which exits 
as the 3 isoforms ortho-, para-, and meta-toluidine 
(3). To do a quick microscopic inspection of a 

specimen, frozen sections are routinely stained with 
it. With TC+, frozen sections can be quickly dyed and 
examined (3) as well the identification of mast cells 
(5). It is utilized in forensic examination (6) and renal 
pathology (7). In premalignant lesions, the surgeons 

utilize the dye to help highlight areas of mucosal 

dysplasia (8). 
Tolonium chloride is used to stain cellular nuclei, 

making it beneficial for detecting cancerous tissue 
that has a greater nuclear-to-cytoplasmic ratio and 
increased DNA concentration (9). It can be an aid in 
the routine screening of people at risk and is useful 
in the assessment and representation of subtle oral 
mucosal changes. It is possible to utilize it to guide a 
brush biopsy without interfering with the computer-

assisted cytological analysis of these tissues (10). It 
was reported that for many years, tolonium chloride 
has been successfully used as a key stain and a tool 
in the early diagnosis of oral cancer, cancer of the 
oral mucosa, and cancer of the upper aerodigestive 
tract (11). It is advised to use TC+ in addition to 

https://dergipark.org.tr/jotcsa
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chemiluminescence or other methods as a diagnostic 
tool (12). The ability to detect early oral squamous 
cell carcinoma (SCC) and high-grade dysplasias 

using TC+ is also well documented (13–16). 
 
The naturally occurring form of the element 
phosphorus, known as phosphates (PO4

3-), is present 

in numerous phosphate minerals. A rock or mineral 
that contains phosphate ions is referred to as 
phosphate. Phosphorus is extracted from inorganic 
phosphates for use in industrial and agricultural 
purposes (17). They are phosphorus medicinal salts, 
and the hygroscopic anhydrous form of phosphate is 

easily soluble in water but insoluble in alcohol (18). 
Phosphate makes up the majority of the phosphorus 
in living things (19). Phosphates are often made by 
neutralizing phosphoric acid, either completely or 
partially, with sodium carbonate or sodium hydroxide 
(20). The resulting solution within the container can 

then be evaporated to produce crystals of the 

particular hydrate. The hydrate is stable over a wide 
temperature range (21). Usually, inorganic 
phosphate is produced during the synthesis of a 
substance like sucrose (22). PO4

3- plays fundamental 
functions in biochemistry, biogeochemistry, and 
ecology, making them very useful (17). Some 
phosphates are effective in treating urinary tract 

infections and preventing the formation of calcium 
stones in the urinary system. For patients who 
cannot acquire enough phosphorus in their diet daily, 
they utilize phosphates as dietary supplements (23). 
PO4

3- is used in a wide variety of food and water 
treatment processes (24). For instance, sodium 

phosphates are frequently employed as leavening 
agents, thickeners, and emulsifiers in baked goods. 

They are additionally utilized to regulate the pH of 
processed foods (25). It is known that phosphate can 
help with constipation and can get the bowels ready 
for surgery (25). They are effective anti-rust agents 
and are used in detergents to soften water (25). They 

serve a variety of purposes, including those related 
to antimicrobials (26), pH control agents (buffers), 
boiling water additions, cleansers, coagulants, 
leaving agents, stabilizers, emulsifiers, texturizers, 
minerals, and dietary supplements. In meals, mono- 
and tri-sodium phosphate is employed as a buffering 
salt. The main application is to maintain the pH of 

food systems for fruit and vegetable products (27). 
They are employed as an acidulent (18), as an 
excipient in pharmaceuticals, and saline solutions 
(18). The shelf life of soy products is said to be 

extended by the addition of phosphates (28). Despite 
not affecting gram-negative bacteria like Salmonella 

typhimurium, phosphorus is bacteriostatic in that it 
suppresses the growth of some gram-positive 
bacteria (29–31). To increase the stability, water 
holding capacity, and sausage emulsion of emulsified 
sausages, phosphate mixtures are used (31,32). 
When used in compliance with GMP, the U.S. Food 
and Drug Administration has designated food 

phosphates as generally safe (33). Phosphates may 
be included in meat products, minced meat, and 
meat preparations (34). Phosphorus peroxide (P2O5), 
alone or in combination, is allowed in final products 
at a rate of 5 g/kg according to European law (35). 
Phosphates are frequently utilized in the meat 
processing industry according to (36). Utilizing the 

right quantity and combination of phosphates can 
increase the finished products' ability to hold 
moisture, hold water, protect color, delay oxidation, 

extend shelf life, stabilize and improve structure, and 
more. Phosphates aid in the restoration of 
periodontal deficiencies, enhancement of alveolar 
bone, sinus lifts, tooth substitutes, and restoration of 

significant bone defects brought on by cancers (37–
43). In tissue engineering, they are also utilized as 
scaffolds for the regeneration of bone or dentin (43–
47). To reduce the bioactivity of the phosphates and 
the metal's strength, calcium phosphates in 
particular are utilized as injectable cements (48,49) 

and as coatings on titanium and titanium alloy 
implants (50,51). 
 
Due to its uses in inorganic chemistry and living 
beings, phosphate reaction is one of the most 
cutting-edge fields of study. It is advantageous for 

plant development and has various potential uses in 

outstanding chemical processes in the 
pharmaceutical, food, and detergent sectors. In 
addition, the potential applications of tolonium 
chloride as a basic stain in the early detection of oral 
cancer (9) and the widespread use of phosphate in 
manufacturing and agriculture sparked our interest 
in the study of the degradation of tolonium chloride 

with phosphate ion. Literature has reported works 
done on TC+ but little is known about its degradation 
by phosphate ion which prompted this research. The 
purpose therefore of this research is to see how 
phosphate ions can degrade tolonium chloride in an 
acidic medium. It is expected that TC+ will be 

degraded to other forms to prevent pollution of water 
bodies by TC+ when used as a dye in textile 

industries. We are confident that the information 
gleaned from this reaction will contribute to a better 
understanding of the bioactivities of the phosphate 
ion and the redox behavior of tolonium chloride. 
 

2. EXPERIMENTAL SECTION 
 
2.1. Materials/Chemicals 
Chemicals from A.J. Chemical Company Kaduna were 
used throughout. All chemicals are of analytical 
grade and were used throughout the research 
without further purification. Distilled water was used 

to prepare all solutions. The chemicals used are: 
Tolonium chloride (CAS Number= 92-31-9), 
potassium phosphate(CAS Number= 7778-77-0), 
calcium nitrate (CAS Number= 10124-37-5), sodium 

chloride (CAS Number= 7647-15-5), hydrochloric 
acid (CAS Number= 7647-01-0) and barium chloride 

(CAS Number= 10361-37-2). 
 
2.2. Methods 
 
2.2.1. Stoichiometric and product scrutiny 
Molar ratio calculations were used to determine the 
reaction's stoichiometry. The concentration of the 

TC+ was at 1.0×10-6 M, the concentration of the 
hydrogen ion was at 1.0×10-3 M, the ionic strength 
was at 1.0 M, and the concentration of PO4

3- was 
changed between (1.0-7.5)×10-6 M within an interval 
of 0.5×10-6 M. After 24 hours, when the reaction 
mixture had become colorless (52), the ultimate 
absorbance of each reacting mixture was measured, 
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and an absorbance versus concentration plot was 
made. Two drops of dilute lead acetate solution and 
two drops of acetic acid were added to the 2 mL of 

resultant colorless mixture to examine the presence 
of HPO3

2- (53). Bromine water was further added to 
another 2 mL of the reaction solution to determine 
the presence of phenylamine as another reaction 

product. 
 
2.2.2. Kinetic inquiry 
The concentration of PO4

3- was produced to surpass 
that of [TC+] by at least 15.33 times at [TC+]= 
1.5×10-5 M, [PO4

3-]= (2.3-3.6)×10-4 M in an interval 

of 0.3×10-4 M, [H+]= 1.0×10-3 M, I= 1.0 M, T= 301 
K, and λmax= 600 nm. Using a UV/visible 
spectrophotometer spectrum lab 725s, the reduction 
in the absorbance of the reaction with time was 
detected due to the alteration in the concentration of 
the reacting species. It was possible to get kinetic 

plots of log (At–A∞) where At is Absorbance at the 

time "t" and A∞, Absorbance at infinity vs time (s) 
and log ko (observed rate constant) versus log [PO4

3-

] which was used to evaluate the order of the 
reaction (54,55). 
 
2.2.3. Change in the concentration of hydrochloric 
acid 

Change in the concentration of hydrochloric acid was 
investigated between (0.4–1.0)×10-3 M within a 
range of 0.2×10-3 M intervals with TC+= 1.5×10-5 M, 
[PO4

3-]= 2.9×10-4 M, I= 1.0 M, T= 301 K, and λmax= 
600 nm. A log of k2 vs [H+] plot was produced(56). 
 

2.2.4. Study of ionic strength 
The study of ionic strength for the reaction was 

observed by making the concentration of TC+= 
1.5×10-5 M, [PO4

3-]= 2.9×10-4 M, [H+]= 1.0×10-3 M, 
I= 1.0 M, T= 301 K and λmax= 600 nm while that of 
ionic strength was varied between (0.4–2.0) M 
(56,57) within an interval of 0.2 M after which plot of 

log of k2 versus √I was attained. 
 
2.2.5. Effect of added Ca2+ and Cl- on the reaction 
rate 
The effect of added Ca2+ and Cl- on the reaction rate 
was investigated by adding (2.0–3.5)×10-2 M of Ca2+ 
and Cl- respectively. The concentration of tolunuim 

chloride, hydrogen ion, ionic strength, and PO4
3- were 

kept constant (57). 
 

2.2.6. Consequence of temperature variation on 
reaction speed 
At intervals of 5.0 K, the effect of temperature 

fluctuation on reaction speed was examined between 
301 and 321 K. Other parameters such as [TC+]= 
1.5×10-5 M, [PO4

3-]= 2.9×10-4 M, [H+]= 1.0×10-3 M, 
I= 1.0 M, and λmax= 600 nm had constant 

concentrations. It was possible to plot the reciprocal 
of temperature (1/T K-1) against the log computed 
speed constant (log kcal). Equation 1 was used to 
compute the speed constant from the measured 
speed constant ko, and Equation 2 was used to 
determine the activation energy (58): 

 

𝐤𝐜𝐚𝐥 =
k0

[PO4
3−][H+]⌈I⌉

     (1) 

 

𝐄𝐚;       Slope =
−Ea

2.303×R
    (2) 

 

Where R = gas constant 

 
2.2.7. Thermodynamic exploration 
The equations employed for the investigation of the 
common changes in free energy (G),8enthalpy (H), 
and entropy (S) are given in (Equations 3, 4, and 5) 
respectively (58). 
 

∆𝐆; =  −2.303 × R × T × log kcal   (3) 

 

∆𝐇;       Slope =
−∆H

R×T
    (4) 

 

∆𝐒;       ∆G − ∆H     (5) 

 
2.2.8. Intermediate complex investigation and data 

analysis 

The intermediate complex was examined using the 
formula; 1/ko versus 1/[PO4

3-] plot. The data 
collected underwent statistical analysis to determine 
their mean and standard deviation. 
 
3. RESULTS AND DISCUSSION 

 
3.1. Stoichiometry and Product Scrutiny 
As demonstrated in (Equation 6), one mole of PO4

3- 
was consumed by one mole of TC+ Equation 6 is a 
representation of the degradation of TC+ to phenyl 
sulphoxide and phenylamine. 
 

 

(6) 

 
This result is not in agreement with the reports of 
(59-61) for the autocatalyzed reaction between 

phenyl hydrazine and toluidine blue in aqueous 
solution, Redox reaction of bis-(2-
pyridinealdoximato)dioxomolybdate(IV) complex 
with thiosulphate ion in aqueous acidic and 
surfactant media, the study of Piszkiewicz’s and 
Berezin’s models on the redox reaction of 

allylthiourea and 
bis‑(2‑pyridinealdoximato)dioxomolybdate(IV) 

complex in an aqueous acidic medium respectively. 

When lead acetate solution was added to the 
colorless reaction mixture, a white precipitate 
resulted, which became soluble in two drops of acetic 
acid to reveal HPO3

2- as one of the reaction's end 
products (53). In addition to two drops of bromine 
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water to the reaction mixture, the bromine water was 
decolorized and a white precipitate was formed 
confirming the presence of phenylamine as another 

product of the reaction. 
 
3.2. Kinetic Inquiry 
The graph of log (At–A∞) versus time (s) has an R2 of 

0.995 Figure 1, indicating that it is linear and is first-
order about [TC+]. The kinetic plot of log ko vs log 
[PO4

3-) in Figure 2 was also linear with a slope of 

0.9972 which is almost unity, indicating also a first-
order reaction concerning [PO4

3-]. The second-order 
speed constants k2 were computed by dividing the 

values of ko with the concentration of PO4
3-, and the 

values were discovered to be fairly constant (Table 
1). The rate law for the reaction is displayed In 
(Equation 7). 

 
−d[TC+]

dt
= k2[TC+][PO4

3−]    (7) 

 

 
Figure 1: Graph for the Redox Reaction of TC+ and PO4

3- at [TC+]= 1.5×10-5 M, [H+]= 1×10-3 M, I= 1.0 M, 
λmax= 600 nm and T= 301 K. 

 

 
Figure 2: Plot of log ko versus log [PO4

3-], [TC+] = 1.5 × 10-5 M [H+] = 1 × 10-3 M I = 1.0 M λmax = 600 nm 
and T= 301 K 

 
Table 1: Speed constant for the reduction of TC+ by PO4

3- at 301 k, I= 1.0 M, [TC+]= 1.5×10-5, 

[H+]= 1.0×10-3 M, [PO4 
3-]= (2.3–3.6)×10-4 and λmax= 600 nm. 

104 [PO4
3-] M I = 1.0 M [H+]= 1.0×10-3 M 103 ko/s k2 dm3/mol.s 

2.30 
2.60 
2.90 
3.20 
3.60 
2.90 
2.90 

2.90 
2.90 
2.90 
2.90 
2.90 
2.90 

1.00 
1.00 
1.00 
1.00 
1.00 
0.40 
0.60 

0.80 
1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
0.40 
0.60 
0.80 
1.00 

5.99 
6.80 
7.59 
8.40 
9.44 
7.60 
5.99 

4.84 
3.76 
4.14 
5.07 
6.22 
7.60 

26.04 
26.15 
26.17 
26.25 
26.22 
26.21 
20.66 

16.69 
12.97 
14.28 
17.48 
21.45 
26.21 
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3.3. Change in The Concentration of 
Hydrochloric Acid 
It was discovered that by increasing the 

concentration of hydrochloric acid in the reaction, the 
rate of reaction was observed to increase (Figure. 3). 
The relationship between k2 and [H+] was linear, with 
a 5.955 dm6/mol2.s intercept on the k2 axis. This 

suggests that the protonated and non-protonated 
forms are in a quick state of pre-equilibrium, this also 
suggests that both forms are reactive (62). This is in 
contrast with the finding reported by (63), which 
showed that the kinetics and mechanism of the redox 

interaction between toluidine blue and nitrite ions in 
an aqueous acidic medium did not exhibit any 
intercept. The rate laws are depicted in Equations 8 

and 9: 
 
k2 = (a + b[H+])     (8) 

 
−d[TC+]

dt
= (a + b[H+])[TC+][PO4

3−]   (9) 

 
Where ‘a’ the intercept= 5.955 dm6/mol2.s and ‘b’ the 
slope= 1.985 dm3/mol.s 

 

 
Figure 3: Plot of k2 versus [H+] for the reduction of phosphate ion at [TC+]= 1.5×10-5 M, 

[PO4
3-= 2.9×10-4 M, [H+]= (0.4–1.0×10-3 I= 1.0 M, ƛmax= 600 nm and T= 301 K. 

 
3.4. Study of Ionic Strength 
As the ionic strength concentration was raised, the 
rate of reaction between TC+ and PO4

3- was observed 

to decrease. According to this, the transfer of 
electrons takes place when two dissimilar charges 

are in action. The findings are in contrast to that 
reported by (64) regarding the kinetics and 

mechanism of the oxidation of indigo carmine by 
permanganate ion in an aqueous acidic medium 
which showed that the reaction rate was unaffected 

as the ionic strength concentration was increased. 
The system plot was linear, as depicted in Figure 4's 

log k2 versus √I plot. 

 
Figure 4: Plot of log k2 versus √I for the Reduction of TC+ by PO4

3-, [PO4
3-]= 2.9×10-4 M, 

[TC+]= 1.5×10-5 M, [H+]= 1×10-3 M, I= 1.0 M, ƛmax= 600 nm and T= 301 K. 

 
3.5. Effect of Added Ca2+ and Cl- 

The addition of Ca2+ and Cl- to the reaction mixture 
increased the rate of reaction (Table 2). This 
suggests that the reaction probably follows an outer-

sphere mechanism. 
 
 

 
3.6. Consequence of Temperature Variation on 
the Speed of Reaction 
The results demonstrated that the speed constant, 

ko, increased as the temperature rose (Table 3). It 
was possible to create a linear graph (Figure 5) with 
a slope of -1.671 by plotting log kcal against the 
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temperature reciprocal (1/T K-1). The activation 
energy (Ea) yielded a value of 31.99 KJ/mol. 
 

3.7. Thermodynamic Exploration 
According to Table 4, the reaction's free energy, or 
G, was negative (-3.13 1.12 KJ/mol), meaning that 
the reactants had greater free energy than the 

products. Additionally, it indicates that the reaction 
was unplanned (65,66). The entropy of activation, or 
S, is also negative, showing that the reaction is less 

disordered, while the enthalpy of activation, or H, is 
positive (4.32 0.10 KJ/mol), suggesting that the 
reaction is endothermic and follows an associative 
path.

 
Table 2: Pseudo First Order and Second Order Rate Constants for the effect of added Ca2+ and Cl- for TC+ 
by PO4

3- at [TC+]=1.5×10-5 M, [PO4
3-]=2.9×10-4 M, [H+]=1.0×10-3 M, I=1.0 M, T=301 K and λmax=600 nm. 

Ion 102 [Ion] M 102  ko/s k2  dm3/mol.s 

Ca2+ 

2.0 2.810 1.405 
2.5 3.690 1.476 
3.0 5.200 1.733 
3.5 6.399 1.828 

Cl- 

2.0 3.286 1.643 
2.5 4.368 1.747 
3.0 6.388 2.129 

3.5 7.531 2.152 

 

Table 3: Consequence of temperature variation on the speed of reaction. 

Temp. K 1031/T  K-1 104[PO4
3-] M 103[H+] M 107ko kcal MS log kcal 

301 3.32 2.9 1.00 5.97 2.06 0.31 
306 3.27 2.9 1.00 7.91 2.73 0.44 
311 3.22 2.9 1.00 9.59 3.31 0.52 
316 3.16 2.9 1.00 10.52 3.63 0.56 
321 3.12 2.9 1.00 13.94 4.81 0.68 

 

 

Figure 5: Plot of  versus 1/T for the reduction of phosphate ion at [TC+]= 1.5×10-5 M, 

[PO4
3-]= 2.9×10-4 M, [H+]= (0.4–1.0)×10-3 I= 1.0 M, λmax= 600 nm and T= 301–321 K. 

 
Table 4: Thermodynamic exploration. 

Temp. K log kcal ΔG kJ/mol ΔH kJ/mol ΔS kJ/mol 

301 0.31 -1.79 4.18 -5.97 

306 0.44 -2.58 4.25 -6.83 

311 0.52 -3.10 4.32 -7.42 

316 0.56 -3.39 4.39 -7.78 

321 0.68 -4.81 4.46 -9.27 

 
3.8. Intermediate Complex Investigation 

The graph of 1/ko versus 1/[PO4
3-], which produced 

a straight line from the origin (Figure 6), indicates 
that there were no intermediate complex/free atoms 

formed during the course of TC+ the degradation 

process. As a result, it supports an outer-sphere 
mechanism for the reaction by pointing to the lack of 
intermediate complex formation. 
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Figure 6: Plot of 1/k1 versus 1/[PO4

3-], [TC+]= 1.5×10-5 M, [PO4
3-]= (2.3–3.6)×10-4 M, [H+]= 1×10-3 M, 

I= 1.0 M, ƛmax= 600 nm and T= 301 K. 

 

 
 

4. CONCLUSION 
 

The degradation of tolonium chloride by phosphate 
ion (PO4

3-) in an aqueous acidic solution was studied 
and the results revealed a molar ratio of 1:1. The 
reaction exhibited acid and ionic strength 
dependence which could account for TC+'s quick 

detection of and attachment to biological systems. 
The results of the examination into intermediate 
complexes showed a straight line from the origin, 
indicating the lack of any intermediates. 
Alternatively, it's possible that the intermediate 
complex was created so quickly during the redox 

reaction that it was not visible. Thermodynamic 
analysis showed that a temperature rise sped up the 
reaction time. Free energy is spontaneous and has a 
negative sign, indicating that the reactants have 
more free energy than the products have. 

Additionally, the activation entropy is negative, 
demonstrating that the reaction is less disordered, 

and the activation enthalpy is positive, 
demonstrating that the reaction was endothermic 
and continues via an associative pathway. The 
movement towards an outer-sphere mechanistic 
pathway has been influenced by the catalysis of 

added Ca2+ and Cl- and the absence of an observable 
intermediate complex formation. 
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1. INTRODUCTION 
 
Renewable energy helps solve environmental 
problems and support sustainable development. 
Renewable energy sources reduce climate change by 

emitting little greenhouse gas (1). They boost energy 
security by diversifying the energy mix and 
minimizing fossil fuel imports. Renewable energies 
improve air quality and health (2). They also boost 

economic growth, investment, and job creation (3). 
Renewable energy technology advances improves 
efficiency, and lowers costs, making it more 

accessible and profitable. Renewable energies are 
crucial to the climate and ecological goals of the 
Green Deal, such as the European Green Deal. By 
2050, it wants to make Europe the first climate-
neutral continent by focusing on renewable energy 
and energy efficiency. The Green Deal encourages 
renewable energy use to reduce greenhouse gas 

emissions and boost economic growth. It supports 
renewable energy development and implementation 
through policies, financing, and research. Countries 
can fight climate change and promote sustainability 
by supporting the Green Deal (4). Biomass energy is 

a term that encompasses bioenergy and biofuels. 
Bioenergy refers to solid biomass used for domestic 
uses (heating, cooking) and industrial applications 
(heat and power). Biofuels mainly refer to liquid 
biofuels (biodiesel and bioethanol) used in road 

transportation but also include biogas. Biomass 
energy is a renewable resource that has the potential 
to contribute significantly to the world's energy 
needs. Anaerobic digestion (AD) of agricultural 

waste, food waste, and sewage sludge produces 
biogas. Waste management, renewable energy 
generation, methane emission reduction, and 

nutrient recycling are its benefits. Methane in biogas 
is used to generate energy. Electricity, heating, and 
cooking can be made from biogas. The energy 
performance of biogas production can be assessed 
using parasitic energy demand, biogas utilization 
efficiency, and energy output relative to feedstock 
solid mass. These indicators reveal biogas plant 

energy efficiency and performance. Producing biogas 
from organic waste has many benefits. Organic 
waste serves as a valuable substrate for anaerobic 
digestion, a natural process mediated by a diverse 
array of microorganisms. Anaerobic digestion 

https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org
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https://orcid.org/0000-0002-5824-971X
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converts organic residues into biogas, and volatile 
fatty acids, which hold potential as clean energy 
sources. The anaerobic digestion process comprises 

four interconnected steps wherein microorganisms in 
each step sequentially convert substrates for 
utilization by subsequent microbial communities (5-
7). It is a complex process in which a diverse 

consortium of microorganisms uses organic waste as 
a substrate to initiate an integrated and multifaceted 
cascade of biochemical reactions in single-stage 
batch reactors, including hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis. After this 
procedure, biogas—an infinite source of renewable 

energy that can be used for thermal applications—is 
produced (8). Biogas installations number 132,000 
worldwide, excluding 50 million micro-scale digesters 
(9). Nanoscale particles or structures make up 
nanocatalysts. These catalysts have unique features 
and advantages due to their compact size and high 

surface area-to-volume ratio. In recent years, 

nanocatalysis has advanced, with many types of 
nanocatalysts being studied for various uses (10). In 
a research pressmud as a substrate for anaerobic 
digestion with a CuO/Cu2O nanocatalyst to improve 
biogas. The aqueous extract of PM and SCB used as 
a reducing agent was used to make CuO/Cu2O 
nanocatalyst. Using 1.0 % CuO/Cu2O nanocatalyst in 

the AD process, a total biogas of 224.7 mL CH4 /g VS 
was reported after 42 days (11). In a different study, 
water is divided electrochemically using a 
nanocatalyst and an external energy source to 
produce hydrogen and oxygen. Copper (Cu) based 
nanostructures have been found to have an impact 

on the stability, immobilization, and recovery of 
enzymes among a variety of investigated 

nanomaterials (12). Furthermore, the inclusion of 
Cu-based nanomaterials may have improved the 
CAZymes' (carbohydrate-active enzymes) functional 
activity, which raises the efficiency of cellulose 
degradation during the enzymatic hydrolysis reaction 

(13). Platinum-based nanocatalysts can boost water-
splitting efficiency. These nanocatalysts increase 
electrochemical reaction activity and energy 
conversion by providing many active sites. Other 
research examines nanocatalysts in organic 
processes. Gold nanoparticles have been widely 
investigated as organic transformation catalysts. 

Gold nanoparticles promote selective and sustained 
reactions due to their unique electrical and structural 
features. Energy applications like fuel cells use 
nanocatalysts. Platinum-based nanocatalysts are 

frequently used in fuel cell technologies due to their 
excellent catalytic activity and stability. These 

nanocatalysts aid electrochemical reactions that 
convert chemical energy to electricity. Research has 
also focused on nanocatalyst synthesis and design. 
Various approaches have been developed to alter 
nanocatalyst size, shape, and composition for 
customized characteristics and better catalytic 
performance. Support materials like carbon 

nanotubes or metal oxides can improve nanocatalyst 
stability and reactivity. Nanocatalysts' small size and 
high surface area-to-volume ratio allow them to 
improve catalytic processes. They are promising for 
water splitting, chemical processes, fuel cells, and 
more. Nanocatalysis research could improve energy 
generation, environmental cleanup, and chemical 

synthesis (14-18). Nanocatalysts can contribute to 
the production efficiency of biogas and other biofuels. 
Nanocatalysts accelerate the degradation of organic 

waste and the creation of methane, the main 
component of biogas. They boost catalytic activity, 
selectivity, and stability. Bharathi et al. (2022) (19) 
employed iron oxide nanoparticles to boost bacterial 

growth, minimize retention time, and produce biogas 
from food waste. Nanocatalysts' high surface area 
and reactivity help convert organic waste into biogas. 
They can boost conversion efficiency, product yield, 
and byproduct reduction. Nanocatalysts can be 
optimized for specific processes and feedstocks by 

changing size, content, and structure. However, 
nanocatalysts for biogas production are still being 
studied. Further research is needed on catalyst 
production, loading optimization, and nanocatalyst-
microbial community interactions. Nanocatalysts' 
environmental impact and cost-effectiveness in 

large-scale biogas generation should also be 

evaluated (20). 
 
In this study, it was aimed to examine the 
contribution of magnetic nanoparticles to the 
production of biogas from cattle manure. Few studies 
are using mesoporous Fe2O3. However, studies on 
biogas production using mesoporous Co3O4 as a 

catalyst have not been found. For this purpose, γ-
Fe2O3, meso-Fe2O3, and meso-Co3O4 NPs were 
synthesized and characterized. The laboratory-scale 
biodigester was designed and set up to produce 
biogas from cattle feces taken from Burdur Mehmet 
Akif Ersoy University Cattle Farm. 

 
2. EXPERIMENTAL SECTION 

 
2.1. Materials 
In the synthesis of metal oxide NPs, iron (III) 
chloride hexahydrate (FeCl3.6H2O, Merck), cobalt 
(III) chloride hexahydrate (CoCl3.6H2O), ethylene 

glycol (99%, Merck), polyethylene glycol (PEG, 1000, 
Merck), sodium acetate trihydrate (CH3COONa. 
3H2O, Sigma Aldrich), and sodium hydroxide (NaOH, 
Merck) were used. 
 
2.2. Instrumentations 
A Bruker AXS-D8 advanced model instrument was 

used in X-ray powder diffraction (XRD) analyses 
performed to elucidate the structures of the 
synthesized metal oxide nanoparticles. X-ray 
diffraction (XRD) studies were performed using a 

nickel filter (0.2 mm) and copper tube (Cu-Kα) 
radiation at 40 kV. XRD data were recorded at a scan 

step of 0.02° and angles of 10° ≤ θ ≤ 90°. FT-IR 
spectra were recorded in the range of 4000-400 cm-

1 using the Shimadzu IRTracer-100 spectrometer. A 
JEOL-JEM-1400 PLUS model Transmission Electron 
Microscopy (TEM) system was used for particle size 
and morphological examinations. 7890A GC 5975C 
MS gas chromatography system combined with the 

Agilent 7697A Headspace was used to determine the 
percentage of methane in the biogas content. The 
headspace vial which contains activated carbon was 
used for sampling. 
 
 
2.3. Method 
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2.3.1. Preparation of nanoparticles 
Generally, in the hydrothermal synthesis method, 
metal oxide nanoparticles are synthesized in an 

aqueous solution of metal salts. The resulting oxide 
is obtained from water as a reservoir. However, in 
this study, the water source during the reaction is 
FeCl3.6H2O and CoCl3. 6H2O. Additionally, 

polyethylene glycol (PEG) added to this reaction is 
used as an oxidant, surfactant, and anti-aggregation 
agent. Thus, it prevents particle accumulation and 
ensures the formation of high surface area Fe2O3 and 
Co3O4. 
 

Synthesis of γ-Fe2O3 nanoparticles 
The hydrothermal synthesis method was used to 
synthesize γ-Fe2O3 nanoparticles (21) FeCl3.6H2O 
(0.99 g) was mixed with ethylene glycol (40mL) until 
dissolved. Sodium acetate (CH3COONa) (3.6 g) and 
polyethylene glycol (PEG-1000) (1 g) were added 

and mixed for 45 minutes. The mixture was 

transferred into a Teflon-lined (50 mL) stainless steel 
autoclave and heated in an oven at 190°C for 5 
hours. The resulting black product was collected by 
decantation, and the product was washed several 
times with ethanol. Then it was dried at 70°C for 12 
hours. 
 

Synthesis of mesoporous Co3O4 nanoparticles 
Mesoporous Co3O4 was synthesized by modifying the 
method given in the literature (22). CoCl3.6H2O (0.99 
g) was dissolved in 40 mL of Ethylene glycol. Sodium 
acetate (CH3COONa) (3.6 g) and polyethylene glycol 
(PEG-1000) (1 g) were added to the first solution and 

mixed for 45 minutes. The mixture was transferred 
into a Teflon-lined (50mL) stainless steel autoclave 

and heated in an oven at 190 °C for 5 hours. The 
resulting black product was collected by decantation, 
and the product was washed several times with 
ethanol. Then it was dried at 70 °C for 12 hours. 
 

Preparation of mesoporous Fe2O3 nanoparticles 
Mesoporous Co3O4 was synthesized by modifying the 
method given in the literature (23). 0.5 g of 
hexadecyltrimethylammonium bromide (CTAB) was 
solved in 96 mL of deionized water. Then 34 mL of 
ethanol and 10 mL of NH3 were added and mixed for 

5 minutes. Finally, 2 mL of tetraethylorthosilicate 
(TEOS) was added and stirred at room temperature 
for 3 hours. Then, it was heated in a muffle furnace 

at 550 °C for 10 hours. MCM-41 was immersed in the 
previously prepared 1.0 M of Fe(NO3)3 solution. 
MCM-41-Fe2O3 was heated again at 550 °C and then 
treated with a 10 M NaOH solution to remove SiO2. 

The obtained mesoporous Fe2O3 nanoparticles were 
washed with deionized water and dried. 
 
2.3.2. Experimental design of AD process 
Collection of samples 
Animal feces with urine were collected from the 

slurry pit at Burdur Mehmet Akif Ersoy University 
(MAKU) Cattle Farm and used for the AD process 
without delay. The pH value was checked before 
biogas production. 
 
Biogas production in a laboratory-scale biodigester 

system 

A laboratory-scale biodigester (total volume is 5.0 L) 
with a 1.0 L working volume was used (Figure 1). The 
outer wall of the biodigester, which was developed 
for this study, contains a water jacket, and the 
ambient temperature is kept under control by 
keeping the water temperature constant with a 
heater. In light of all these explanations, the working 

temperature was determined to be 35 °C, and the 
temperature was kept constant during fermentation. 
500 g of feces were taken and diluted with water. 
The final %TS value of the mixture in the bioreactor 
was set up as 20% for each trial and three replicates 
were performed. The pH value of the feces used in 

the study was 7.35, and the temperature value was 
16.5 °C. Nanocatalysts were added to the bioreactor 

and mixed at a constant temperature for 20 days. To 
disrupt microbial cells and increase the 
biodegradation efficiency of the feces, the aqueous 
feces were mixed at a speed of 6 rpm per minute 
with the propeller mixer mounted on the system 

under mesophilic conditions (35 °C) so as not to 
precipitate. This phase lasted 20 days. The catalyst 
amounts and waiting times used were taken from the 
literature, and the study was completed (24). 0.3 g/L 
catalyst was used in each bioreactor.

 

 
Figure 1: Biogas digester system. 
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A headspace vial which contains activated carbon 
was used for sampling. In the Headspace system, the 
gases are released from activated carbon and they 

were analyzed by Headspace-GC-MS. The amount of 
methane in the resulting biogas was analyzed using 
the 7890A GC 5975C MS gas chromatography 
system combined with the Agilent 7697A Headspace. 

The analysis method is detailed below (25): 
 
Column temperature program: After waiting at 35°C 
for 5 minutes, it reaches 150 °C with an increase of 
5 °C per minute and is kept at this temperature for 
5 minutes. Detector and injector temperatures:    

200 °C and 180 °C, Flow Rate: 25 psi (He), Needle: 

90 °C, transfer line: 120 °C, Vial oven: 85 °C, Ther-
mostat time: 5 minutes, pressurize time: 0.5 
minutes, inject time: 0.08 minutes, Withdraw time: 

0.5 minutes. 
 
The amount of methane in the biogas content ob-
tained without catalyst and with catalyst (γ-Fe2O3, 

Meso-Fe2O3, and Meso-Co3O4) in the biodigester was 
calculated from the peak area using the gas chroma-
togram. In addition, the MS detector connected to 
the system was used to determine which compound 
the relevant peak belonged to. A representative gas 
chromatogram is given in Figure 2.

 

 
Figure 2: Gas chromatogram showing methane content in biogas. 

 

2.4.3. Chemical characterization 
The amount of dry matter, volatile solids, crude 
protein, and crude oil was determined in the collected 
biomass samples (26). Feces samples were dried at 
105 °C for 24 hours and the amount of dry matter 
was calculated. After the dry matter was digested at 

550 °C for 3 hours, the amount of Volatile solid was 
determined by taking the difference between the dry 
matter and ash components. Total Kjeldahl nitrogen 
(TKN) composition was determined according to the 
standard method (27), and crude protein nitrogen 
composition was determined by multiplying the TKN 
value by 6.25. The crude oil was determined by 

dissolving the substrates in diethyl ether according 
to the Soxhlet method (28). 
 
3. RESULTS AND DISCUSSION 
 
3.1. Characterization of Nanoparticles 
3.1.1. XRD results of the nanoparticles 

XRD powder patterns of the nanoparticles were 
recorded in the range of 10-90°. The XRD powder 
pattern of γ-Fe2O3 nanoparticles is given in Figure 3. 

The peaks with (206), (119), (0012), (1115), and 
(4012) hkl values correspond to γ-Fe2O3 
nanoparticles which are in the maghemite structure 

formed (PDF card no: 00-025-1402). These results 
are compatible with the literature (29). The crystal 
system of γ-Fe2O3 is tetragonal, the space group is 
P43212(96) and the cell parameters are a=b=8.34 

Å, c=25.02 Å, α=β=Ɣ=900, V=140.28 Å3. The fact 

that no impurity peaks were found in the powder 
pattern shows that γ-Fe2O3 was synthesized as a 
single phase. 

 
The XRD powder pattern of mesoporous Fe2O3 

nanoparticles is given in Figure 4. In the XRD pattern, 
the peaks obtained with (306), (134), (128), (220), 
(1010), (300), (214), (018), (116), (024), (113), 
(110), (104) and (012) hkl values. These results 

indicate that Fe2O3 is formed in the hematite 
structure (PDF Card no: 00-033-0664) (23). Fe2O3 
was obtained in a rhombohedral crystal system with 
an R-3c (167) space group. Cell parameters are 

a=b= 5.03560 Å, c= 13.74890 Å, α=β=Ɣ=900, V= 

301.93 Å3. There are no impurity peaks were found 
in the powder pattern showing that mesoporous-
Fe2O3 was synthesized as a single phase. 
 
The XRD powder pattern of mesoporous Co3O4 NPs is 
given in Figure 5. All peaks in the XRD pattern show 

that the Co3O4 structure (PDF card no: 00-042-1467) 
is formed in pure form and does not contain any 

impurity peaks (22). The crystal system of Co3O4 is 
cubic, the space group is Fd-3m (227) and the cell 

parameters are a=b=c= 8.03730 Å, α=β=Ɣ=90.0, 

V=524.24 Å3. 
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Figure 3: XRD powder pattern of γ-Fe2O3 nanoparticles. 

 
 

 
Figure 4: XRD powder pattern of mesoporous Fe2O3 nanoparticles. 
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Figure 5: XRD powder pattern of meso-Co3O4 NPs. 

 
3.1.2. FT-IR results of the nanoparticles 

The FTIR spectra of the synthesized nanoparticles 
were taken in the range of 4000-400 cm-1 using KBr 
pellets. The FT-IR spectra of γ-Fe2O3 and 

mesoporous-Fe2O3 nanoparticles are given in Figures 
6 and 7. FT-IR spectra of γ-Fe2O3 and mesoporous-
Fe2O3 nanoparticles are identical because the 
vibrations of the same elements are analyzed. Three 

peaks were observed in the FT-IR spectrum of the 

nanoparticles at 543, 1637, and 3428 cm-1. The peak 

observed at 543 cm-1 corresponds to the symmetric 
vibrations of Fe-O bonds. Water molecules are 
absorbed on the surfaces of Fe2O3 nanoparticles 

(30). Therefore, the peaks observed at 3428 and 
1630 cm-1 in the FTIR spectrum belong to the 
stretching and bending vibrations of water 
molecules, respectively. 

 
Figure 6: FTIR spectrum of γ-Fe2O3 NPs. 
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Figure 7: FTIR spectrum of meso-Fe2O3 NPs. 

 
FT-IR spectrum of mesoporous Co3O4 NPs is given in 
Figure 8. Water molecules are absorbed on the 
surfaces of Co3O4 nanoparticles. Therefore, the peaks 
observed at 3430 and 1635 cm-1 in the FTIR 
spectrum belong to the stretching and bending 

vibrations of water molecules, respectively. The 

broad peaks in the absorption bands around 673 and 
580 cm-1 are due to the stretching vibration of the 
metal-oxygen bond and the IR absorptions of Co3O4. 
The presence of this band indicates that cobalt is in 
a hexagonal oxygen octahedral environment and 

thus Co3O4 is formed (31). 

 
Figure 8: FTIR spectrum of meso-Co3O4 NPs. 

 
3.1.3. Transmission Electron Microscope (TEM) 

Results 
TEM micrographs of meso-Fe2O3 and meso-Co3O4 
NPs used in the study are shown in Figures 9 and 10, 
respectively. In TEM micrographs, it is seen that the 
nanoparticles have a spherical morphology and 
spongy structure. This confirms the mesoporous 

structure of the particles. The advantage of these 

structures is that their catalytic efficiency increases 
due to their large surface area. Particle size analyses 
show that the average grain sizes of meso-Fe2O3 and 
meso-Co3O4 NPs are in the range of 21.37-64.15 nm 
and 164.65 nm, respectively. 
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Figure 9: TEM images of meso-Fe2O3 NPs. 

 

 
Figure 10: TEM images of meso-Co3O4 NPs. 

 
3.2. AD studies 
3.2.1. Chemical content analysis 
In addition to the type of raw material used in biogas 
production (cattle, buffalo, etc.), parameters such as 
dry matter content, volatile solids, nitrogen, crude 
protein, and crude fat ratio are also important. 

Chemical analyses of organic feces were performed, 
and the results are given in Table 1. 
 

Table 1: Chemical composition of feces. 

Parameters  Feces (%) 

Dry matter 8.16 
Volatile solids 6.75 

Ash 1.24 
Total nitrogen (TKN) 1.86 

Crude protein 11.63 
Crude fat 

pH 

1.67 

7.35 

 
An important factor affecting biogas production is the 

solids rate, and the ideal rate for solids concentration 
has been reported as 7%–9% (31). In this study, the 
dry solids (DM) rate was calculated at 8.16%, and 
the ideal solids rate was achieved. 
 
The Biogas production process comprises different 
stages and each stage encompasses numerous 

microbial flora to generate methane gas (32-33). 
Foremost, the mechanism of this process depends on 
the hydrolysis of complex organic material such as 

carbohydrates, lipids, and proteins, and convert 
them into solubilized, simple, and monomeric forms 
of sugar, fatty acids, and amino acids by hydrolytic 
enzymes produced by most of Firmicutes and 
Bacteroides phyla such as clostridium (34). 
Acidogenesis was followed by hydrolysis as an 

intermediatory step by acidogenic bacteria such as 
Advenella faeciporci, Alkalitalea saponilacus, 
Bacteroides caccae, Bifidobacterium animalis, and 
Cloacibacillus porcorum etc. The solubilized product 
after hydrolysis was converted into alcohol and 
volatile fatty acids (35). Later on, further catabolism 
took place by acetogenic bacteria such as 

Anaerovorax odorimutans, Hydrogenophaga 
carboriunda, and Macellibacteroides fermentans, etc, 
which convert alcohols and volatile fatty acids into 

acetate and hydrogen (H2) by organic acid and CO2 
known as acetogenesis. The final step in gas 
production is methanogenesis which refers to the 

production of methane from acetate, hydrogen (H2), 
and CO2 by special types of microbes (36). These 
methanogenic archaeas are categorized as 
hydrogenotrophic, acetoclastic, and methylotrophic, 
which utilized H2 and formate, acetate, and methyl-
containing compounds such as methyl sulfate, 
methylamines, and methanol respectively to produce 

methane CH4 (37). During the process of production 
of clean energy, these above-mentioned four 
different groups of bacteria and archaea cooperate 
and strictly depend on each other to complete this 
cycle. However, to enhance the production of biogas, 
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nanoparticles are used to develop microbes-to-
microbes communication during catalytic reactions. 
Nanoparticles play an important role by rapidly 

donating or accepting electrons by direct interspecies 
electron transfer (DIET) (38) or mediated 
interspecies electron transfer (MIET) mechanism 
(39). However, studies on DIET showed that lag time 

decreased the level of hydraulic retention time and 
increased the stage of methanogenesis to enhance 
the yield of biogas by improving the CH4 purity and 
lowering the inhibitor resistance between microbes. 
In addition, it was found that the addition of metallic 
nanoparticles activates hydrogenotrophic 

methanogens and hydrogen-producing bacteria 
during methanogenesis, which significantly optimize 
traditional anaerobic digestion into a well-established 
energy production technology by enhancing CH4 
generation via CO2 reduction at the electron acceptor 
step supported by methanogenic archaea (40, 41). 

 

During the biogas production process, heavy metals, 
minerals, and detergents have toxic effects on the 
growth of microorganisms depending on their 
concentration. Low concentrations of ammonium, 
calcium, sodium, potassium, magnesium, and sulfur 
contribute to the proliferation of microorganisms. 
Likewise, chromium, copper, iron, etc. while heavy 

metals contribute to the development of 
microorganisms at very low levels, they have a toxic 
effect at high levels and reduce methane production 
efficiency. It has been reported that the use of Fe3O4, 
especially magnetic metal oxide, as a catalyst, 
increases biogas yield (42). It has been reported that 

the activity of autotrophic bacteria increases in the 
presence of a magnetic field between small magnetic 

NPs [43]. The slower proliferation of autotrophic 
bacteria is important for their growth and enrichment 
in the reactor. It has also been noted that 
interactions between magnetic NPs can involve 
activated sludge to create an anoxic environment 

favored by heterotrophic bacteria and eventually 
increase their activity [44]. The stimulatory effects of 
Fe3O4 NPs are attributed to the cellular uptake of NPs 
in methanogens and their association with metabolic 
intermediates and enzyme activity involved in 
manure hydrolysis, acidification, and methanation. It 
has also been reported that the shape and size of 

nanoparticles have an impact on nanoparticle-cell 
interactions and cellular uptake [45]. Cellular uptake 
of spherical nanoparticles with uniform particle size 
distribution is 500% higher than rod-shaped 

nanoparticles because the membrane wrapping time 
is longer for longer particles. Nanoparticle size 

strongly affects membrane receptor binding, 
activation, and protein expression [46]. Based on the 
literature, 0.3 g of catalyst was used in this study 
(15). The volume of biogas produced without using a 
catalyst was measured as 1.060 L/kg on the 20th 
day. The biogas volume obtained when a 0.3 g/L 
catalyst was used was determined to be 1.360 L/kg 

for γ-Fe2O3, 1.390 L/kg for meso-Fe2O3 and 625-
1.250 L/kg for Co3O4. These results showed that the 
magnetic nanoparticles used led to increased 
anaerobic digestion and therefore higher methane 
production and organic matter processing. It has also 
been reported that the release of iron ions from 
magnetic NPs may be responsible for the increased 

bacterial activities [47]. In this study, γ-Fe2O3, 
meso-Fe2O3 and meso-Co3O4 magnetic nanoparticles 
used as catalysts cause the release of iron and cobalt 

ions into the reactor. This situation is also compatible 
with the literature [47]. 
 
3.2.2. Methane analysis in biogas 

The methane amounts in the biogas content obtained 
without catalyst and with catalyst (γ-Fe2O3, Meso-
Fe2O3, and Meso-Co3O4) in the biodigester are given 
in Table 2. 
 

Table 2: Methane amounts in biogas content. 

Sample Methane (%) 

- Fe2O3 85.3 
Meso- Fe2O3 85.7 
Meso-Co3O4 83.4 

Without catalyst 75.4 

 
An increase in methane production was observed 

when the catalyst was used under the same experi-
mental conditions. This increase was determined as 
9.9%, 10.3%, and 8% for γ-Fe2O3, Meso-Fe2O3 and 
Meso-Co3O4 catalysts, respectively. The different ef-
fects of γ-Fe2O3 and Meso-Fe2O3 catalysts under the 
same conditions can be explained by the increase in 
the surface area of the mesoporous structure. 

 
4. CONCLUSION 
 
It is important to utilize watery animal feces on cattle 
farms by turning them into products. Especially 
biogas production is a good alternative to meet the 

increasing energy need. The biogas obtained can be 

used for heating purposes as well as for electricity 
generation. Burdur province is at the forefront of the 
livestock sector, especially with dairy cattle farming, 
and ranks first in Türkiye in terms of the average 
amount of milk obtained from an animal. To avoid 
wasting hydrocarbons, Burdur province must 

increase the number of facilities where farm wastes 
are used and converted into methane gas. 
 
In this study, a laboratory-scale biodigester was 
designed to produce biogas from cattle feces taken 
from Burdur Mehmet Akif Ersoy University Cattle 
Farm and was produced as a prototype for a local 

company. Structural characterizations of the 
catalysts were carried out using FT-IR and XRD 
techniques. XRD powder patterns show that γ-Fe2O3 

is formed in a maghemite structure in a tetragonal 
crystal system with P43212(96) space group (PDF 
card no: 00-025-1402). The mesoporous Fe2O3 

nanoparticles are formed in the hematite structure in 
a rhombohedral crystal structure and an R-3c (167) 
crystal system (PDF Card no: 00-033-0664). Co3O4 
nanoparticles are formed in a cubic crystal system 
with an Fd-3m space group (227) (PDF card no: 00-
042-1467). The average particle sizes of 
nanoparticles were determined to be in the range of 

20-165 nm. The biodigester was kept at a constant 
temperature of 35 °C for 20 days, and the volume of 
gas released was measured. The obtained biogas in 
the biodigester was absorbed into the adsorbent 
material (activated carbon) and analyzed with the 
headspace-GC-MS combined system. In this study, it 
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was observed that spherical γ-Fe2O3, meso-Fe2O3 
and meso-Co3O4 magnetic nanoparticles used as 
nanocatalysts improved biogas and methane 

production. The amount of methane in the biogas 
obtained without using a catalyst was found to be 
75.4%. When γ-Fe2O3, meso-Fe2O3, and meso-Co3O4 
nanoparticles were used as catalysts, the methane 

ratio was calculated as 85.3, 85.7, and 83.4, 
respectively. The results obtained from the study 
showed that in addition to γ-Fe2O3 used as a catalyst 
in biogas production, meso-Fe2O3 and meso-Co3O4 
nanoparticles also have the potential to be used for 
this purpose. 
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Abstract: The research investigated the potential of gingerbread plum seed shell activated to function as a 
biosorbent for eliminating methyl orange (MO) dye from water in various dye combinations, including single, 
binary, and ternary systems alongside methylene blue (MB) and Congo red (CR) dyes. The characteristics of 
the adsorbent were analyzed through techniques like Scanning Electron Microscopy, Fourier Transform 

Infrared spectroscopy, and pH point of zero charges. Batch adsorption tests were conducted to examine the 
adsorption processes' equilibrium behaviors, thermodynamics, and kinetics. The collected data were 
subjected to different isotherm and kinetics equations. The pseudo-second-order kinetics model provided the 
best fit for all the sorption systems, irrespective of composition differences, with higher rate constants 
observed for binary MO+MB= 0.031 g/mg/min system and lower for binary MO+CR= 0.028 g/mg/min and 

ternary MO+MB+CR= 0.029 g/mg/min systems compared to the single system MO= 0.030 g/mg/min. The 

maximum monolayer capacity of the adsorbent for methyl orange demonstrated synergistic interaction with 
the presence of methylene blue and antagonistic interaction with the presence of Congo red dye. The findings 

indicated that the adsorption processes varied based on the system's composition; they were all spontaneous 
(with Δ𝐺 values ranging from -1.146 to -10.415 kJ/mol) and exothermic (with Δ𝐻 values between -17.94 and 

-54.63 kJ/mol). Additionally, randomness decreased, as reflected by Δ𝑆 values of -054.43 and -382.62 J/K 

for the entire process. 
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1. INTRODUCTION 

 
Dye contaminants in wastewater are a notable 
environmental hazard due to their enduring and 
detrimental characteristics, posing risks to human 
health and marine ecosystems (1). The discharge of 
dye-containing wastewater, even in minimal 

concentrations, is aesthetically displeasing and 
environmentally troublesome, especially when 
originating from textile industries. Therefore, 
effectively removing dyes from such wastewater is 
essential to address ecological, biological, and 
industrial challenges (2). Numerous approaches have 
been developed to address this issue, such as 

chemical ion exchange, membrane filtration, physical 
adsorption, photocatalysis, and biological methods. 

 
Adsorption stands out among these methods as a 
promising approach thanks to its simplicity, high 

effectiveness, and cost-efficiency (3). The choice of 

adsorbent significantly impacts the effectiveness of 
adsorption processes. Cost-effective adsorbents that 
possess a high adsorption capacity and can be easily 
reused are preferred (4). 
 
Due to its favorable characteristics like high yield 

during production, cost-effectiveness, eco-
friendliness, and effective adsorption capabilities, 
activated carbon derived from carbon-rich organic 
materials has been extensively studied for removing 
pollutants from wastewater (5,6). Activated carbon 
from various waste sources, such as sugarcane 
bagasse and peanut biomass, have been investigated 

for their potential in dye removal from water (7,8). 
However, industrial wastewater typically contains 

multiple dyes concurrently. The adsorption behavior 
of one dye may change when other dyes are present 
(9). While there is a substantial body of research on 

https://dergipark.org.tr/jotcsa
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adsorption involving single components (10,11) or 
binary combinations (12,13), knowledge regarding 

the removal of dyes in complex mixtures is more 
limited (14,15). 
 
The lack of research in this area adds complexity to 
understanding the adsorption process for industrial 

wastewater with multiple components. While some 
agricultural waste materials have been tested for the 
removal of a single dye, very few have been explored 
for the removal of multiple dyes. This study 
specifically focuses on utilizing activated carbon 
derived from gingerbread plum seed shells to adsorb 

Congo red in a competitive environment. The 
potential of this agricultural waste in removing the 
dye in a competitive setting has not been 
investigated previously. 
 

2. METHODOLOGY 
 

2.1 Activated Carbon Preparation 
The adsorbent sample was prepared following the 
method outlined in references (16,17). Gingerbread 
plum seed shell samples were collected and cleaned 
with tap water to remove impurities. Afterward, they 
were allowed to naturally air-dry for 72 hours. The 
dried samples were then finely ground to achieve a 

granular texture and immersed in a solution 
containing 30% phosphoric acid (CAS 7663-38-2) for 
24 hours. After impregnation, the samples were dried 
and subjected to carbonization in a furnace at a 
temperature of 400 °C for 2 hours. The resulting 
activated samples underwent a thorough rinsing 

process using distilled water until a neutral solution 
was attained. They were then dried in an oven at 105 
°C until a consistent weight was reached. 

Subsequently, the samples were sieved and stored in 
an airtight container (17,18). 

 
2.2 Adsorbent Characterization 
To analyze the characteristics of activated carbon 
derived from gingerbread plum seed shells, its 
infrared spectra were recorded before and after dye 

absorption using an FTIR spectrophotometer 
spanning from 4000 cm−1 to 600 cm−1. The surface 
morphology of the adsorbent was assessed through 
scanning electron microscopy (19,20). The 
adsorbent's point of zero charge (pHzpc) was 
determined following the procedure outlined (8). This 

involved adding 0.1 g of the adsorbent to a 40 mL 
solution of 0.1 M NaNO3 (CAS 7631-99-4) with a 
predefined initial pH (pH𝑖). In separate adsorbent 

flasks, initial pH levels were adjusted using 0.1 M 

NaOH (CAS 1310-73-2) or HCl (CAS 7647-01-0). 
After agitating the flasks for 24 hours, the final pH 
(pH𝑓) was measured using a pH meter. Plotting the 

change in pH (pH𝑖 – pH𝑓) against the initial pH yields 

the pHzpc, where the plot intersects the horizontal 

axis (21). 
 
2.3 Preparing the Adsorbate 
The main substance under adsorption investigation is 
an anionic dye named Methyl Orange (MO) (CAS 
547-58-0), provided by Sigma Aldrich. Different 

aqueous solutions of MO dye were made using 
varying concentrations from the dye's original 
solution (1000 mg/L) in the case of the single dye 
system. In the binary system, either Methylene Blue 
(MB) (CAS 61-73-4) dye or Congo Red (CR) (CAS 

573-58-0) dye was mixed with predefined 
concentrations of the primary adsorbate. All three 

dyes were mixed in the ternary system. Figure 1 
displays the chemical structure of these three dyes.

 

 
Figure 1: Structure of the Dyes (a) Methyl orange b) Methylene blue c) Congo red. 

 
2.4 Batch Adsorption Experiment 
Various solutions of methyl orange dye with differing 
concentrations and volume (50 mL each) were 

introduced into clearly labeled glass bottles 
containing a fixed amount of the adsorbent. These 
bottles were sealed with lids and placed in a 

thermostat-controlled horizontal mechanical shaker 
that maintained a consistent speed, temperature, 
and pH until equilibrium. Further rounds of batch 

experiments were conducted to explore the effects of 
adsorbent quantity (0.1 – 0.6 g), contact time (5 – 
150 min), pH (2 – 12), and temperature (303 – 323 
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K). This involved using varying amounts of 
adsorbent, pre-determined contact durations, pH 

levels, and specific temperatures. Subsequently, the 
mixtures of dye and adsorbent in the flasks were 
filtered, and the absorbance of the filtrate was 
measured using a UV-visible scanning 
spectrophotometer at the specified absorption 

wavelength, 𝜆max (464.5 nm) of methyl orange dye 

(22). 
 
The quantity of dye adsorbed per unit mass of 
adsorbent, denoted as 𝑞 (mg/g), was calculated 

using formulas 1 and 2. 
 

qe = 
(C0− Ce) × v

m
     (1) 

 

qt = 
(C0− Ct) × v

m
     (2) 

 
In this context, 𝑞𝑒 and 𝑞𝑡 denote the quantity of dye 

adsorbed (in mg/g) at equilibrium and at a specific 
time 𝑡, respectively. 𝐶𝑜, 𝐶𝑒, and 𝐶𝑡 (measured in mg/L) 

represent the initial dye concentration (at 𝑡=0), dye 

concentration at equilibrium, and dye concentration 

at a given time 𝑡=𝑡, respectively. 𝑉 refers to the 

volume of the solution (in liters), while 𝑚 indicates 

the mass of the adsorbent (in grams). 
 
3. RESULTS AND DISCUSSION 
 

3.1 Characterization  
Figure 2 depicts the FTIR spectra of the adsorbent 
both before and after the adsorption of dye. The FTIR 
spectrum of activated carbon from gingerbread plum 
seed shell is composite, featuring multiple absorption 
peaks even prior to dye adsorption. Reflective of 
different functional groups, which are potential sites 

for adsorption of adsorbate (9). Following the 
adsorption of methyl orange, shifts in band positions 

of frequencies were evident in the FTIR spectrum of 
the adsorbent after adsorption (Table 1). These shifts 
in adsorption bands imply potential interaction 
between the surface of adsorbent and dye molecules.

 

 
Figure 2: FTIR Analysis before (GBPA) and after Adsorption of MO (GBPA-MO). 

 
Table 1: Functional group observed before and after adsorption of Methyl orange. 

Functional group Vibration 
Frequency (cm-1) 

Observed Frequency (cm-1) 

Before Adsorption After Adsorption 

O-H stretching vibration in alcohol 3700-3584 3661 3674 
C-H stretching vibration in alkane 3000-2840 2880 2850 

C ≡ C stretching vibration in alkyne 2260-2100 2191 2258 
C ≡ C stretching vibration in alkyne 2260-2100 2107 2173 
C=C=C stretching of allene 2000-1900 1994 1990 

N-O stretching of nitro groups 1550-1500 1547 1562 
C-O stretching of aliphatic ether 1150-1085 1140 1165 
C-H bending of 1,3-disubstituted 880±20 870 866 
C-H bending of monosubstituted 750±20 755 749 

 
Additional characterization results are presented in 
Figure 3. The scanning electron micrograph of the 
adsorbent at ×1000 magnification (Figure 3a) 
displays an irregular and porous surface texture. This 

characteristic surface structure could signify a 

favorable attribute for an effective adsorbent with a 
substantial surface area. This surface was smoothed 
by the presence of dye molecules after the 
adsorption process (Figure 3b) (16,23).
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Figure 3: SEM Micrograph (a) before and (b) Adsorption of Methyl orange. 
 
In Figure 4, the point of zero charge (pHzpc) is 

depicted and found to be 5.60. Below this pH, the 
surface of the adsorbent carries a positive charge, 

which attracts negatively charged species in the 

solution. Conversely, above the pHzpc, the surface 

carries a negative charge, thereby attracting cations 
(24,25).

 

 
 

Figure 4: pH at point of zero charge of the adsorbent. 
 
3.2 Influence of Solution pH 
The pH level of an aqueous system plays a pivotal 
role in determining the chemical state and degree of 
ionization of the adsorbate during the adsorption 
process. This renders it a critical factor in wastewater 

treatment via adsorption. Figure 5 illustrates the 
influence of pH on the adsorption of methyl orange 
onto the adsorbent. The adsorption capacity (𝑞𝑒) 

demonstrated a pronounced increase under acidic pH 
conditions, gradually diminishing as the pH level 
rose. This trend may be attributed to the heightened 
presence of OH− ions, which compete with the anion 

groups on the dye for available adsorption sites on 
the adsorbent, especially with increasing pH. 
Moreover, when the pH is below the adsorbent’s 
point of zero charge (pHzpc), the adsorbent’s surface 
holds a positive charge, facilitating the attraction of 

anionic dyes through electrostatic forces. This 
phenomenon amplifies the adsorption of methyl 
orange. (26,27) have also reported similar findings 
concerning the increased adsorption capacity of acid 
dyes in acidic pH conditions.

 

 
 

Figure 5: Effect of pH on adsorption of methyl orange. 

 

3.3 Impact of Adsorbent Dosage The quantity of methyl orange adsorbed per unit 
mass of adsorbent, indicated as 𝑞𝑒, decreased as the 
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adsorbent dosage increased across various 
adsorbate systems (single, binary, and ternary), as 

shown in Figure 6a. With an increase in the adsorbent 
dose from 0.1 to 0.6 g, the adsorption capacity (𝑞𝑒) 

consistently decreased from 9.70 to 8.99 mg/g in the 
single dye system containing only methyl orange, 
from 9.388 to 9.95 mg/g in the binary system with 

methyl orange and methylene blue (MO + MB), and 
from 8.30 to 7.599 mg/g in the binary system with 
methyl orange and Congo red (MO + CR). A 

reduction in the adsorption density (from 8.801 to 
8.09 mg/g) was also observed in the ternary system 

containing all three dyes. These findings suggest that 
at lower doses, the active sites on the surface of the 
adsorbent were effectively utilized, but with an 
increase in the adsorbent dose, a significant portion 
of these active sites likely overlapped, resulting in a 

decrease in the specific uptake.

 

 
 

Figure 6: Effect of a) dosage, b) contact time. 
 
3.4 Impact of Initial Concentration 
To investigate how the initial concentration of methyl 
orange affects its absorption by the adsorbent, four 
different adsorbate systems were studied: (i) Methyl 
orange by itself (single system), (ii) Methyl orange 

combined with Methylene Blue (MO+MB, binary 
system), (iii) Methyl orange combined with Congo 
Red (MO+CR, binary system), and (iv) a mixture of 
methyl orange along with methylene blue and Congo 
red (MO + MB + CR, ternary system). The 
adsorbent’s capacity for methyl orange, indicating 
the quantity of methyl orange adsorbed per unit 

mass of adsorbent, increased as the initial 
concentration of methyl orange increased in all types 
of adsorbate-adsorbent systems: single, binary, or 
ternary (Figure 6b). 
 
As the initial concentration of methyl orange ranged 

from 20 – 500 mg/L, the values rose from 9.04 to 
92.60 mg/g in the single system (MO), from 9.34 to 

100.77 mg/g in the MO+MB binary system, from 
7.64 to 57.60 mg/g in the MO+CR binary system, 
and from 8.54 to 80.10 mg/g in the ternary dye 
system. The observed increase in dye uptake with 
higher initial dye concentrations in all systems is 

likely due to the lower availability of dye molecules 
at lower concentrations. However, at higher 
concentrations, the abundance of dye molecules 
overcomes resistance to mass transfer. 
 
Additionally, when starting with the same initial 
concentrations of methyl orange and other 

competing dyes, there were slight fluctuations in the 
adsorption capacity of all the systems. For example, 
at an initial concentration of 20 mg/L for methyl 
orange, the adsorption capacity of the adsorbent was 

9.04, 9.34, 7.64, and 8.54 mg/g for the single, 
MO+MB, MO+CR, and MO+MB+CR systems, 

respectively. This behavior can be attributed to the 
competitive nature of the adsorption processes. 
 
3.5 Influence of Contact Time and Kinetics 
The adsorption of methyl orange exhibited a rise in 

the single, binary, and ternary dye systems as the 
contact time was extended, eventually reaching 
equilibrium (Figure 6b). This research delved into 
adsorption dynamics, which assesses the speed at 
which the solute is taken up, thereby influencing how 
long the adsorbate remains at the interface between 
solid and solution. The kinetics of methyl orange 

adsorption were explored using both the pseudo-
first-order model and the pseudo-second-order 
equation. The mathematical expressions for these 
models are provided by equations 3 and 4 (28). 
 
The pseudo-first-order equation: 

ln (𝑞𝑒 - 𝑞𝑡) = ln 𝑞𝑒 - 𝑘1t    (3) 

 

The pseudo-second-order equation: 
𝑡

𝑞𝑡
 = 

1

𝑘2𝑞𝑒
2 + 

𝑡

𝑞𝑒
     (4) 

 
In this context, 𝑞𝑡 (mg/g) represents the adsorption 

capacity at time 𝑡, 𝑘1 (min-1) stands for the rate 

constant of pseudo-first-order adsorption, and 𝑘2 

(g/mg/min) denotes the pseudo-second-order rate 

constant. Graphs depicting these equations can be 
found in Figure 7 (a and b), and the resulting rate 
parameters are listed in Table 2. Across all adsorbate 
systems (single, binary, and ternary), the adsorption 
kinetics were most accurately described by the 
pseudo-second-order rate model, with 𝑅2 values 

exceeding 0.99. Additionally, both the experimental 
and calculated 𝑞𝑒 values demonstrated better 

agreement with the pseudo-second-order model as 
opposed to the pseudo-first-order model. The 
conformity of sorption kinetics to the pseudo-second-
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order equation implies that chemisorption likely plays 
a role in the rate-limiting step of the process (20). 

 
 

 
 

Figure 7: Pseudo-first order plot. 

 
Figure 7b: Pseudo-second order plot. 

 
Table 2: Kinetic parameters. 

Kinetic Model Parameters MO MO+MB MO+CR MB+MO+CR 

Pseudo-first order k1 0.046 0.057 0.063 0.063 

 qe exp 9.00 9.38 7.60 8.10 

 qe cal 4.83 4.64 4.83 4.83 

 R2 0.9353 0.0.9459 0.9820 0.9353 

Pseudo-second order k2 0.030 0.031 0.028 0.29 

 qe exp 9.00 9.38 7.60 8.10 

 qe cal 9.26 9.56 7.88 8.70 

 R2 0.9994 0.9993 0.9991 0.9999 

 
3.6 Adsorption Isotherms 

The adsorption equilibrium isotherm describes the 
connection between adsorbates in the liquid phase 
and those on the surface of the adsorbent under a 
consistent temperature. In this investigation, we 
employed linearized versions of the isotherm 
equations to fit the equilibrium concentrations of the 
remaining methyl orange dye solution (𝐶𝑒) and the 

amounts of dye adsorbed onto the adsorbent surface 

(𝑞𝑒) in single, binary, and ternary systems. This was 

carried out to characterize the equilibrium 
association under a constant temperature. The 

suitability of the isotherm models was evaluated 

based on the correlation coefficients (𝑅2) obtained 

from linear plots. The mathematical formulations 
utilized in this study are provided below: 
 
Langmuir; 
1

𝑞𝑒
 = 

1

𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒
 + 

1

𝑞𝑚𝑎𝑥
      (5) 

 

𝑅𝐿 = 
1

1+ 𝐾𝐿𝐶0
     (6) 

 
Freundlich; 
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ln 𝑞𝑒 = ln 𝐾𝑓 + 
1

𝑛
 ln 𝐶𝑒    (7) 

 

Temkin  𝑞𝑒 = 𝑏𝑇ln 𝐶𝑒 + 𝑏𝑇ln 𝐾𝑇  (8) 

 
where 𝐶𝑒 stands for the equilibrium adsorbate 

concentration (mg/L), 𝑞𝑒 represents the quantity of 

adsorbate absorbed per unit mass of adsorbent 
(mg/g), 𝑞𝑚 and 𝐾L are Langmuir constants associated 

with monolayer adsorption capacity and adsorbent 

affinity, respectively. RL (L/mg) is a dimensionless 
Langmuir constant, and C0 (mg/L) is the highest 
initial concentration. 𝐾𝐹 is the Freundlich constant 

indicating adsorption capacity and intensity on the 
adsorbent or surface heterogeneity, while K𝑇 and B𝑇 

are constants for the Temkin model. Additionally, 𝑅 

represents the universal gas constant (8.314 J 
mol⋅K), and 𝑇 denotes the temperature in kelvin 

(29,30). 

 
The equilibrium isotherm parameters and their 
corresponding correlation coefficients for the 
adsorption processes are provided in Table 3. The 
high values of the correlation coefficients (𝑅2) across 

the three isotherm models indicate distinct 
characteristics of the adsorption processes at 

different stages, thereby influencing the final 
mechanism. This suggests that the adsorption of 
methyl orange is a complex process. 
 
Langmuir Isotherm Model: The Langmuir isotherm 
model posits that adsorption occurs as a monolayer 

on a finite number of surface sites without the 

adsorbate moving within the surface plane (31). For 
this study, the dimensionless (RL) obtained for the 

entire system is less than 1, indicating favorable 
adsorption. 

 
Freundlich Model: 𝑅2 values for the adsorption 

processes were high, suggesting a potentially 
heterogeneous adsorbent surface and the likelihood 
of multilayer adsorption. The n values (Freundlich 

constant) above 1 for all adsorption processes 
indicate favorable adsorption (32). 
 
Temkin Model: The Temkin isotherm was used to 
explore the energy relationship between adsorbate 
and adsorbent interactions. High 𝑅2 values from the 

isotherm equation plots indicated model suitability. 

This suggests that the energy associated with methyl 
orange adsorption decreases linearly with coverage, 
in line with the Temkin model’s assumption (33). This 

hints at adsorbate-adsorbate interactions in the 
studied adsorption processes. 
 
The 𝑏𝑇 constant, linked to adsorption energy, ranged 

from 1.99 to 3.92 kJ/mol. This range is lower than 

the 8–16 kJ/mol range associated with bonding 
energy in ion-exchange mechanisms. This implies 
that methyl orange and adsorbent interaction might 
involve physisorption rather than ion exchange. 
However, this doesn’t rule out the possibility of 
chemisorption, as not all chemical interactions follow 

ion-exchange mechanisms. The alignment with the 
pseudo-second-order rate model suggests a role for 
chemisorption, particularly in the rate-determining 
step (34). 
 

 

 

Table 3: Adsorption isotherm parameters. 

Isotherm  Parameters  MO MO+MB MO+CR MO+MB+CR 

Langmuir qm (mg/g) 48.54 47.17 42.19 47.85 

 KL (L/mg) 0.11 0.18 0.05 0.07 

 RL 0.31 0.22 0.50 0.42 

 R2 0.9274 0.8979 0.9691 0.9491 

Freundlich KF 

(mg/g)(L/mg)1/n 
6.83 7.94 4.32 3.23 

 n 2.22 2.27 2.22 2.00 

 1/n 0.45 0.44 0.45 0.0.50 

 R2 0.9935 0.9909 0.9886 0.9940 

Temkin  AT 16.35 16.77 11.70 15.15 

 BT 2.52 1.99 3.92 3.27 

 R2 0.8923 0.8698 0.9540 0.9170 

 
3.7 Impact of Temperature and 
Thermodynamics 
 
The influence of temperature on the adsorption 
process of Acid Blue 161 was investigated through 

batch adsorption experiments conducted at four 
distinct temperatures, 303 K, 313 K, 323 K, and 333 
K, for both single and mixed systems. The outcomes 
are presented graphically in Figure 8. The figure 
clearly demonstrates that the adsorbent's adsorption 
capacity (𝑞𝑒) for methyl orange dye decreases with 

increasing temperature in the single, binary, and 
ternary systems. This suggests that elevating the 
temperature reduces the adsorption of methyl 
orange dye, indicating that the adsorption process is 
more favorable at lower temperatures. Moreover, the 

rise in temperature likely induced changes in the 
morphology of the adsorbent, potentially causing 
destabilization of adsorbed adsorbate molecules 
(35).
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Figure 8: Effect of temperature. 

 

The changes in free energy (Δ𝐺), enthalpy (Δ𝐻), and 

entropy (Δ𝑆) were assessed as thermodynamic 

parameters from the batch adsorption results at 
different temperatures. The following equations were 
utilized: 
 

𝐾𝑐 = 
𝐶𝑎𝑑𝑠

𝐶𝑒
     (9) 

 

ΔG = ΔH – TΔS     (10) 
 

ln 𝐾𝑐 = 
ΔS

𝑅
 - 

ΔH

𝑅𝑇
     (11) 

 
In these equations, 𝐾c represents the sorption 

distribution coefficient, Δ𝐺 (kJ/mol) stands for the 

free energy of adsorption, 𝑇 (Kelvin) denotes the 

absolute temperature, 𝑅 is the universal gas 

constant, Δ𝐻 (kJ/mol) indicates the heat of 

adsorption, and Δ𝑆 (J/K) signifies the entropy change 

(36). 
 
Figure 9 illustrates the ln Kc versus 1/T plots for 
methyl orange adsorption in both single and mixed 

systems at various temperatures. Enthalpy change 
(Δ𝐻) and entropy change (Δ𝑆) were determined from 

slopes and intercepts, while free energy changes 
(Δ𝐺) were assessed using equation 9. All 

corresponding values are presented in Table 4.

 

 
 

Figure 9: Thermodynamic plot. 
 

Table 4: Thermodynamic parameters. 

 

System - ΔH 
(kJ/mol) 

-ΔS 
(J/K) 

-ΔG (kJ/mol) 

303 K 308 K 313 K 318 K 323 K 

MO 54.63 159.42 6.453 5.656 4.861 4.066 3.271 
MO+MB 12.62 382.62 10.415 8.542 6.632 4.722 2.812 
MO+CR 17.94 054.43 2.186 1.926 1.666 1.406 1.146 
MO+MO+MB 22.58 064.55 3.190 2.870 2.550 2.230 1.910 

 
The Gibbs free energy change (ΔG) for dye 
adsorption in all examined systems demonstrates a 
negative value, indicating spontaneous and 

thermodynamically feasible sorption processes (37). 
With decreasing temperatures, the feasibility of 
adsorption also increased in each system. Likewise, 

the adsorption processes in all systems were 
exothermic, as evidenced by their negative enthalpy 
values. This implies that heat was released during 

the interaction between the dye and the adsorbent 
surface. The entropy change (Δ𝑆) exhibited 

negativities for all systems (Table 3). Negative ΔS 
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values suggest reduced randomness at the 
adsorbent and dye(s) interface in both single and 

mixture systems. 
 
4. CONCLUSION 
 
This investigation shows the effectiveness of 

gingerbread plum seed shell-activated carbon in 
removing methyl orange from aqueous solutions, 
encompassing single, binary, and ternary adsorbate 
systems. Various experimental parameters, including 
contact time, initial adsorbate concentration, 
adsorbent dosage, solution pH, and reaction 

temperature, were explored. The adsorption 
processes adhere to pseudo-second-order kinetics, 
while the Freundlich, Langmuir, and Temkin isotherm 
models exhibit high correlation coefficients (>0.9) in 
certain cases, indicating distinct characteristics at 

different stages that influence the final mechanism. 
All adsorption processes were confirmed to be 

spontaneous and thermodynamically viable, as 
evidenced by negative Δ𝐺 values. Additionally, they 

were exothermic in nature, leading to reduced 
randomness with negative Δ𝑆 values. 
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Abstract: Graphene, a carbon allotrope, is a two-dimensional honeycomb of carbon atoms. Although 
graphene is a thin material, it is the strongest material known on Earth thanks to the strong carbon 
bonds in its structure. It is stated that the strength of these carbon bonds in graphene is about 100 times 
stronger than steel. In this study, graphite was first converted into graphene oxide (GO) by the Improved 
Hummers method, which is one of the methods suitable for large-scale production. Reduced graphene 
oxide (RGO) was obtained from the synthesized GOs by thermal reduction. TGA, FTIR, XRD, XPS, Raman, 
BET, and SEM analyses were used to characterize GO produced using the improved Hummers method 
and RGO reduced by thermal methods. TGA measurements show that RGO produced using the thermal 

approach had a lower mass loss than graphite oxidized using the improved Hummers process. This shows 
that the GO sample prepared using the improved Hummers approach contains a considerable number of 
distinct oxygen-containing groups. The novelty of the modified Hummers' method lies in its enhanced 
efficiency in producing graphene oxide through reduced thermal reaction times and improved scalability 
compared to the original approach in the literature. The C:O ratio of the GO and RGO samples was 
determined by XPS to be 1.88 and 11.17, respectively. The ID/IG ratio obtained by Raman analysis was 

0.973. In addition, RGO's BET surface area was discovered to be 543.6 m2 g-1. These findings 

demonstrated that graphite was successfully oxidized by an improved Hummers method, and the 
resulting GO was thermally converted to few-layer RGO.   
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1. INTRODUCTION  

 
The arrangement of carbon atoms in a hexagonal 
structure in a single plane gives graphene, an 
allotrope of carbon, its two-dimensional structure. 
Graphene, a new two-dimensional material with 
unique electrical and structural properties, has 

received a lot of interest. This structure of 
graphene gives it extraordinary properties. The 
specific surface area of graphene is extraordinarily 
high relative to its mass ratio (theoretically, 2650 
m2g-1), a very high thermal conductivity (5300 
Wm-1K-1, ten times higher than copper), and an 
optical transmittance of 98%. Another interesting 

property of graphene is that it is flexible and very 
durable. Due to a bond shape called sp2 

hybridization, it is as resistant to forces in certain 

directions as a diamond and has a high Young's 
modulus (1150 GPa). Due to these extraordinary 
properties of graphene, it enables applications in 
different fields of use (1-6). Today, intensive 
scientific research on graphene is being carried out 
to improve the application areas and production 

methods of graphene in daily life (7-8). However, 
there are still difficulties in producing graphene at 
a low cost and in large quantities. The oxidation of 
graphite is one of the most promising processes for 
producing graphene. The first example of graphene 
oxide synthesis was Brodie's discovery of graphite 
structure in 1859. One of his reactions was adding 

potassium chlorate (KClO3) to a graphite slurry in 
strong nitric acid (HNO3). (HNO3) (9). According to 

https://doi.org/10.18596/jotcsa.1327988
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Brodie's findings, the compound that is produced 

contains carbon, hydrogen, and oxygen in 

increasing proportions as the overall weight of 
graphite increases. With a successful oxidizer 
treatment, he discovered that the oxygen 
concentration increased to the limit value after 
four reactions. Brodie found that this material 

could be dispersed in pure or normal water but not 
in acidic media. acidic media. This led him to 
define the material as "graphite acid". 
Staudenmaier improved upon Brodie's oxidation of 
graphite in 1898 by gradually adding potassium 
chlorate (KClO3) to fuming nitric acid (HNO3) and 
concentrated sulfuric acid (H2SO4). (10). Later, 

Hofmann synthesized graphene oxide using 
concentrated nitric acid (HNO3) instead of the 
fuming nitric acid used in Staudenmaier and 
Brodie's method (10). About 60 years after 

Staudenmaier, to achieve the same degree of 
oxidation, Hummers came up with a technique that 
involved the reaction of graphite with a 

combination of potassium permanganate (KMnO4) 
and strong sulfuric acid (H2SO4) (10). The Brodie, 
Staudenmaier, and Hofmann approaches generally 
used KClO3, concentrated HNO3, and H2SO4. Nitric 
acid is a widely used oxidizer, and its strong 
interactions with aromatic carbon surfaces, 

including carbon nanotubes, are known. The 
reaction produces numerous oxygen-containing 
groups, including carboxyls, lactones, and ketones. 
Nitric acid-induced oxidation results in the 
emission of NO2 and/or N2O4 gases (11). At the 
same time, KClO3 is also a strong oxidizer. 
Potassium permanganate (KMnO4) and sulfuric acid 

(H2SO4) are used in the Hummers technique. 

Potassium permanganate is a strong oxidizer, and 
this property makes the GO structure hydrophilic 
by containing different oxygen groups (carboxyl, 
hydroxyl, epoxy, etc.) on the surface of activated 
graphene oxide (12). 
 

A few-layer RGO can be produced by chemical and 
heat reduction of GO. Many thermal and chemical 
approaches have been proposed for the reduction 
of GO. The thermal reduction methods used in 
graphene synthesis are thermal annealing, micro-
wave, and photoreduction (13-14). Rapid GO heat-

ing in thermal annealing causes CO and CO2 gases 
to develop between the graphene layers and rapid-
ly expand. This process is carried out at 1050 °C, 
and at this temperature, the bulk graphene oxide 

layers separate from each other to form graphene 
sheets (10).  
 

Modified Hummers' method for graphene oxide and 
following thermal reduction offers a relatively effi-
cient and scalable approach for producing gra-
phene nanoplatelets compared to other methods. 
The disadvantages of Modified Hummers' method 
of using chemicals, including the use of strong 
acids and harsh chemicals, pose environmental 

and safety risks. Another method used in graphene 
production is chemical reduction. The chemical 
reduction method mainly consists of chemical sep-
arator reduction, photocatalytic reduction, and 
electrochemical reduction (15-16). The modified 

method achieves a more controlled and reproduci-

ble synthesis of graphene oxide through alterations 

in reaction conditions and parameters, such as 
temperature, time, and precursor materials. 
 
In this study, naturally occurring, inexpensive 
graphite powder was used as a starting material 

for the oxidation of graphite, and graphite was 
oxidized using an improved Hummers method. A 
few layers of RGO were produced by the thermal 
reduction of GO. 
 
2. MATERIALS AND METHODS 
 

2.1 Spectroscopic and Microscopic 
Characterization of GO and rGO 
Scanning electron microscopy (SEM; JEOL JEM 
1011), X-ray diffraction analysis with the Bruker 

D8 Discover X-Ray diffraction system, XPS analysis 
with the Thermo K-Alpha X-Ray Photoelectron 
Spectrometer, Raman analysis with the Renishaw 

Invia instrument, surface area analysis with the 
Micromeritics ASAP 2020 HD accelerated surface 
area and porosimetry analyzer, FTIR analysis with 
the Thermo Scientific iS10, and TGA analysis with 
the TA Instruments were used. 
 

2.2. GO Synthesis Using an Improved 
Hummers Method  
In the improved Hummers method, the oxidation 
of graphite is carried out in two stages. After the 
graphite pre-oxidation process, it undergoes a 
second oxidation process where it fully oxidizes 
and becomes graphite oxide (12). In the pre-

oxidation step, graphite powder was treated with 

strong oxidizing agents such as H2SO4, P2O5, and 
K2S2O8. In this step, 98% H2SO4 (25 mL) was 
heated to 90°C in an oil bath. Then, 5 g of K2S2O8 
and 5 g of P2O5 were added. After the reaction 
temperature was reduced to 80°C, 3 g of graphite 
powder was slowly added to the mixture. Since 

outgassing was observed at this stage, adding 
graphite powder to the hot mixture was carried out 
very carefully and slowly. The heating process was 
terminated after stirring the reaction mixture at 
80°C for 5 hours. The mixture was added to deion-
ized water, left to stand on its own for one night, 

and filtered using a vacuum filter. In order to re-
move the acidity of the solid sample obtained, it 
was washed with deionized water until the pH val-
ue was neutral. Finally, the synthesized pre-

oxidized graphite structure was allowed to dry at 
room temperature for one day. The pre-oxidized 
graphite is oxidized to graphene oxide with the 

help of KMnO4. Since the reactions in this process 
are highly exothermic, all processes were carried 
out in an ice bath at a temperature not exceeding 
10°C. Pre-oxidized graphite powder was added to 
98% H2SO4 (240 mL) and kept in the ice bath with 
stirring. Then KMnO4 (30g) was added to the mix-
ture and dissolved. During this process, care was 

taken not to exceed 10°C. After this step was 
completed, the mixture's temperature was raised 
to 35 °C and stirring was continued for 4 hours. In 
all these processes, it is critical that the tempera-
ture not exceed 50°C. After this time, 500 mL of 
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deionized water was added to the mixture. The 

mixture was stirred for 1 hour, and 40 mL of 35% 

H2O2 was added dropwise to complete the oxida-
tion process. The final mixture was kept at room 
temperature for one day and then subjected to 
filtration. The resulting product was washed with a 
10% HCl solution to remove metal ions. In the last 

step, the mixture was washed with acetone until 
the pH value was neutral. The graphene oxide 
obtained was dried in an oven at 60°C. 
 
2.3. RGO Synthesis by Thermal Reduction  

Graphene oxide can be thermally reduced to yield 

monolayer and multilayer graphene. In the thermal 

reduction technique, the GO sample was placed in 
the tube furnace system at 1050°C under argon 
gas flow for a short time (45 seconds), and RGO 
was obtained by thermal shock reduction. During 
heat reduction, the functional groups in GO oxide 

containing oxygen (carboxyl, epoxy, hydroxyl, 
etc.) are removed from the structure. The CO and 
CO2 gases formed between the layers undergo 
thermal exfoliation, creating high pressure and 
expanding. These processes are shown 
schematically in Figure 1. 

 

 
 
 
 

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 

 

 
 
 
 

Figure 1: Thermal reduction of GO 
 

 
 
3. RESULTS AND DISCUSSION 
 
3.1. Graphite, GO, and RGO TGA Analysis   
Figure 2 shows the thermal properties of graphite, 

GO, and RGO by TGA analysis. When the thermal 
properties of graphite were examined, no weight 
change was observed in graphite due to tempera-
ture change (Figure 2). On the other hand, GO 

obtained using the improved Hummers method 
showed three-stage degradation. In the first stage, 
between 50 and 150 °C, graphene oxide lost mass 

due to moisture loss (17). The second stage is 

between 150 °C and 400 °C. The mass loss here 
can be explained as removing oxygen-containing 
groups such as hydroxyl, epoxy, and carboxyl in 
the GO structure from the graphene oxide struc-

ture. In the third stage, at temperatures above 
400 °C, mass loss occurred due to the degradation 
of unstable carbon structures in the nitrogen gas 
environment. The RGO obtained using the thermal 

reduction method lost 25% of its weight. This is 
due to the removal of oxygen-containing groups 
remaining in the structure of RGO (17-18). 
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Figure 2: The TGA outcomes for graphite, GO, and RGO 
 
3.2. Graphite and GO, Analyzed by X-Ray 

Diffraction   
Figure 3 shows the XRD analysis of graphite and 
GO, respectively. Figure 3 shows a peak for graph-
ite at 2θ = 26.5°; the peak value of graphene ox-
ide appears as 2θ = 10.3°. In line with the values 
from the literature, these peaks are known to be 

26.48° for graphite and 10.90° for graphene oxide, 

respectively (19). When the obtained data are 

compared with the literature data, it is seen that 
the oxidation process was successful. Considering 
the interlayer distances, 0.3 nm is for pure graph-
ite, and 0.83 nm is for graphene oxide. The in-
crease in the distance between graphene oxide 
layers due to the oxidation process indicates that 

the oxidation process was successful. 
 
 
 
 
 
 

 

 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 

Figure 3: XRD spectrum of a graphite and GO sample 

 
3.3. FTIR Analysis of Graphite, GO, and 
Reduced Graphene  
FTIR spectroscopy analysis was performed to 
determine the functional groups such as epoxy, 
carboxyl, and hydroxy that are expected to be 
included in the structure as a result of the 

oxidation of graphite. As seen in Figure 4, OH 
stress vibration was measured at 3106 cm-1, C=O 
stress vibration at 1714 cm-1, C=C stress vibration 
at 1602 cm-1, and C-O stress vibration at 1020 cm-

1. As a result of the literature research, OH stress 
vibration was found to be 3191 cm-1, C=O stress 
vibration 1718 cm-1, C=C stress vibration 1600–
1660 cm-1, and C-O stress vibration 1040 cm-1 
(20). The graphite sample does not have any of 
these vibrations. These functional groups included 

in the structure as a result of the oxidation of 
graphite indicate that graphene oxide has been 
successfully synthesized. 
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Figure 4: FTIR spectrum of graphite, GO, and RGO 
 

The effect of thermal reduction was also investi-
gated under the conditions studied. As can be seen 
in Figure 4, the characteristic peaks of graphene 
oxide disappear when the thermal method is used 
as a reductant (21). 
 
3.4. XPS Analysis of GO and RGO  

The results of the XPS analysis of GO and RGO are 

given in Figures 5. GO and RGO C1s XPS spectra 
are displayed in Figure 5. C-C peak at 284.7 eV, C-
O peak at 286 eV, and O-C=O peak at 288.8 eV is 
all well visible in the C1s spectra of the GO sample 
(22). A large peak for RGO was found at 284.7 eV, 
corresponding to graphitic carbon, which makes up 

69.1% of RGO and 23.7% of GO. The C-O atom, 

which makes up 22.79% of the RGO structure, is 
the source of the peak at 286 eV. This percentage 
is less than the GO percentage (37.6%). In RGO 
(288.5 eV), another oxygen-containing group, O-
C=O, was found in extremely low amounts 
compared to GO. The percentage of carbon and 
oxygen elements in graphite oxide composition 

obtained as a result of XPS analysis is given in 

Table 1. The C:O ratio of GO was determined as 
1.88. This ratio indicates that the graphene oxide 
process subjected the graphite layers to strong 
oxidation. Oxygenated functional groups are 
removed from the GO structure as a result of 
reduction by the thermal method. The C:O ratio of 

RGO was found to be 11.17.
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Figure 5: C1s. XPS spectra of GO (a), RGO (b) 
 

Table 1: C:O ratios of GO and RGO samples according to XPS analysis data 

Element GO RGO 

Atomic C, % 65.3 91.8 
Atomic O, % 34.7 8.3 

C:O ratio 1.88 11.2 

 
3.5. Raman Analysis of RGO Synthesized by 
the Thermal Reduction Method 
Following the chemical oxidation of graphite, RGO 
was obtained by removing the oxygenated groups 
from GO by thermal reduction (thermal exfolia-
tion). The crystal structure and properties of the 

obtained RGO were investigated by Raman spec-
troscopy. As expected in the Raman pattern of 
graphene, the D peak is observed at 1360 cm-1, 
the G peak at 1580 cm-1, and the 2D peak at 2675 

cm-1 (Figure 6). The intensity of the D band (ID) in 
the Raman pattern shows the irregularities in the 
structure, the intensity of the G band (IG) shows 
the regular structures in the structure, and the 2D 
band shows the characteristic peak of graphene. 
The D, G, and 2D peak values of the graphene 

synthesized in the study are consistent with the 
literature (23-24). 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
 

 
Figure 6: Raman spectra of RGO 

 
 
3.6. SEM Analysis of Graphite, GO, and RGO 

The surface properties of graphite, GO, and RGO 
samples were investigated by SEM analysis (Figure 
7). From the SEM images, oxygenated groups on 
GO were removed as a result of the thermal 

reduction reaction, resulting in less layered, 

wrinkled RGO structures (25). SEM images of GO 
often depict irregular, crumpled, or wavy sheet-like 
structures with wrinkles and folds. GO layers are 
generally thicker due to the presence of oxygen-
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containing groups and water molecules trapped 

between the layers, leading to a more expanded 

and layered structure than pristine graphene. SEM 
images of rGO display smoother, more continuous, 
and less corrugated sheets than GO. rGO tends to 

have thinner layers than GO due to removing 

oxygen groups and water molecules, leading to a 

more compact and less layered structure. 
 

 
 

 
 
 
 

 
 
 

 
Figure 7: SEM images of graphite (a), GO (b), RGO (c) 

 
 

3.7. Evaluation of BET Results 
The surface area analysis of graphene samples 
synthesized by the thermal reduction method was 

performed by the Brunauer, Emmet, and Teller 
(BET) method. Table 2 displays the outcomes of 
the BET study of RGO. 

 
Table 2:  BET analysis results for RGO 

Element RGO 

BET surface area (m2/g) 543.64 

Volume (cc/g) 1.005 
Pore diameter (4V/S Angstrom) 90.26 

 
As a result of BET analysis of the sample of the 
graphene study produced by the thermal method, 
the surface area of graphene was 543.64 m2g-1. 

The reason for this is that the oxygenated groups 
are separated more effectively during the produc-
tion of graphene by thermal inversion of the im-
proved Hummers-GO, forming a more porous 

structure and providing a high surface area. Re-
duced graphene oxide (rGO) produced through 

thermal reduction methods, particularly at high 
temperatures like 1050 °C, tends to exhibit a 
higher Brunauer-Emmett-Teller (BET) surface area 
compared to lower temperature reduction process-
es and chemical reduction processes. The high 
temperature facilitates the removal of oxygen-
containing functional groups from graphene oxide, 

resulting in a more extensive restoration of the sp² 
carbon network, which contributes to a higher sur-
face area. 
 
4. CONCLUSION 
 
This research focused on producing GO and RGO 

with a few layers from flake graphite. In addition, 
the characterization methods of GO and RGO were 
investigated. First of all, graphite was converted 
into GO by the improved Hummers technique, 
which is one of the methods suitable for extensive 
production. The obtained GO samples were 

reduced using the thermal method. GO and RGO 
samples were characterized by TGA, XRD, FTIR, 
XPS, SEM, Raman, and BET analysis. FTIR 
spectroscopy results indicate the existence of 
functional groups that include oxygen (OH, C=O, 
and C-OH) in the synthesized graphene oxide. XRD 
analysis revealed interlayer distances of 0.32 nm 

for graphite and 0.85 nm for graphene oxide. 
These results indicate that the oxidation process 

was successful. The results of the XPS spectrum 
analysis show that the atomic C:O ratios in the 
chemical structures of GO and RGO are 

approximately 1.88 and 11.17, respectively. 
Raman analysis of RGO samples showed that the 
amount of ordered crystal structure increased. 
Transparent and wrinkled RGO structures were 

detected from SEM images. As a result of BET 
analysis of reduced graphene oxide samples, it was 

determined that the surface area was 
approximately 543.64 m2g-1. This indicates that 
the synthesized RGOs have a few-layered 
structure. Thermal methods for producing 
graphene with high amounts and high surface 
areas can further optimize its properties, making it 
more cost-effective, scalable, and suitable for 

various industrial applications. Such as high 
surface area, graphene can be utilized in 
supercapacitors and batteries; it can be used as a 
catalyst support or even as a catalyst itself in 
various chemical reactions, including hydrogen 
production, environmental remediation, and 
organic synthesis; its use in gas sensors, 

biosensors, and environmental monitoring devices 
and graphene can be employed in water filtration 
and desalination processes. 
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1. INTRODUCTION 
 

Chromium (VI), in the form of chromate or 
dichromate, is highly toxic and soluble in water, 

but generally insoluble in most organic solvents 
(1). However, sugars and their derivatives can 
influence chromium chemistry due to their 
reducing properties (2). It was observed that 
oxidation process could convert potentially 

hazardous Cr (VI) into environmentally benign 
and non-toxic Cr (III)/Cr (IV) oxidation states 
(3). Therefore, various Cr (VI) complexes like 
pyridinium chlorochromate (4), 
tetraethylammonium chlorochromate (5), 
quinolinium chlorochromate (6), quinolinium 
fluorochromate (7), pyridinium fluorochromate 

(8), and tributylammonium chlorochromate (9) 
have been developed to oxidize some biologically 

important organic molecules, including sugars 
(10). D-galactose, a specific type of reducing 

sugar, plays an important role as a primary 
energy source for mammalian infants during their 
exclusive dependence on milk. The primary origin 
of galactose is lactose, found in dairy products, 
which undergoes hydrolysis to form glucose and 

galactose. Moreover, small amounts of galactose 
can be found in certain vegetables and fruits. 
Recent researches have suggested potential 
therapeutic applications for galactose, including 
its use in the treatment of diseases like 
Alzheimer’s and nephrotic syndrome (11–15). 
Given its crucial role in neonates’ metabolism and 
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therapeutic benefits, a study on oxidation kinetics 
was performed. To control selectivity and over-
oxidation of products, imidazolium 
fluorochromate (IFC) (16,17), a recently 

developed Cr (VI) complex was used as an 
oxidant in the reaction. Previous literature studies 
illustrated that oxidation study of D-galactose 
with IFC has not been reported yet (17,18). 
Considering this, the kinetic and mechanistic 
characteristics of the oxidation of D-galactose 
with IFC oxidant are described here. 

    
2. EXPERIMENTAL SECTION 
 
2.1 Materials and methods  
IFC oxidant has been prepared by the reported 

method (17). The purity of oxidant was 

confirmed by using dichromatic method. 
Commercially provided D-galactose was 
employed as the substrate. To ensure 
consistency, the D-galactose solution was always 
prepared fresh in a 50% (v/v) aqueous acetic 
acid solvent medium. Sodium hyperchlorate (VII) 
salt was added to maintain an unaltered ionic 

strength throughout the reaction mixture. 
Perchloric acid was used as a source of active H+ 
ions in the reaction. All TLC experiments were 
performed on an activated cellulose MN 300 G 
layer plate, as stated in the published method 

(19). All other chemicals and solvents were used 
without any further purification.  
 
2.2 Kinetic analysis  

The kinetics were studied under pseudo-first-
order conditions when [D-galactose] is in excess 
over [IFC]. A 50% (v/v) aqueous acetic acid 
served as the solvent, unless specified 
differently. The reaction advancement was 
tracked by assessing absorbance at 350 nm 
through a visible spectrophotometer, reaching 

70-80% completion. Pseudo-first order velocity 
constants (denoted as k1) were evaluated from 
the slope of the linear plot between loge (A0/At) 
and time (t) {Here, A0 represents absorbance 
value when the reaction commenced, and At 

signifies the absorbance at any specific time}. 

Second-order rate constants (k2) were computed 
using the given expression (i): 
 

k2=
k1

[D-galactose]
                                                                    

 
2.3 Stoichiometry  
It was established through a mixture where [D-
galactose] was in excess of [IFC], kept in 

darkness at 303 K to attain a complete reaction. 
The remaining Cr (VI) was determined by 
dichromatic approach. A 1:1 stoichiometric ratio 
was observed in the reaction, consistent with the 
stated expression (ii): 

 

 
 
2.4 Product analysis  
For product assessment, a 1:1 molar ratio of D-
galactose and IFC was prepared and equilibrated 

for 24 hours. The products were separated using 
trichloromethane (CHCl3) and dried over 
anhydrous MgSO4 (20). The oxidation product 

was identified as D-arabinose by comparing its Rf 
value with authentic sugar samples (Table 1). 
The formation of a phenylhydrazone derivative 

also supports the formation of D-arabinose. 
Further, formic acid was detected as a side 
product through spot test analysis (20–22). 

 
Table 1: The Rf values of standard sugars in comparison with product 

Sugars Rf (Std. sugar) Rf (Product) 

Galactose 0.34 - 

Mannose 0.47 - 
Fructose 0.46 - 

Arabinose 0.52 0.52 
Xylose 0.68 - 

Glucose 0.42 - 
Ribose 0.71 - 

 
3. RESULTS AND DISCUSSION 
 
3.1 Effect on varying [oxidant] 

 At constant [D-galactose], [HClO4], ionic 
strength, and temperature, the reaction was 

examined at different [IFC], and pseudo-first-
order rate constants (k1) were computed. It was 
observed that k1 remained constant irrespective 

of [IFC], which implies a first-order nature of the 
reaction concerning [IFC] (Table 2). The same 

(ii) 

(i) 
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conclusion is also noticeable from a linear plot 
between (loge (A0/At)) and time (Figure 1). 
 
3.2 Effect of varying [substrate]  

The rate constants (k1) were calculated at 
constant [IFC], [HClO4], ionic strength, and 
temperature. The observed k1 values were 
elevated and demonstrated a direct 
proportionality with [D-galactose] (Figure 2(a)), 
indicating a first-order relationship between 
substrate and the reaction rate (Table 2). 

Further, the slope of the plot between (log k1) 

and (log [D-galactose]) is 0.9875, which also 
justifies the observed result (Figure 2(b)). 
 
3.3 Effect of varying [perchloric acid] 

The k1 was evaluated at different [HClO4], 
keeping all other reaction conditions the same. 
The study revealed that the rates increased with 
the base to the power of one in [HClO4], which 
suggests the reaction is first order concerning 
[HClO4], as illustrated in Figure 3(a). In addition, 
the gradient of the observed linear plot between 

(log k1) and (log [HClO4]) is 1.0024, 
corroborating the findings (Figure 3(b)). 

 
Table 2: Rate constants (k1 & k2) for oxidation process of D-galactose by IFC at 303 K.  

[IFC] x 103  

M 

[D-galactose] 

x 102 M 

[HClO4]  

M 

k1 x 104 

(s-1) 

k2 x 102 

(M-1 x s-1) 

R2 

0.66 2.66 0.89 7.46  0.9911 
1.33 2.66 0.89 7.69 2.89 0.9942 
2.66 2.66 0.89 7.57  0.9899 
4.00 2.66 0.89 7.76  0.9927 
1.33 1.33 0.89 3.63 2.73 0.9781 

1.33 4.00 0.89 11.05 2.76 0.9942 
1.33 5.33 0.89 14.76 2.77 0.9958 
1.33 6.66 0.89 18.27 2.74 0.9967 
1.33 8.00 0.89 22.21 2.78 0.9844 
1.33 2.66 0.668 5.82  0.9901 
1.33 2.66 1.113 9.85  0.9959 

1.33 2.66 1.316 11.38  0.9983 
1.33 2.66 1.558 13.87  0.9979 
1.33 2.66 1.781 15.29  0.9936 

1.33 2.66 2.004 17.48  0.9966 

 
3.4 Effect of adding salt  

The reaction was examined across various 
NaClO4 concentrations, from 1.33 x 10-2 to 4.66 x 
10-2 M. Interestingly, the reaction rates remain 
constant, indicating the involvement of primary 
and secondary salt effects, potentially nullifying 
each other. A literature study also supports the 
observed findings (23–25). 

 
3.5 Effect of incorporating a radical 
precursor 
To understand the reaction pathway, 
acrylonitrile, a radical forming species, was 

introduced into the mixture. The absence of 

acrylonitrile polymerization in the reaction 

indicates that the formation of free radicals was 

unlikely during the reaction.  
 
3.6 Effect of adding Mn2+ ions 
Mn2+ ions were introduced into the reaction 
mixture to investigate the potential involvement 
of Cr4+ as an intermediate in the oxidation 
process. A study previously recognized Mn2+ as a 

reliable agent for trapping Cr4+ intermediates 
(26). Increasing [Mn2+] led to a decrease in the 
reaction rates (Table 3), indicating the 
participation of Cr4+ with Mn2+, as illustrated in 
expression (iii): 

 

Cr4+ + Mn2+ →Cr3+ + Mn3+

 
Table 3: Mn2+ ion-based rate constants (k1) for the D-galactose oxidation by IFC oxidant in a 50% 
(v/v) aqueous acetic acid medium at 303 K. [IFC] = 1.33 x 10-3 M, [D-galactose] = 2.66 x 10-2 M, 

[HClO4] = 0.89 M, [NaClO4] = 0.13 M 

[MnSO4] x 102 M k1 x 104 (s-1) R2 

0.00 7.69 0.9942 
2.66 7.45 0.9928 
5.33 7.26 0.9969 
10.66 6.92 0.9914 

16.00 6.54 0.9918 

  (iii) 
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3.7 Effect of varying solvent composition  
Kinetics was analyzed in solvents with different 
acetic acid: water compositions to gain insight 

into the interaction between the reacting species. 
A decrease in rate was observed in solvents with 
high dielectric constants (Table 4).  

 

Table 4: Solvent based rate constants (k1) for the oxidation of D-galactose by IFC reagent at 303 
K. [IFC] = 1.33 x 10-3 M, [D-galactose] = 2.66 x 10-2 M, [HClO4] = 0.89 M, [NaClO4] = 0.13 M 

CH3COOH: H2O k1 x 104 (s-1) R2 1000/D D-1/2D+1 

40:60 5.92 0.9923 20 0.485 

50:50 7.69 0.9942 24 0.482 
60:40 10.82 0.9958 28 0.479 
70:30 14.71 0.9903 36 0.473 
80:20 22.36 0.9875 48 0.465 

 
The positive gradient of the linear Amis plot 

(log k1 and 1/D) and the linear Kirkwood plot 

(log k1 and (D-1/2D+1)) suggest ion-dipole 
interactions in the reaction’s suggested 
mechanistic pathway {Here, D denotes the 
dielectric constant of the reaction medium} 
(Figure 4(a) and 4(b)) (27,28). 
 

3.8 Effect of varying temperatures 
A temperature-dependent trend in second-
order rate constants (k2) was studied by 
recording kinetics over different temperature 
ranges (T). The k2 values showed an increase 
with rising temperatures, as depicted in Table 

5. The activation energy (Ea), followed by 
enthalpy of activation (ΔH‡) were determined 
from the linear plot between (loge k2) and 
(1/T) (Figure 5) and expression (iv). 

 

ΔH‡ = Ea – 2RT 

 

Free energy and entropy of activation (ΔG‡ and 
ΔS‡) were computed using Eyring’s equation 
for reaction rates (expression (v)) (24,25,29).  
 

k2=Kt

KbT

h
 e

-
ΔG

‡

RT  

 
The observed negative value of entropy of 
activation (ΔS‡) indicates that the intermediate 

complex is more polar compared to the initial 
reactants. The overall decrease in entropy 
during complex formation is typically due to 
the loss of translational energy required to 
bring multiple reactants together at the 
transition state (23, 30, 31). 

 
Table 5: Temperature-based rate constants (k2) and thermodynamic parameters for the D-

galactose oxidation by IFC oxidant in a 50% (v/v) aqueous acetic acid medium. [IFC] = 1.33 x 10-3 
M, [D-galactose] = 2.66 x 10-2 M, [HClO4] = 0.89 M, [NaClO4] = 0.13 M 

Temp 
(K) 

k2 x 102 
(M-1 x s-1) 

Ea 

(kJ/mol) 
loge A 

(M-1 x s-1) 
ΔG‡ 

(kJ/mol) 
ΔH‡ 

(kJ/mol) 
-ΔS‡ 

(J K-1 mol-1) 

293 1.49  18.82 81.99 51.24 104.94 
303 2.89 56.11 18.73 83.20 51.07 106.03 
313 5.78  18.71 84.22 50.91 106.42 
323 11.26  18.71 85.21 50.74 106.71 

  Mean: 18.74 ±0.03 83.66 ±0.69 50.99 ±0.11 106.03 ±0.39 

 
 

 

 

(iv) 

(v) 



Tomar A et al. JOTCSA. 2024;11(2):673-682.                        RESEARCH ARTICLE 
 
 

677 
 

Figure 1: Plot between loge (A0/At) and Time (s) for oxidation of D-galactose by IFC oxidant in a 50% 
(v/v) aqueous acetic acid medium at 303 K. [IFC] = 1.33 x 10-3 M, [D-galactose] = 2.66 x 10-2 M, 

[HClO4] = 0.89 M, [NaClO4] = 0.13 M 

 
Figure. 2(a): Plot between (k1) and ([D-galactose]), 2(b): Plot between (log k1 + 4) and (log [D-

galactose] + 2) for oxidation of D-galactose by IFC oxidant in a 50% (v/v) aqueous acetic acid 
medium at 303 K. [IFC] = 1.33 x 10-3 M, [HClO4] = 0.89 M, [NaClO4] = 0.13 M 

 
Figure 3(a): Plot between (k1) and ([HClO4]), 3(b): Plot between (log k1 + 4) and (log [HClO4] + 1) 

for oxidation of D-galactose by IFC oxidant in a 50% (v/v) aqueous acetic acid medium at 303 K. 
[IFC] = 1.33 x 10-3 M, [D-galactose] = 2.66 x 10-2 M, [NaClO4] = 0.13 M 

 
Figure 4 (a): Plot between (log k1 + 4) and (1000/D) (Amis plot), 4 (b): Plot between (log k1 + 4) 
and (D-1/2D+1) (Kirkwood plot) for the oxidation of D-galactose by IFC oxidant at 303 K. [IFC] = 

1.33 x 10-3 M, [D-galactose] = 2.66 x 10-2 M, [HClO4] = 0.89 M, [NaClO4] = 0.13 M 
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Figure 5: Plot between (loge k2 + 2) and (1/T) for D-galactose oxidation by IFC oxidant in a 50% 
(v/v) aqueous acetic acid medium. [IFC] = 1.33 x 10-3 M, [D-galactose] = 2.66 x 10-2 M, [HClO4] = 

0.89 M, [NaClO4] = 0.13 M 
 

3.9 Mechanism of the reaction  
In an acidic aqueous condition, D-galactose 
primarily adopts a cyclic hemiacetal, resulting in 

mixture of α- and β-pyranose ring forms that 

constantly interconvert with the rare open-chain 
structure (Scheme 1) (32). Among these, the 
prevalent form is β-D-galactopyranose (Table 6).  

 
Table 6: Percentage Composition of different galactose configurations (33) 

Aldose [α-Pyranose] (%) [β-pyranose] (%) Open chain (%) 

Galactose ~35 ~65 0.085 

 
Reaction involving monosaccharides proceeds 
through the acyclic configuration, probably 

feasible by converting the chain form to open-

chain form through a less favorable equilibrium 
step (34). A comparative kinetic study on the 
reactivity of several sugars with Cr(VI) revealed 
that their reactivity increased proportionally with 
an increasing amount of open-chain configuration 
of the sugar (33,35). Some reports also suggest 

that cyclic pyranose forms have increased 
exposure to interact with Cr(VI), which can 
actively participate in oxidation processes (36–
38). Therefore, it is rational to infer that the rate 
constant (k1) encompasses the combined 
influence of the cyclic and acyclic forms, both of 

which persist in a state of dynamic equilibrium. 
 
In the presence of acid, IFC (A) is protonated; 
species (B) is formed by selectively capturing the 

released H+ ion from the dissociation of HClO4 
(Scheme 2). Additionally, the first-order reliance 
on [HClO4] and the catalytic impact of perchloric 

acid on reaction rates signifies that the oxidation 
process exclusively takes place under acidic 
conditions, and the equilibrium constant for the 
protonation step is low.  
 
Notably, no fractional order kinetics dependence 
on [Substrate] and the absence of 

spectrophotometric proof indicate the absence of 
the proposed complex. Nonetheless, these 
findings do not conclusively dismiss the 
possibility of the proposed complex. It was 
hypothesized that the rate constants governing 

the complex formation step are very small, 

explaining the absence of observable kinetic and 
spectrophotometric evidence (34, 39–41). 
Previous studies on the oxidation process of 
various organic compounds using Cr(VI)-based 
oxidants have reported an ester complex 
formation mechanism (40–43). Considering all 

these facts into account, it is postulated that the 
charged version of IFC interacts with the cyclic β-

form of galactose and an ester-like complex is 

formed. Subsequently, this ester complex 
undergoes a hydride ion transfer in the rate-
limiting step of the reaction, followed by C1-C2 
bond cleavage, resulting in the formation of the 
products outlined in Scheme 3.  
 

3.10 Rate law 

(IH)OCrO2F + H+ 
K1
⇔ [(IH)OCr(O)(OH)F)+]                                                                     

                                                        (vi) 

D-galactose + [(IH)OCr(O)(OH)F)+] 
K2
⇔ Ester-

complex + H2O                                           (vii) 
 

Ester-complex  
k,slow
→     Arabinose + Formic acid + 

[(IH)OCr(OH)F)+]                                       (viii) 
 

The rate equation for the proposed mechanism 
was formulated by using expression (viii), which 
serves as the rate-determining step of the 

reaction. 
-d[IFC]

dt
=k[ester-complex]                                (ix)   

 

On applying the approximation condition in 
expression (vii) and using expression (vi), 
expression (ix) could be written as, 
-d[IFC]

dt
=

kK1K2[D-galactose][IFC]t[H
+
]

(1+K1K2[D-galactose][H
+
])

                       (x)                                                     

 
In expression (x), [IFC]t = [IFC] + [ester-
complex]. Taking into account the previously 
discussed small values of K1 and K2, it is logical 

to assume that 1>>>(K1K2[D-galactose][H+]) 
and [IFC]t = [IFC]. This assumption gives rise to 
the following rate law (expression (xi)), 
explaining the experimental results observed. 
 
−d[IFC]

dt
=kK1K2[D-galactose][IFC][H+]             (xi)                                                                   
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Scheme 1: Interconversion of α-galactopyranose to β-galactopyranose via open chain form 

 

 
 

Scheme 2: Structure of IFC and its Protonated form 

 

 
 

Scheme 3: Reaction mechanism 

 

 
4. CONCLUSION 
 
The oxidation kinetics of D-galactose by IFC 
oxidant in a 50% (v/v) aqueous acetic acid 
medium were investigated at 303 K using 
spectrophotometric method. The reaction 

depicted a first-order relationship regarding 
[substrate], and [oxidant]. The presence of H+ 
ions acted as a catalyst, also exhibiting a unit-
order relationship with [H+]. The oxidation 
process showed sluggishness in adding Mn2+ ions 

to the reaction blend, pointing towards the 
involvement of Cr(IV) species as an intermediate. 
The possibility of a free radical intermediate was 
eliminated, as there was no observed 
polymerization of acrylonitrile. Considering all the 
above facts, it was proposed that protonated IFC 

would interact with D-galactose and form an 
ester-like intermediate, which further undergoes 
a hydride ion elimination during the slowest step 
of the reaction to produce the final products. 
 

Scheme 2 

Scheme 3 

Scheme 1 

α-galactopyranose β -galactopyranose Open chain 
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Abstract: A new trans-platinum complex, trans-[Pt(sac)2(H2O)(DMSO)] (sac= saccharinate; DMSO= 
dimethyl sulfoxide), was synthesized and characterized by elemental analysis, UV, FTIR, NMR spectroscopy 
and X-ray single-crystal diffraction. In the mononuclear complex, the platinum(II) cation was coordinated by 
two N-coordinated sac ligands in the trans position, the sulfur atom of the DMSO ligand, and an aqua ligand, 
forming a distorted square planar coordination geometry. The interaction of the platinum(II) complex with 
DNA was studied using molecular docking. The complex successively docked into the minor groove of DNA 

via intermolecular hydrogen bonds with the adenine, cytosine, and guanine bases. 
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1. INTRODUCTION 
 
Saccharin (sacH, 1,1-dioxo-1,2-benzothiazol-3-one 

or benzosulfimide) is an artificial sweetener and is 
commercially available in the forms of sodium or 
calcium salts. SacH is a weak acid with a pKa of about 
2 and readily loses the imine proton in aqueous 
solutions. The saccharinate anion (sac) acts as a 
polyfunctional ligand towards various metal ions 

through the imine N, carbonyl, and sulfonyl O donor 
groups, displaying mono-, bi-, and tridentate 
chelating and bridging coordination modes (1). 

 
Platinum(II) complexes such as cisplatin, oxaliplatin, 
and carboplatin are extensively used in cancer 
chemotherapy. Since they display serious side 

effects and drug resistance, increasing attention was 
paid to the development of other platinum anticancer 
agents. Over the last two decades, many Pt(II) 
complexes were prepared and evaluated in vitro and 
in vivo anticancer activity (2–6). The first 
palladium(II) and platinum(II) complexes of sac 
were reported by Henderson et al. (7). cis-

[Pt(sac)2(NH3)2] (8) and {K[Pt(sac)3(H2O)]·H2O}2 

(9) complexes were also reported by Al-Jibori et al. 
and Cavicchioli et al., respectively. In the last two 
decades, our research group prepared a number of 

palladium(II) and platinum(II) complexes of sac with 
polypyridyl ligands (10–17) and phosphine ligands 
(18–23). Some of these complexes displayed potent 

in vitro/in vivo anticancer activity and were 
documented in recent reviews (24–27). 
 
Since DNA is one of the main targets of many drugs, 
the interaction of metal complexes with DNA has long 
been the subject of intensive research. The metal 

complexes bind to DNA through covalent and non-
covalent modes (28,29). The anticancer platinum(II) 
drug, cisplatin, forms covalent bonds with the 

nitrogen of two adjacent guanine bases on the same 
DNA strand (30). On the other hand, the non-
covalent modes of the metal complex–DNA 
interactions were classified as intercalative, groove 

binding, and electrostatic (31). The intercalation of 
metal complexes typically occurs via the insertion of 
planar aromatic rings of the coordinated ligands 
between the base pairs of DNA (32), while groove 
binding takes place at the grooves of DNA, and the 
electrostatic mode is associated with the attractive 
force between metal complex cations and the anionic 

sugar-phosphate backbone of DNA. 
 
In this study, a new trans-platinum sac complex 
containing aqua and dimethyl sulfoxide ligands, 

https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org
https://orcid.org/0000-0002-2717-2430


İçsel C. JOTCSA. 2024; 11(2):683-690  RESEARCH ARTICLE 

684 

namely trans-[Pt(sac)2(H2O)(DMSO)], has been 
synthesized and characterized by elemental analysis, 
FTIR, NMR, and X-ray single-crystal diffraction 

methods. The platinum(II) aqua complexes usually 
exist in aqueous solutions and were rarely obtained 
in the solid state (33–38). Therefore, the present 
platinum(II) complex will be a new example 

containing aqua ligand in the crystalline state. In 
addition, the interaction of the new platinum(II) 
complex with DNA was studied using in silico 
methods such as molecular docking since 
platinum(II) aqua complexes display a high affinity 
towards DNA. 

 
2. EXPERIMENTAL SECTION 
 
2.1. Materials and Measurements 
cis-[PtCl2(DMSO)2] was synthesized by following a 
method reported by Price et al. (39). All other 

chemicals were purchased and used as received. 

Elemental analyses (C, H, and N) were obtained 
using a Costech elemental analyzer. UV and IR 
spectra were recorded on a Perkin Elmer Lambda 35 
and a Perkin Elmer Spectrum Two FT-IR 
spectrophotometer, respectively. NMR spectra were 
performed using a Bruker Ascend 400 MHz 
spectrometer in DMSO-d6. Melting point was 

measured using a Thermo Scientific Electrothermal 
Digital Melting Point. The conductivity measurement 
was performed in MeOH using a HANNA HI 5521 
pH/conductometer. 
 
2.2. Synthesis of trans-[Pt(sac)2(H2O)(DMSO)] 

The solid Na(sac)2H2O (120.6 mg, 0.5 mmol) was 
added to the aqueous solution (30 mL) of cis-

[PtCl2(DMSO)2] (105.6 mg, 0.25 mmol) with stirring. 
5 mL MeOH was added to the solution. After 6 h 

refluxing at 55 C, the solution was filtrated and 
evaporated to remove the solvents. The solid was 
crystallized from a mixture of H2O, MeOH, and DMSO 
(1:1:1). 
 
Colorless crystals.  Yield: 134.4 mg, 82%. M.p. 115–

117 C. Anal. Calcd. for C16H16N2O8PtS3 (%): C, 
29.31; H, 2.46; N, 4.27. Found C, 29.14; H, 2.60; N, 

4.51. UV-vis (MeOH), λmax (nm) ɛmax (M–1cm–1): 272 
(6700), 283 (5900). IR (cm-1) ν: 3437broad (OH-
aqua), 3094w, 3019w (CH-Ph), 2925w (CH-DMSO), 
1669m (C=O), 1594w (CN), 1461w, 1422vw, 1338w 
(CNS)sym, 1289vs, 1250s (SO2)asym, 1174s, 1157vs 
(SO2)sym, 1123s, 1057w, 1027m, 972s (CNS)asym, 

798w, 752s (γCH), 718w, 677s γ(ring-Ph), 594vs, 
563vs, 537s, 520vs. 1H NMR (400 MHz, DMSO-d6, δ, 
ppm): 8.01–7.52 (m, 8H, sac), 3.45 (s, 6H, DMSO, 
3JPt–H = 36.0 Hz). 13C NMR (100 MHz, DMSO-d6, δ, 
ppm): 162.9 (s, C7-sac), 142.2 (s, C1-sac), 133.9 (s, 
C3-sac), 132.2 (s, C6-sac), 131.6 (s, C4-sac), 123.8 
(s, C5-sac), 120.5 (s, C2-sac), 40.8 (s, DMSO). Molar 

conductivity, ΛM (MeOH, 298 K, 1 mM) 44 S cm2 
mol−1 (nonelectrolyte). 
 
2.3. X-ray Crystallography 
Single crystal X-ray diffraction data of trans-
[Pt(sac)2(H2O)(DMSO)] were collected on a Rigaku 

Xcalibur X-ray diffractometer with EOS CCD detector 
using Mo-Kα radiation (0.71073 Å) with ω-scan 
mode. The data collection, cell refinement, and data 

reduction were performed using CrysAlispro (40). 
Using Olex2 (41), the structure was solved with the 
ShelXT structure solution program (42) using 

Intrinsic Phasing and refined with the ShelXL 
refinement package (43) using Least-Squares 
minimization. Except for nitrogen atoms, all non-
hydrogen atoms were refined with anisotropic 

thermal displacement parameters, while all hydrogen 
atoms were located at calculated positions and 
refined using the riding model. Since the two 
nitrogen atoms are disordered, they were refined 
isotropically to obtain better refinement results. The 
crystal structure of the complex was determined as 

a non-merohedral twin with a fractional contribution 
of 0.72 from the main twin component. Due to the 
very high mosaicity of the crystals of the complex, 
the crystal is of very low quality, causing the 
vibration amplitudes of the atoms to be quite large. 
To eliminate the problems arising from this, EADP 

constraints and a set of ISOR/SADI/RIGU restraints 

were applied to improve some disordered atoms or 
parts of the molecular structure. 
 
The details of data collection and refinement are 
presented in Table S1. Crystallographic data are 
deposited at the Cambridge Crystallographic Data 
Centre with a CCDC number 2311770. Copy of the 

data can be obtained free of charge via 
www.ccdc.cam.ac.uk/data_request/cif, or by 
emailing data_request@ccdc.cam.ac.uk. 
 
2.4. Molecular Docking 
The crystal structures of DNA (PDB ID: 1BNA and 

1AIO) were obtained from the Protein Data Bank 
(PDB). The Autodock/Vina was employed for docking 

evaluations (44). The water molecules were removed 
from 1BNA, and cisplatin was removed from 1AIO 
together with water molecules. The binding site was 
centered on DNA, and a grid box was created with 60 
× 60 × 60 points and a 0.375 Å grid spacing. For 

each docking calculation, 9 different poses were 
required within the energy range of 2 kcal mol–1, and 
then, the pose with the lowest energy and best 
docking was selected. All other parameters were kept 
at their default values. The docked molecules were 
visualized by Discovery Studio 3.5 software. 
 

3. RESULTS AND DISCUSSION 
 
3.1. Synthesis and Spectroscopic 
Characterization 

trans-[Pt(sac)2(H2O)(DMSO)] was synthesized by 

the reaction of cis-[PtCl2(DMSO)2] with Na(sac)2H2O 
in aqueous solution. A DMSO ligand and the two 
chloride ligands in cis-[PtCl2(DMSO)2] were 

substituted by an aqua ligand and two sac ligands, 
yielding the title platinum(II) complex. The 
experimental elemental analyses agree well with the 
calculated values. The complex is air-stable and 
highly soluble in common organic solvents and 
moderately soluble in water. The complex is non-
electrolyte as evidenced by the conductivity 

measurements. 
 
The platinum(II) complex was characterized using 
UV-Vis, IR and NMR spectral data Figures (S1–S3). 
Two distinct absorption bands were observed in the 
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UV region at 272 and 283 nm, attributed to 
intraligand transitions. In the IR spectrum, the broad 
band centered at 3437 cm-1 is due to the OH 

stretching of the aqua ligand with hydrogen bonding. 
The aromatic and aliphatic CH vibrations were 
observed as weak bands at 3019 and 2925 cm-1, 
respectively. The band at 1669 cm-1 is characteristic 

for the carbonyl group of sac. The antisymmetric and 
symmetric stretching vibrations of the sulfonyl group 
of sac occurred at 1250 and 1157 cm-1 as sharp 
bands. The 1H NMR spectrum displayed the signals of 
the aromatic protons of sac as a multiplet in the 
range of 8.01-7.52 ppm. The protons of the Me 

groups of DMSO appeared as a singlet at 3.45 ppm. 
In the 13C NMR spectrum, the signals appeared at 
163 and 142 ppm were characteristic to the C=O and 
C–S groups of sac, respectively. The other C signals 
of the Ph ring occurred in the range of 134-120 ppm. 
and The signal of the Me groups of DMSO was 

observed at ca. 41 ppm. 

 
3.2. Description of the X-ray Structure 
trans-[Pt(sac)2(H2O)(DMSO)] crystallizes in the 
monoclinic crystal system with the P21/n space 
group. The molecular structure of the platinum(II) 
complex is illustrated in Figure 1a, and selected bond 
distances and angles are given in Table 1. The bond 

angles suggest a distorted square planar 
coordination geometry around the platinum(II) 
cation. Two sac ligands are N-coordinated and 
occupy the trans positions, while DMSO is S-bonded 
in accord with the hard-soft acid-base definition. The 
Pt–N bond distances of 1.879(13) and 1.949(13) Å 

compares well with those in reported platinum(II) 
sac complexes (7–23, 45). On the other hand, the 

Pt–S bond distance of Pt–S bond distance of typical 
as observed in cis-[PtCl2(DMSO)2] (46). The Pt–OH2 
bond distance is 2.043(15) Å, being comparable with 
those found in aqua platinum complexes: 2.052(8) Å 

in cis-[Pt(NH3)2(H2O)(1-methylcytosine)](NO3)2H2O 
(33), 2.078(6) Å in [Pt(N,N'-
dimethylethylenediamine)(H2O)(SO4)].H2O (34) and  

2.016(7) Å in trans-[Pt{HN=C(O)-

But}2(H2O)2]1/3H2O (35). Longer Pt–O bond 
distances were observed in other 2.099(5) Å in 
[Pt{1,1-

bis(aminomethyl)cyclohexane}(H2O)(SO4)]H2O 

(36), 2.12(2) Å in trans-[PtCl2(H2O)(PPh3)] (37) and 
2.200(5) Å  in 
[Pt{(CH(CH2C6F5)(CH2CH2CH=CH2)}(C6F5)(H2O)] 

(38). 
 
In the crystalline state, two molecules of trans-
[Pt(sac)2(H2O)(DMSO)] are doubly bridged through 

strong OHO hydrogen bonds involving the aqua 
ligands in neighboring molecules (Figure 1b). The 
hydrogen bonded dimers are further connected via 

ϖϖ stacking interactions (3.659(5) Å) between the 
phenyl rings of sac in the adjacent molecules (Figure 
1b). 
 
3.1. Docking of trans-[Pt(sac)2(H2O)(DMSO)] 
with DNA 
The DNA binding of trans-[Pt(sac)2(H2O)(DMSO)] 

was studied using molecular docking modelling. The 
lowest energy docked pose showing interactions 

between the platinum(II) complex and DNA (PDB ID: 
1BNA) is illustrated in Figure 2. The molecular 
docking analysis indicated that the platinum(II) 
complex binds to the minor groove of DNA through 
the non-covalent binding interactions, including 

relatively strong hydrogen bonds with adenine (A), 
cytosine (C) and guanine (G) bases of DNA (Table 2). 
Consequently, these interactions between the 
platinum(II) complex and DNA results in the binding 
energy of –36.40 kJ.mol–1. The results suggest that 
the complex display a greater affinity towards DNA 

compared to the reported platinum(II) complexes of 
sac (19–21, 23). 
 
Since the Pt–OH2 bond was suggested to undergo the 
ligand substitution reactions (47), the possibility of 

the covalent binding of trans-[Pt(sac)2(H2O)(DMSO)] 
with DNA (PDB ID: 1AIO) after removal of the aqua 

ligand was also studied. The docking analysis showed 
that the approach of the [Pt(sac)2(DMSO)] moiety to 
the N donor sites of the G base was sterically 
hindered by the two sac ligands, resulting in a Pt–N 
bond distance of 5.31 Å, which cancels the presence 
of any covalent bonding. The binding energy of the 
[Pt(sac)2(DMSO)] moiety with DNA was computed as 

–33.47 kJ.mol–1, being remarkably lower than that of 
the parent platinum(II) complex.

 
Table 1: Selected geometrical parameters for trans-[Pt(sac)2(H2O)(DMSO)]. 

Bond distances (Å) Bond angles () 

Pt1–N1 1.879(13) N1– Pt1–N2 177.8(5) 

Pt1–N2 1.949(13) N1– Pt1–O1W 88.1(6) 

Pt1–O1W 2.043(15) N1– Pt1–S3 92.4(4) 

Pt1–S3 2.211(6) N2– Pt1–O1W 89.9(7) 

  N2– Pt1–S3 89.6(4) 

  O1W– Pt1–S3 179.3(6) 
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(a) 

 

 
(b) 

 
Figure 1: (a) The molecular structure of trans-[Pt(sac)2(H2O)(DMSO)] with the atom numbering. The CH 

hydrogens were omitted for clarity. (b) The hydrogen bonds and ϖ–ϖ stacking interactions between the 
molecules of trans-[Pt(sac)2(H2O)(DMSO)]. 

 

 
Figure 2: Docking of trans-[Pt(sac)2(H2O)(DMSO)] with DNA (1BNA), showing intermolecular interactions 

of the platinum(II) complex with DNA bases at the minor groove. 
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Table 2: The intermolecular interactions between trans-[Pt(sac)2(H2O)(DMSO)] and DNA (1BNA). 

Hydrogen bonds Distance (Å) Binding energy (kJ mol–1) 

G22(CH2)O (sac sulfonyl) 2.15; 2.44 –36.40 

G4(NH2)O (sac   carbonyl) 2.26  

C23(CH2)O (sac sulfonyl) 2.37  

A5(CH)O (sac   carbonyl) 2.54  

C23(CH)O (sac carbonyl) 2.54  

A5(CH2)O (sac   sulfonyl) 2.75  

OH2 N (G22) 2.76  

 
4. CONCLUSION 
 
In this study, a new trans-configured complex, 
namely trans-[Pt(sac)2(H2O)(DMSO)], was 
synthesized and characterized by spectroscopic 

methods. The crystal structure of the platinum(II) 

complex was identified by single-crystal 
spectroscopy. The present complex is an interesting 
example of the rare platinum(II) complexes bearing 
the aqua ligand. The DNA binding of the complex was 
studied using molecular docking modeling. The 
results indicated that the complex shows a great 

binding affinity towards DNA with a binding 
preference for the minor groove. 
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Abstract: In recent decades, interest in enzyme inhibition, such as myeloperoxidase (MPO) and glycosidases, 
has dramatically increased, mainly because these enzymes play a vital role in many biological processes. 
Based on the biological potential associated with these enzymes, instead of several glycosidase and myelop-
eroxidase (MPO) inhibitors that have been developed, there are not enough studies on the inhibition effects 

of widely used types of antivirals (aciclovir, tenofovir), oral antidiabetics (glibenclamide, glibornuride, 
glurenorm, metformin), and non-steroidal anti-inflammatory drugs (NSAIDs) active substances (benzyda-
mine HCl, diclofenac, indomethacin, ketorolac tromethamine, paracetamol, salicylic acid) today. For that rea-
son, the aim of our study is to investigate the inhibition effects of these 12 different drug active substances 
on α-glucosidase and MPO activities. According to the obtained results, the screened drug active substances 
acyclovir, glibornuride, and paracetamol inhibited α-glucosidase with the lowest IC50 value, while similarly 
low values for MPO were found by tenofavir, glurenorm, and indomethacin. In our study, we can suggest that 

these active pharmaceutical ingredients may contribute to the pharmaceutical industry due to their inhibitory 
effects on α-glucosidase and MPO in vitro. 
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1. INTRODUCTION 

 
Enzyme inhibitors are key molecules that regulate 
the velocity of enzymatic reactions in metabolism. A 
possible correlation between enzyme activity and 
diseases is an important reason for increasing 
interest in inhibition research. Examination of 

different antiviral, antidiabetic, and nonsteroidal 

anti-inflammatory drug (NSAIDs) active compounds 
demonstrated their inhibitory effect on the two 
important enzymes ɑ-glycosidase and 
myeloperoxidase (MPO). 
 
Glycosidases are enzymes responsible for the 

hydrolysis of glycosidic bonds in glycoconjugates, 
that are found in almost all living organisms (1). 
Today, wide structural diversity of carbohydrates, 
stable character of glycosidic bonds and catalytic 
rates of up to 1017 times have led to increased 

interest in glycosidases (2). Although catalysis of 

carbohydrates by these enzymes is biologically 
common, glycosidases also take part in various 
intracellular functions, such as the formation of 
signaling molecules or glycoconjugate catabolism 
(3). 
 

Since glycosidases are enzymes responsible for the 

breakdown of di-, oligo- and polysaccharides and 
glycoconjugates, they appear in every aspect of life.  
Inhibition of starch hydrolysis to slow down the 
absorption of glucose in starchy foods is an effective 
way to prevent type 2 diabetes. Recently, glycosidase 
inhibitors, synthesized or isolated from various plant 
sources, are used for several purposes, such as 

elucidating the mechanisms catalyzed by various 
types of glycosidases, in addition to being used in 
treatments (4). Besides being involved in the 
digestion of carbohydrates in the intestines, 
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glycosidases are involved in many biochemical 
processes, such as the catabolization of 
glycoconjugates in lysosomes and the processing of 

glycoproteins through post-translational 
modifications. Glycosidase inhibitors are important 
both in understanding the biological functions of 
glycoproteins and in investigating the structures and 

reaction mechanisms of glycosidases (5). 
 
Myeloperoxidase (MPO) is an inflammatory enzyme 
that triggers both oxidative stress and 
neuroinflammation in damage resulting from 
pathological processes such as cerebral ischemia-

reperfusion and is also a therapeutic target (6). MPO 
is one of the major proteins of the antimicrobial 
system in mammalian neutrophils (7). Since the 
surface of MPO molecule contains numerous lysine 
and arginine residues, which make the MPO a highly 
cationic molecule (PI~10), the interaction of MPO 
with a multitude of compounds or cells that have a 

negatively charged surface (or domain) including 
bacterial cells (8), endothelial cells (9), extracellular 
matrix components, particularly polyanionic 
glycosaminoglycans (9), apolipoprotein B-100 (10) 
and apolipoprotein A-I (11), albumin (12), 
cytokeratin I (13), α1-antitrypsin (14) and 
ceruloplasmin (15). It is reported that in 

physiological conditions, when MPO is binding to 
endothelial cells and glycosaminoglycans, it is 
inhibited by heparin and the multi-functional copper 
containing protein ceruloplasmin, which may be 
explained these molecules as anti-inflammatory (16, 
17). 

 
Apart from infiltrated neutrophils, MPO is also located 
in activated microglial cells, astrocytes, and neurons 
in the ischemic brain. Activation of MPO can catalyze 

the reaction of chloride and H2O2 to produce HOCl. 
Induced MPO activity in tissues also causes the 
production of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS), activation of 
polarization and inflammation-related signaling 
pathways in microglia and neutrophils, and 
consequent oxidative stress. Therefore, inhibition of 
MPO may also be therapeutically targeted for 
ischemic stroke and attenuation of 
neuroinflammation. It has been observed that 

targeting MPO both at the genetic expression level 
and in terms of catalytic inhibition is important in 
reducing possible neurological problems and brain 
infarction (6). 
 
In this paper, we investigate the inhibitory effect of 

12 different drug active substances on ɑ-glucosidase 
and MPO activities in vitro. Moreover, in addition to 

the antiviral, blood glucose lowering and anti-
inflammatory effects of these drug active 
ingredients, which are already widely used, we also 
aimed to emphasize to what extent they have the 

potential to inhibit these two enzymes. 
 
2. EXPERIMENTAL SECTION  
 
2.1. Inhibition of ɑ-glucosidase 
ɑ-Glucosidase inhibition assay was performed 

according to the method of Tao et al. (18). 5 µL of 
different concentrations of inhibitory solution and 20 

µL of 0.15 U/mL enzyme solution were added to 75 
µL of 0.1 M phosphate buffer (pH 7.4) and mixed. In 
the control sample, 5 µL of distilled water were taken 

instead of the inhibitor solution. The same amount of 
distilled water and buffer was added to the blind 
instead of the inhibitor and enzyme solutions, and 
the same amount of buffer solutions were added to 

the color-blind instead of the enzyme. After 10 
minutes of incubation at 37 °C, 20 µL of 0.005 M p-
nitrophenylglycopyranoside (PNG) was added to all 
samples and the absorbance values at 410 nm were 
read. Acarbose was used as a positive control. The 
inhibition (%) values were calculated with the help of 

the following formula. 
 
α-Glucosidase Inhibition (%) = ([A-B]/A) ×100 
 
A: The absorbance value of the control solution in the 
spectrophotometer. 
B: The absorbance value of the solution containing 

the sample in the spectrophotometer. 
 
2.2. Inhibition of MPO 
Rat gastric tissue homogenates were used as the 
enzyme source. The gastric tissues were 
homogenized in 0.9% saline to make up a 10% (w/v) 
homogenate. The homogenate was centrifuged at 

3000 rpm for 30 minutes at +4 °C, and the 
supernatant was used for enzyme inhibition 
experiments. MPO enzyme inhibitory activity was 
determined spectrophotometrically according to Wei 
and Frenkel’s method (19). In a test tube, 1.3 mL of 
4-aminoantipyrine (25 mM in 2% phenol) and 1.5 mL 

of hydrogen peroxide solutions (1.7 mM) were 
shaken for 4 min, and 0.1 mL inhibition solution were 
added and stirred. The reaction was started by 
adding 0.2 mL of homogenate. Then, the change in 

absorbance was measured at 510 nm for 5 min. 
Reference measurements were performed without 
inhibitors (control value). Rutin hydrate was used as 

a standard. The potent inhibition of MPO activity (%) 
was calculated as follows:  
 
MPO Inhibition (%) = (A-B)/A x 100 
 
A is the enzyme activity without inhibitor. B is the 
activity in presence of inhibitor. 

 
The IC50 was determined as the concentration of drug 
active compound required to inhibit α-glucosidase 
and MPO activities by 50%. The results are given as 
half maximal inhibitory concentrations (IC50), whose 
value could be used to assess the inhibitory efficiency 

of the inhibitor calculated from the regression 
equations prepared from the concentrations of the 

samples. All measurements were done in triplicate. 
The percentage of inhibition was calculated from the 
residual activity in comparison to the control sample. 
Low IC50 values indicate higher enzyme inhibitory 
activity. 

 
3. RESULTS AND DISCUSSION 
 
The inhibitory effects of antiviral drug active 
compounds and standard compounds on ɑ-
glucosidase and MPO are given in Table 1.
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Table 1: ɑ-Glucosidase and MPO inhibitory activities of antiviral drug active compounds  
at different concentrations. 

 

Enzyme 
Drug active 
compounds  

Drug active 
compounds 
conc. 
(mM) 

Inhibition 
(%) * 

IC50  
(mM)* 

ɑ-Glucosidase 

Acyclovir 
10.0 
15.0 
25.0 

12.25±1.61 
19.81±2.73 
25.21±2.67 

58.41±16.73 

Tenofovir 
0.5 
5.0 
50.0 

10.96±3.19 
17.89±1.66 
23.53±1.51 

184.65±35.23 

Acarbose 
2.5 
5.0 
7.5 

21.83±0.65 
26.77±2.77 
40.20±1.77 

10.57±0.57 

MPO 

Acyclovir 
10.0 
15.0 

20.0 

5.8±2.40 
6.0±0.57 

6.6±1.06 

321.03±214.03 

Tenofovir 

10.0 

25.0 
50.0 

16.7±2.90 

31.2±2.62 
47.1±0.57 

52.90±0.68 

Rutin hydrate 
2.5 
5.0 
10.0 

31.3±1.77 
38.9±0.78 
43.3±2.97 

13.00±2.67 

 *Mean±SD 
 
The studied two antiviral drug active compounds, 
acyclovir and tenofovir, have shown inhibitory effects 

on both ɑ-glucosidase (IC50= 58.41±16.73 mM for 
acyclovir and 204.40±30.29 for tenofovir) and MPO 
(IC50= 321.03±214.03 mM for acyclovir and 
52.90±0.68 for tenofovir) when compared to 
standard drugs acarbose and rutin hydrate 

(IC50=10.57±0.57 for ɑ-glucosidase; 

IC50=13.00±2.67 for MPO). According to Table 1, 
acyclovir is a more potent inhibitor on ɑ-glucosidase 
than MPO, while tenofavir inhibits MPO more 
effectively. The inhibitory effects of antiviral drug 
active compounds and standard on ɑ-glucosidase 

decreased activity are in the following order: 
acarbose > acyclovir > tenofovir. Similarly, for MPO, 
this order is as follows: rutin hydrate > tenofovir > 
acyclovir. 
 

The inhibitory effects of antidiabetic drug active 
compounds and standard compounds on ɑ-
glucosidase and MPO are given in Table 2. 
 
According to Table 2, glibornuride and glurenorm 
showed the lowest IC50 values for ɑ-glucosidase 

(IC50=0.29±0.04) and MPO (IC50=4.11±0.26), 
respectively. Both enzymes were inhibited at the 
lowest rate by metformin (IC50=142.59±46.64 for ɑ-
glucosidase; IC50=151.05±149.81 for MPO). The 
highest inhibition values of the antidiabetic drug 

active compounds and standards for ɑ-glucosidase 
are as follows: glibornuride > glurenorm > 
glibenclamide > acarbose > metformin; and for MPO, 
glurenorm > rutin hydrate > glibenclamide > 
glibornuride > metformin, respectively (Table 2). 

 
ɑ-Glucosidase and MPO inhibitory activities of 
NSAIDs compounds and standard compounds are 

given in Table 3. 
 

Among NSAIDs, paracetamol was found to be the 
most potent α-glucosidase enzyme inhibitor 
(IC50=4.02±0.20), while salicylic acid was identified 
as the weakest α-glucosidase enzyme inhibitor 
(IC50=206.23±15.28). While indomethacin did not 

show any inhibitory effect on α-glucosidase, on the 
contrary, it was found to strongly inhibit MPO at the 

highest rate (IC50=3.3x10-5 ±0.03x10-5). Inhibition 

rate of NSAIDs and standard compounds, for α-
glycosidase is: paracetamol > acarbose > ketorolac 
> diclofenac > benzidamine HCl > salicylic acid; and 
for MPO is indomethacin > diclofenac > paracetamol 
> rutin hydrate > ketorolac tromethamine > salicylic 

acid > benzidamine HCl, respectively. 
 
Given their multitude of roles in-vivo, inhibition of ɑ-
glucosidase and MPO in a number of different 
processes is very important. ɑ-Glucosidase inhibition 

has potential in the treatment of lysosomal storage 
diseases, diabetes, and viral infections, including 
influenza and HIV. On the other hand, suppressing 
the catalytic activity of MPO prevents the 

accumulation of reactive oxygen species that cause 
tissue damage in some inflammatory diseases such 

as rheumatoid arthritis, atherosclerosis, multiple 
sclerosis, and cerebral ischemia-reperfusion. (6,20). 
Therefore, MPO and its downstream inflammatory 
pathways might be attractive targets for both 
prognostic and therapeutic intervention in the 
prophylaxis of all mentioned illnesses. Besides that, 
ɑ-glucosidase inhibitors can play an important role in 

controlling the postprandial blood glucose levels of 
diabetics and keeping the blood glucose levels in a 
suitable range by delaying the digestion of 
carbohydrates and diminishing the absorption of 
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monosaccharides (21-23). 
 
In recent years, in addition to different sugar-based 

inhibitory molecules being designed (24), extracts 
obtained from different parts of various plants have 
also been reported to exhibit inhibitory activity 
against glucosidase (25-27). Most of the ɑ-

glucosidase inhibitors in these plants are secondary 
metabolites such as alkaloids, phenolic acids, 
flavonoids, terpenoids, anthocyanins, and their 
glycosides, and these have been suggested to have 
much stronger inhibitory potentials than the 

inhibitory effect obtained from acarbose (28). 
 
Among the antiviral agents, acyclovir is used in the 
treatment of diseases such as herpes viruses, genital 
herpes, chickenpox, shingles, and dermal infections. 
Instead of this, in the studies conducted with various 
antiviral drugs for the prevention of the SARS CoV-2 

pandemic, two antiviral drugs, muglistat and 

catastanospermine (the prodrug of celgosivir) are 
used for the inhibition of ɑ-glucosidase (I and II) 
involved in the early stages of glycoprotein N-linked 
oligosaccharide processing in the endoplasmic 
reticulum (ER) where acyclovir inhibition is not 

examined (29, 30). On the other hand, another 
antiviral drug, tenofovir, is available for the treatment 
of HIV and HBV infections (31). No previous studies 
were found based on in vitro inhibition of ɑ-

glucosidase and MPO by acyclovir and tenofovir. 
However, Olojede et al., (2022) demonstrated in their 
research that tenofovir disoproxil fumarate loaded on 

silver nanoparticles successfully reduced the blood 
sugar level of diabetic rats through the inhibition of 
ɑ-glycosidase and ɑ-amylase in the gastrointestinal 

tract in vivo. (32). In our study, we have found that 
acyclovir inhibited ɑ-glucosidase more effectively 
than tenofovir, with an inhibition rate of 
IC50=58.41±16.73 mM. On the other hand, tenofovir 
reduced MPO activity more effectively 

(IC50=52.90±0.68 mM) than acyclovir 
(IC50=321.03±214.03 mM). 
 
ɑ-Glucosidase inhibitors are oral antihyperglycemic 
drugs that inhibit upper gastrointestinal enzymes 
that break down complex carbohydrates into glucose. 

Most conventional glycosidase inhibitors mimic the 
structures of monosaccharides or oligosaccharides 
and are well accepted by organisms. As a result, the 

absorption of glucose is delayed, postprandial 
glucose is reduced, and glycemic control is improved 
(33). Widely used two types of oral antidiabetics in 
the treatment of hyperglycemia are biguanides 

(metformin) and the second generation of 
sulphonylureas (glibenclamide, glibornuride, and 
gliquidon (glurenorm)). 

 

Table 2: ɑ-Glucosidase and MPO inhibitory activities of antidiabetic drug active compounds at different 
concentrations. 

Enzyme 
Drug active 
compounds  

Drug active 
compounds 
conc. 

(mM) 

Inhibition 
(%)* 

IC50  
(mM)* 

 

ɑ-Glucosidase 

Glibenclamide 

0.05 

0.25 
0.50 

8.52±0.78 

11.21±1.96 
14.20±3.40 

4.62±3.50  

Glibornuride 

0.001 

0.01 
0.1 

2.24±0.77 

13.15±0.68 
21.53±2.33 

0.29±0.04  

Glurenorm 
0.1 

0.5 
0.75 

20.33±1.30 
29.02±2.02 
49.03±1.44 

0.86±0.05  

Metformin 
10.0 
25.0 
50.0 

10.17±4.04 
12.85±1.58 
23.32±3.59 

142.59±46.64  

Acarbose 
2.5 
5.0 
7.5 

21.83±0.65 
26.77±2.77 
40.20±1.77 

10.57±0.57  

MPO 

Glibenclamide 

2.5 

5.0 
10.0 

4.5±3.18 

7.3±1.98 
12.1±0.21 

48.7±9.93 

Glibornuride 
5.0 
12.5 
25.0 

5.3±0.78 
7.4±2.33 
13.8±2.83 

119.85±34.86 

Glurenorm 
2.5x10-1 

0.5 
1.0 

1.1±0.71 
3.3±0.71 
10.5±1.27 

4.11±0.26 

Metformin 
2.5 
5.0 

10.0 

3.7±3.39 
6.0±2.47 

8.2±2.19 

151.05±149.81 
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Rutin hydrate 

2.5 

5.0 
10.0 

31.3±1.77 

38.9±0.78 
43.3±2.97 

13.00±2.67 

 *Mean±SD 
 

Table 3: ɑ-Glucosidase and MPO inhibitory activities of NSAIDs compounds at different concentrations. 

Enzyme 
Drug active 
compounds  

Drug active 
compounds 
conc. 
(mM) 

Inhibition 
(%)* 

IC50  
(mM)* 

 

ɑ-Glucosidase 

Benzydamine 

HCl 

50 
60 
70 

23.09±1.01 
33.75±3.26 
46.81±2.27 

73.19±2.16  

Diclofenac 
15 

25 
45 

8.33±0.57 
24.51±1.35 
41.20±1.02 

52.28±1.21  

Indomethacin - - -  

Ketorolac- 
tromethamine 

2.5 
10 
15 

26.13±0.58 
30.70±0.35 
43.20±2.72 

22.56±1.92  

Paracetamol 
0.1 

1.0 
5.0 

16.1±1.40 
39.1±0.48 
54.9±1.70 

4.02±0.20  

Salicylic acid 
25 
40 

100 

3.31±0.80 
6.43±3.08 

22.39±1.66 

206.23±15.28  

Acarbose 
2.5 
5.0 

7.5 

21.83±0.65 
26.77±2.77 

40.20±1.77 

10.57±0.57  

MPO 

Benzydamine 
HCl 

2.5 
5.0 
10.0 

2.7±2.83 
3.5±0.99 
5.3±2.69 

153.17±102.15 

Diclofenac 
3.4x10-3 
5.1x10-3 

8.4x10-3 

19.4±11.81 
44.5±2.05 
85.9±4.03 

5.6x10-3±0.0003  

Indomethacin 
2.8x10-8 

2.8x10-6 

1.4x10-5 

18.5±2.12 
20.3±2.33 
41.6±21.4 

3.3x10-5±0.03x10-5  

Ketorolac- 

tromethamine 

1.25 
2.5 
5.0 

3.3±2.97 
9.4±1.34 
11.3±3.04 

24.92±2.74 

Paracetamol 
6.6x10-3 

9.9x10-3 

1.7x10-2 

1.3±0.14 
19.7±11.6 
22.3±3.54 

0.032±0.004 

Salicylic acid 
5.0 
10.0 
20.0 

5.4±2.05 
6.8±0.07 
13.7±2.26 

83.69±5.64 

Rutin hydrate 
2.5 
5.0 
10.0 

31.3±1.77 
38.9±0.78 
43.3±2.97 

13.00±2.67 

 *Mean±SD 
 
Especially, sulfonylureas are widely used in medicine 
as potent blood glucose-reducing agents for the 
treatment of diabetes. Sulfonylureas alter the plasma 
membrane of cells to increase their responsiveness 
to insulin action, by increasing the number of insulin 

receptors (34). Today, a wide variety of sulfonylurea 
derivatives continue to be synthesized and 

recommended as adjunctive agents in treatments to 
reduce diabetes symptoms. Although it has been 
emphasized that the mechanism of action of 
sulfonylureas in diabetes is on insulin secretion in the 
pancreas., Bui et al., (2021) demonstrated in their 

research that different new synthesized sulfonylurea 
derivatives exhibited significant α-glucosidase 
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inhibition compared to commercially available 
acarbose and glipizide (35). Similarly, in our study, 
we found that glubornuride and glurenorm, also 

inhibited α-glucosidase more strongly than acarbose 
(IC50= 0.29±0.04 mM; IC50= 0.86±0.05 mM). On 
the other hand, when examined with various 
diabetes models after the formation of diabetes, it is 

observed that MPO activity clearly increases in 
various diabetic tissues (36-38). Although, a broad 
and chemically heterogeneous group of molecules 
(alkylindoles, fluoroindoles, indazonoles, dapsone, 
bis-arylalkamines, nitroxides, and phenolic 
compounds) have been found to successfully inhibit 

MPO, no data were found regarding in vitro inhibition 
with oral antihyperglycemic drugs (39). Our research 
showed that each examined antihyperglycemic drug 
in Table 2 inhibited MPO at different rates, but the 
highest inhibition was observed to be achieved by 
glurenorm (IC50= 4.11±0.26 mM). However, if we 
need to make a comparison between both groups, it 

was found that sulfonylurea group oral antidiabetic 
agents are more effective inhibitors of both studied 
enzymes, ɑ-glucosidase and MPO, than metformin, 
which is a biguanide type. 
 
The NSAIDs are among the most widely prescribed 

drugs worldwide (40), and these components were 
investigated for their ability to affect the chlorinating 
activity of human MPO and to scavenge HOCl, which 
is the main MPO system product (41). In our study, 
although NSAIDs showed an inhibitory effect on the 
ɑ-glucosidase, it was observed that this effect was 

actually more effective on MPO. Moreover, 
indomethacin was found to be the strongest MPO 
inhibitor with the lowest IC50 value (IC50= 3.3x10-5 
±0.03x10-5), whereas on ɑ-glucosidase, it was 
observed to be unaffected (Table 3). Supporting this, 

in an in-vitro study using murine neutrophils, it was 
found that indomethacin and NSIDs inhibited HOCl 
formation in MPO (42). Similarly, Zuurbier et al., 
(1990) demonstrated that, in isolated MPO from 
human polymorphonuclear neutrophils, diclofenac 
inhibited the enzyme during the reaction cycle of 
MPO with H2O2 (43). Supporting these findings, we 

also found in our study that diclofenac inhibits MPO 
very effectively. (IC50= 5.6x10-3 ± 0.0003 mM). 
 
4. CONCLUSION 
 
Despite the discovery of different novel ɑ-glucosidase 

and MPO inhibitors as potential novel therapeutic 
interventions for many diseases, in existing literature 
there is a lack of information about the inhibitory 
effects of 12 commonly used drug active compounds 
studied in our research. Among the scanned different 

antiviral, antidiabetic, and NSAIDs active 

compounds, it was found that these selected 
ingredients are effective inhibitiors of ɑ-glucosidase 
as well as MPO in-vitro, except indomethacin, which 
is not effective on ɑ-glucosidase activity in contrast 
to MPO. Therefore, we can suggest that these drugs, 

which are used as antidiabetics, antivirals, and NAIDs 
in the field of health, can contribute to the 
pharmaceutical industry due to their ɑ-glycosidase 
and MPO inhibition effects. 
 

 

5. CONFLICT OF INTEREST 
 
There are no conflicts to declare. 

 
6. ACKNOWLEDGMENTS 
 
Research Fund of Istanbul University-Cerrahpaşa 

financed this study (Project No: FDK-2022-36259). 
 
7. REFERENCES 
 
1. Rempel BP, Withers SG. Covalent inhibitors of 
glycosidases and their applications in biochemistry 

and biology. Glycobiology [Internet]. 2008 May 
14;18(8):570–86. Available from: <URL>. 

2. Wolfenden R, Lu X, Young G. Spontaneous 
hydrolysis of glycosides. J Am Chem Soc [Internet]. 
1998 Jun 13;120(27):6814–5. Available from: 
<URL>. 

3. Compain P. Multivalent effect in glycosidase 

inhibition: The end of the beginning. The Chemical 
Record [Internet]. 2020 Jan 17;20(1):10–22. 
Available from: <URL>. 

4. Gloster TM, Davies GJ. Glycosidase inhibition: 
assessing mimicry of the transition state. Org Biomol 
Chem [Internet]. 2010 Dec 23;8(2):305–20. 
Available from: <URL>. 

5. Wadood A, Ghufran M, Khan A, Azam SS, Jelani M, 
Uddin R. Selective glycosidase inhibitors: A patent 
review (2012–present). Int J Biol Macromol 
[Internet]. 2018 May;111:82–91. Available from: 
<URL>. 

6. Chen S, Chen H, Du Q, Shen J. Targeting 

myeloperoxidase (MPO) mediated oxidative stress 
and inflammation for reducing brain ischemia injury: 
Potential application of natural compounds. Front 
Physiol [Internet]. 2020 May 19;11:528444. 
Available from: <URL>. 

7. Peng Y, Wu X, Zhang S, Deng C, Zhao L, Wang M, 
et al. The potential roles of type I interferon activated 

neutrophils and neutrophil extracellular traps (NETs) 
in the pathogenesis of primary Sjögren’s syndrome. 
Arthritis Res Ther [Internet]. 2022 Dec 
19;24(1):170. Available from: <URL>. 

8. Ling S, Xu JW. NETosis as a pathogenic factor for 
heart failure. Oxid Med Cell Longev [Internet]. 2021 
Feb 23;2021:6687096. Available from: <URL>. 

9. Hawkins CL, Davies MJ. Role of myeloperoxidase 

and oxidant formation in the extracellular 
environment in inflammation-induced tissue 
damage. Free Radic Biol Med [Internet]. 2021 Aug 
20;172:633–51. Available from: <URL>. 

10. Carr AC, Myzak MC, Stocker R, McCall MR, Frei 

B. Myeloperoxidase binds to low‐density lipoprotein: 

potential implications for atherosclerosis. FEBS Lett 
[Internet]. 2000 Dec 29;487(2):176–80. Available 
from: <URL>. 

11. Zheng L, Nukuna B, Brennan ML, Sun M, 
Goormastic M, Settle M, et al. Apolipoprotein A-I is a 

https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwn041
https://pubs.acs.org/doi/10.1021/ja9813055
https://onlinelibrary.wiley.com/doi/10.1002/tcr.201900004
http://xlink.rsc.org/?DOI=B915870G
https://linkinghub.elsevier.com/retrieve/pii/S0141813017343210
https://www.frontiersin.org/article/10.3389/fphys.2020.00433/full
https://arthritis-research.biomedcentral.com/articles/10.1186/s13075-022-02860-4
https://www.hindawi.com/journals/omcl/2021/6687096/
https://linkinghub.elsevier.com/retrieve/pii/S0891584921004068
https://febs.onlinelibrary.wiley.com/doi/10.1016/S0014-5793%2800%2902227-4


Yaşar Boztaş F and Tunalı S. JOTCSA. 2024; 11(2): 691-698 RESEARCH ARTICLE 

697 

selective target for myeloperoxidase-catalyzed 
oxidation and functional impairment in subjects with 
cardiovascular disease. J Clin Invest [Internet]. 2004 

Aug 16;114(4):529–41. Available from: <URL>. 

12. Tiruppathi C, Naqvi T, Wu Y, Vogel SM, Minshall 
RD, Malik AB. Albumin mediates the transcytosis of 
myeloperoxidase by means of caveolae in endothelial 

cells. Proc Natl Acad Sci [Internet]. 2004 May 
18;101(20):7699–704. Available from: <URL>. 

13. Astern JM, Pendergraft WF, Falk RJ, Jennette JC, 
Schmaier AH, Mahdi F, et al. Myeloperoxidase 
interacts with endothelial cell-surface cytokeratin 1 
and modulates bradykinin production by the plasma 

kallikrein-kinin system. Am J Pathol [Internet]. 2007 
Jul 1;171(1):349–60. Available from: <URL>. 

14. Bouriche H, Salavei P, Lessig J, Arnhold J. 
Differential effects of flavonols on inactivation of α1-
antitrypsin induced by hypohalous acids and the 

myeloperoxidase–hydrogen peroxide–halide system. 
Arch Biochem Biophys [Internet]. 2007 Mar 

1;459(1):137–42. Available from: <URL>. 

15. Segelmark M, Persson B, Hellmark T, Wieslander 
J. Binding and inhibition of myeloperoxidase (MPO): 
a major function of ceruloplasmin? Clin Exp Immunol 
[Internet]. 2003 Oct 29;108(1):167–74. Available 
from: <URL>. 

16. Ndrepepa G. Myeloperoxidase – A bridge linking 

inflammation and oxidative stress with 
cardiovascular disease. Clin Chim Acta [Internet]. 
2019 Jun 1;493:36–51. Available from: <URL>. 

17. Wang J, Li J, Cui Z, Zhao M. Deglycosylation 
influences the oxidation activity and antigenicity of 
myeloperoxidase. Nephrology [Internet]. 2018 Jan 

17;23(1):46–52. Available from: <URL>. 

18. Tao Y, Zhang Y, Cheng Y, Wang Y. Rapid screening 
and identification of α-glucosidase inhibitors from 
mulberry leaves using enzyme-immobilized magnetic 
beads coupled with HPLC/MS and NMR. Biomed 
Chromatogr [Internet]. 2013 Feb 5;27(2):148–55. 
Available from: <URL>. 

19. Wei H, Frenkel K. In vivo formation of oxidized 
DNA bases in tumor promoter-treated mouse skin. 
Cancer Res [Internet]. 1991;51(16):4443–9. 
Available from: <URL>. 

20. Gloster TM, Davies GJ. Glycosidase inhibition: 
assessing mimicry of the transition state. Org Biomol 
Chem [Internet]. 2010;8(2):305–20. Available from: 

<URL>. 

21. Shen Q, Shao J, Peng Q, Zhang W, Ma L, Chan 
ASC, et al. Hydroxycoumarin derivatives: Novel and 
potent α-glucosidase inhibitors. J Med Chem 
[Internet]. 2010 Dec 9;53(23):8252–9. Available 
from: <URL>. 

22. Nakao Y, Maki T, Matsunaga S, Van Soest RWM, 
Fusetani N. Penasulfate A, a new α-glucosidase 
inhibitor from a marine sponge Penares sp. J Nat 
Prod [Internet]. 2004 Aug 1;67(8):1346–50. 
Available from: <URL>. 

23. Zhang X, Li G, Wu D, Yu Y, Hu N, Wang H, et al. 
Emerging strategies for the activity assay and 
inhibitor screening of alpha-glucosidase. Food Funct 

[Internet]. 2020 Jan 29;11(1):66–82. Available 
from: <URL>. 

24. Ferjancic Z, Bihelovic F, Vulovic B, Matovic R, 
Trmcic M, Jankovic A, et al. Development of 

iminosugar-based glycosidase inhibitors as drug 
candidates for SARS-CoV-2 virus via molecular 
modelling and in vitro studies. J Enzyme Inhib Med 
Chem [Internet]. 2024 Dec 31;39(1):2289007. 
Available from: <URL>. 

25. Tunalı S, Yaşar Boztaş F, Yanardağ R. The 

inhibitory effects of plant extracts, vitamins and 
amino acids on myeloperoxidase activity. İstanbul J 
Pharm [Internet]. 2020 Aug 30;50(2):125–30. 
Available from: <URL>. 

26. Zhang L, Tu Z cai, Xie X, Wang H, Wang H, Wang 

Z xing, et al. Jackfruit (Artocarpus heterophyllus 
Lam.) peel: A better source of antioxidants and a -

glucosidase inhibitors than pulp, flake and seed, and 
phytochemical profile by HPLC-QTOF-MS/MS. Food 
Chem [Internet]. 2017 Nov 1;234:303–13. Available 
from: <URL>. 

27. Park D, Barka GD, Yang EY, Cho MC, Yoon JB, Lee 
J. Identification of QTLs controlling α-glucosidase 
inhibitory activity in pepper (Capsicum annuum L.) 

leaf and fruit using genotyping-by-sequencing 
analysis. Genes (Basel) [Internet]. 2020 Sep 
23;11(10):1116. Available from: <URL>. 

28. Assefa ST, Yang EY, Chae SY, Song M, Lee J, Cho 
MC, et al. Alpha glucosidase inhibitory activities of 
plants with focus on common vegetables. Plants 

[Internet]. 2019 Dec 18;9(1):2. Available from: 
<URL>. 

29. Williams SJ, Goddard-Borger ED. α-glucosidase 
inhibitors as host-directed antiviral agents with 
potential for the treatment of COVID-19. Biochem 
Soc Trans [Internet]. 2020 Jun 30;48(3):1287–95. 
Available from: <URL>. 

30. Rajasekharan S, Milan Bonotto R, Nascimento 
Alves L, Kazungu Y, Poggianella M, Martinez-Orellana 
P, et al. Inhibitors of protein glycosylation are active 
against the coronavirus severe acute respiratory 
syndrome coronavirus SARS-CoV-2. Viruses 
[Internet]. 2021 Apr 30;13(5):808. Available from: 
<URL>. 

31. Marrazzo JM, Ramjee G, Richardson BA, Gomez 

K, Mgodi N, Nair G, et al. Tenofovir-based 
preexposure prophylaxis for HIV infection among 
African women. N Engl J Med [Internet]. 2015 Feb 
5;372(6):509–18. Available from: <URL>. 

32. Olojede SO, Lawal SK, Dare A, Naidu ECS, Rennie 

CO, Azu OO. Evaluation of tenofovir disoproxil 
fumarate loaded silver nanoparticle on testicular 
morphology in experimental type-2 diabetic rats. 
Artif Cells, Nanomedicine, Biotechnol [Internet]. 
2022 Dec 31;50(1):71–80. Available from: <URL>. 

33. Hedrington MS, Davis SN. Considerations when 

http://www.jci.org/articles/view/21109
https://pnas.org/doi/full/10.1073/pnas.0401712101
https://linkinghub.elsevier.com/retrieve/pii/S0002944010619682
https://linkinghub.elsevier.com/retrieve/pii/S0003986106004164
https://academic.oup.com/cei/article/108/1/167/6483455
https://linkinghub.elsevier.com/retrieve/pii/S0009898119300841
https://onlinelibrary.wiley.com/doi/10.1111/nep.12926
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/bmc.2761
https://aacrjournals.org/cancerres/article/51/16/4443/496976/In-Vivo-Formation-of-Oxidized-DNA-Bases-in-Tumor
http://xlink.rsc.org/?DOI=B915870G
https://pubs.acs.org/doi/10.1021/jm100757r
https://pubs.acs.org/doi/10.1021/np049939e
http://xlink.rsc.org/?DOI=C9FO01590F
https://www.tandfonline.com/doi/full/10.1080/14756366.2023.2289007
http://iupress.istanbul.edu.tr/journal/ijp/article/the-inhibitory-effects-of-plant-extracts-vitamins-and-amino-acids-on-myeloperoxidase-activity
https://linkinghub.elsevier.com/retrieve/pii/S0308814617307781
https://www.mdpi.com/2073-4425/11/10/1116
https://www.mdpi.com/2223-7747/9/1/2
https://portlandpress.com/biochemsoctrans/article/48/3/1287/225190/glucosidase-inhibitors-as-host-directed-antiviral
https://www.mdpi.com/1999-4915/13/5/808
http://www.nejm.org/doi/10.1056/NEJMoa1402269
https://www.tandfonline.com/doi/full/10.1080/21691401.2022.2042009


Yaşar Boztaş F and Tunalı S. JOTCSA. 2024; 11(2): 691-698 RESEARCH ARTICLE 

698 

using alpha-glucosidase inhibitors in the treatment of 
type 2 diabetes. Expert Opin Pharmacother 
[Internet]. 2019 Dec 12;20(18):2229–35. Available 

from: <URL>. 

34. Mikada A, Narita T, Yokoyama H, Yamashita R, 
Horikawa Y, Tsukiyama K, et al. Effects of miglitol, 
sitagliptin, and initial combination therapy with both 

on plasma incretin responses to a mixed meal and 
visceral fat in over-weight Japanese patients with 
type 2 diabetes. “The MASTER randomized, 
controlled trial.” Diabetes Res Clin Pract [Internet]. 
2014 Dec 1;106(3):538–47. Available from: <URL>. 

35. Bui TT, Tran VL, Ngo DQ, Tran VC, Tran VS, Tran 

TPT. Synthesis and evaluation of α-glucosidase 
inhibitory activity of sulfonylurea derivatives. 
Zeitschrift für Naturforsch B [Internet]. 2021 Apr 
27;76(3–4):163–71. Available from: <URL>. 

36. Nessler K, Grzybczak R, Nessler M, Zalewski J, 

Gajos G, Windak A. Associations between 
myeloperoxidase and paraoxonase-1 and type 2 

diabetes in patients with ischemic heart disease. BMC 
Cardiovasc Disord [Internet]. 2022 Dec 3;22(1):521. 
Available from: <URL>. 

37. Unubol M, Yavasoglu I, Kacar F, Guney E, Omurlu 
IK, Ture M, et al. Relationship between glycemic 
control and histochemical myeloperoxidase activity in 
neutrophils in patients with type 2 diabetes. Diabetol 

Metab Syndr [Internet]. 2015 Dec 30;7(1):119. 
Available from: <URL>. 

38. Ozel AB, Dagsuyu E, Aydın PK, Bugan I, Bulan 
OK, Yanardag R, et al. Brain boron level, DNA 
content, and myeloperoxidase activity of metformin-

treated rats in diabetes and prostate cancer model. 
Biol Trace Elem Res [Internet]. 2022 Mar 
15;200(3):1164–70. Available from: <URL>. 

39. Valadez-Cosmes P, Raftopoulou S, Mihalic ZN, 
Marsche G, Kargl J. Myeloperoxidase: Growing 
importance in cancer pathogenesis and potential 
drug target. Pharmacol Ther [Internet]. 2022 Aug 

1;236:108052. Available from: <URL>. 

40. Abdel-Azeem AZ, Abdel-Hafez AA, El-Karamany 
GS, Farag HH. Chlorzoxazone esters of some non-
steroidal anti-inflammatory (NSAI) carboxylic acids 
as mutual prodrugs: Design, synthesis, 
pharmacological investigations and docking studies. 

Bioorg Med Chem [Internet]. 2009 May 
15;17(10):3665–70. Available from: <URL>. 

41. Nève J, Parij N, Moguilevsky N. Inhibition of the 
myeloperoxidase chlorinating activity by non-
steroidal anti-inflammatory drugs investigated with a 

human recombinant enzyme. Eur J Pharmacol 
[Internet]. 2001 Apr 6;417(1–2):37–43. Available 

from: <URL>. 

42. Shacter E, Lopez RL, Pati S. Inhibition of the 
myeloperoxidase-H2O2-Cl− system of neutrophils by 
indomethacin and other non-steroidal anti-
inflammatory drugs. Biochem Pharmacol [Internet]. 
1991 Mar 15;41(6–7):975–84. Available from: 
<URL>. 

43. Zuurbier KWM, Bakkenist ARJ, Fokkens RH, 
Nibbering NMM, Wever R, Muijsers AO. Interaction of 
myeloperoxidase with diclofenac. Biochem 
Pharmacol [Internet]. 1990 Oct 15;40(8):1801–8. 
Available from: <URL>. 

 

https://www.tandfonline.com/doi/full/10.1080/14656566.2019.1672660
https://linkinghub.elsevier.com/retrieve/pii/S0168822714004409
https://www.degruyter.com/document/doi/10.1515/znb-2020-0134/html
https://link.springer.com/article/10.1186/s12872-022-02928-8
http://www.dmsjournal.com/content/7/1/119
https://link.springer.com/10.1007/s12011-021-02708-z
https://linkinghub.elsevier.com/retrieve/pii/S0163725821002540
https://linkinghub.elsevier.com/retrieve/pii/S0968089609003186
https://linkinghub.elsevier.com/retrieve/pii/S0014299901008950
https://linkinghub.elsevier.com/retrieve/pii/000629529190204I
https://linkinghub.elsevier.com/retrieve/pii/000629529090359S


Küçük İ and Üstündağ P. JOTCSA. 2024; 11(2): 699-708 RESEARCH ARTICLE 

699 

    
 

Adsorption Performance of Acidic Modified Fly Ash: Box–Behnken 
Design 

 

İlhan Küçük1* , Pınar Üstündağ2  
 

1Department of Chemistry, Faculty of Arts and Sciences, Muş Alparslan University, Muş, Türkiye. 
2Health Sciences, Muş Alparslan University, Muş, Türkiye. 

 

Abstract: Fly ash (FA) and modified fly ash (mFA) were used as adsorbents to remove methylene blue (MB) 
dye from aqueous solutions. The adsorbents were characterized using crystal structures with XRD, surface 

functional groups with FTIR, and surface morphologies with SEM. Response surface methodology (RSM) with 
Box-Behnken design (BBD) was used to optimize adsorption parameters such as MB dye concentration (A: 
10-20 mg/L), solution pH (B: 3-11), and contact time (C: 30-180 min). ANOVA analysis shows the significant 
interactions between initial concentration, solution pH value, and solution pH value, contact time was found 
to be significant in the removal of MB (p-value=< 0.0001, 0.0040), whereas between the effect of initial 
concentration and contact time was not significant (p-value = 0.0881). The adsorption kinetics followed the 

pseudo-second-order (PSO) kinetic model and the adsorption isotherm followed the Langmuir model. At 28°C, 
the adsorption capacity of fly ash-HNO3 for MB was found to be 7.67 mg/g. 
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1. INTRODUCTION 
 
Fly ash (FA) is a product made from coal-burning 

power plants. Every year, EU countries produce 
around two million tons of fly ash, but only a small 
portion of it is utilized (1). FA has numerous 
applications, including its use in cementitious 
products, construction sites such as highway road 
bases, and as an effective sorbent for eliminating 
heavy metals, organics, and dyes from water (2). 

Although FA has many positive uses, its production 
rate exceeds its consumption rate. So, FA disposal 
poses a significant problem due to its detrimental 
impact on air, water, and soil (3). 
 
FA can be used as an inexpensive adsorbent to 

eliminate dyes, heavy metals, and organics from 
wastewater (4). This is due to its low cost, 
availability, and environmentally friendly features 
(5). However, the low surface area and crystalline 
structure of FA waste result in a low adsorption 
capacity. To improve the adsorption efficiency of 
dye-contaminated wastewater, the modification of 

FA with chemical and physical methods has been 
studied. Many researchers have experimented with 
various methods to modify FA to adsorb different 

dyes. Treatment with different methods has been 
found to increase the adsorption capacity (6). 
 

Every day, clean water supplies are at risk of being 
contaminated by harmful substances like synthetic 
dyes, heavy metals, medicines, pesticides, and other 
pollutants. Synthetic dyes, in particular, can be 
extremely dangerous even in small amounts, as they 
can cause cancer and mutations (7). These dyes are 
commonly used in various industries such as textiles, 

paper, pulp, tanneries, and pharmaceuticals due to 
their affordability, vibrant hues, ability to withstand 
environmental factors, and ease of application (8). 
The widespread use of these dyes has led to a 
significant amount of pollution being released into 
water systems. This pollution has harmful impacts on 

the environment and poses a threat to human health 
(9). Efficient treatment of dye effluent is necessary 
before it can be released into a water body. Several 
methods have been devised for removing dyes from 
industrial wastewater, such as electrocoagulation 
(10), coagulation (11), photocatalysis (12), cation-
exchange membrane (13), and adsorption (14). Out 

of all the different treatment methods available, 
adsorption is considered to be the most favorable 

https://doi.org/10.18596/jotcsa.1366346
mailto:i.kucuk@alparslan.edu.tr
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org
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due to its easy implementation, high removal 
efficiency, and minimal secondary pollution (15). 
 

The research aims to enhance the adsorption 
capacity of FA, which is produced in large quantities 
in our country and around the world, for methylene 
blue through acidic modification. The study involved 

characterizing the modified FAs and conducting tests 
using the modification that demonstrated the highest 
adsorption capacity, as well as kinetic and isotherm 
equations. Additionally, the Box-Behnken design 
(BBD) was utilized to optimize the adsorption of MB 
dye statistically and maximize its efficiency. 

 
2. METHODS AND MATERIALS 
 
2.1. Materials and Reagents 
The FA was obtained from a thermal power plant 
(Afşin, Elbistan, Türkiye). Hydrochloric acid (HCl, 0.5 

M, J.T. Baker, Poland), sulfuric acid (H2SO4, ∼96-

99%, Merck Germany), and nitric acid (HNO3, ∼65%, 

Merck, Germany) were procured. Methylene blue 

(Isolab, Türkiye, λmax, 663 nm) was used in the 
adsorption process as adsorbates. 
 

2.2. Preparation of the FA 
The fly ash obtained from Afşin/Elbistan was washed 
with distilled water and dried at 105 °C in the oven 
until constant weight was reached. The dried fly ash 

earned a stable weight and was thoroughly ground 
using an agate mortar. Three different conical flask 
samples, each weighing 25 grams, were added to the 
obtained fly ash, and 0.1 M H2SO4, HCl, and HNO3 
were added to each sample. Partial carbon dioxide 
release was observed. The mixture was stirred at 400 

rpm at room temperature for 6 hours. The mixture 
was then filtered through filter paper (coarse filter 
paper), and the resulting modified fly ash was 
washed with distilled water until it reached a pH of 7. 
 
The Box–Behnken method was studied with the help 

of the Design Expert -13 program and working 

conditions are given in Table 1. 

 
Table 1. Adsorption conditions. 

Run A: Initial Concentration B:  pH C: Contact time Response: Adsorption amount 

1 10 3 105 5.1 
2 10 7 30 5 
3 20 7 180 9.7 
4 15 11 180 10.3 
5 15 7 105 7 

6 15 7 105 7.2 
7 15 3 180 5.5 
8 20 11 105 12 
9 10 7 180 6.7 
10 15 7 105 6.7 

11 15 7 105 7.1 
12 15 3 30 4.5 

13 15 11 30 7.6 
14 10 11 105 7.3 
15 20 3 105 5.4 
16 20 7 30 7.2 
17 15 7 105 7.1 

 
2.3. Adsorption Procedure 
For the adsorption study, 0.5 g of methylene blue 
(C16H18ClN3S, λmax = 663 nm) was taken and 
dissolved in 1000 mL of distilled water to prepare the 
stock solution. This stock solution was used in all 
adsorption processes. Isotherm studies were 

conducted at three different temperatures (301, 310, 
and 321 K) with initial concentrations ranging from 5 

to 25 ppm for a duration of 3 h. Additionally, kinetic 
studies were carried out for initial concentrations 
ranging from 10 to 20 ppm for a duration of 3 h. 
Equation 1 was used to determine the results. 
 

𝑞𝑒 =
(𝐶𝑜−𝐶𝑒) 𝑉

W
       (1) 

 
pH adjustments were made with 0.01, 0.1 M HCl, and 

0.01 and 0.1 M NaOH solutions. 
 
2.4. Fly Ash Analysis 
The surface morphologies of fly ash were determined 
using SEM (scanning electron microscope model 
LEO-EVO 40). FTIR analysis was analyzed in an 
Agilent Cary 630 Infrared Spectrophotometer 

equipped with a spectrum range of 400-4000 cm-1, 
resolution 2 cm-1, to observe different functional 
groups. XRD spectrum of the fly ash was analyzed in 
a PANalytical Empyrean equipped with a spectrum 
range of 10-80 2θ, X-ray generator 4 kW to observe 
crystallization. UV-Vis Analysis was performed with 

an Agilent Cary 60 device. 
 

3. RESULTS AND DISCUSSION 
 
3.1. Characterization of FAs 
FT-IR analysis is a widely used method to investigate 
structural modifications in substances (16). This 

particular study analyzed the infrared spectra of FA 
and mFA. The spectra were evaluated in four distinct 
regions that correspond to vibrations of Si-Al, C, S, 
and OH bonds. The number of vibrations in each 
wavelength was assessed to identify any differences 
between them. The results from FTIR analysis helped 

to determine the surface structures of molecules, 
which are depicted in Figure 1 A. The Si-O bonds 
associated with Al-O vibrations occur at frequencies 
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of 593 and 604 cm-1. Additionally, CO3
-2 can be seen 

at 1426 cm-1 (17). 
 

 
Figure 1: A. FT-IR spectrum B. X-ray diffraction spectrum. 

 

Meanwhile, the vibrations of Si-O bonds in cage 
assemblies are observed at a frequency of 908 cm-1, 
and vibrations of Si-O-Si bonds are observed at a 
frequency of 1040 cm-1 (18). The band at about 1430 
cm-1 is from sodium carbonate inclusion due to the 
reaction of residual sodium with atmospheric CO2 
(16). Additionally, the weak peaks at 1660 may be 

due to unburned carbons in fly ash, caused by C=O 

and C=C stretching and bending (16). The broad 
band at 3490–3390 cm-1 corresponded to stretching 
vibrations of (Al)O–H and (Si)O–H bonds (19). The 
peaks in the untreated sample were slightly 
increased after modification which illustrates the 
attachment of the carboxylic group to the surface of 
fly ash. This is an indication that carboxylic groups 

are attached to the surface of fly ash.
 

 
Figure 2: A. Fly Ash B. Fly Ash + HNO3 C. Fly Ash + H2SO4 D. Fly Ash + HCl. 

 
The X-ray diffraction pattern presented in Figure 1 B 
determined crystallographic information about the 
FAs. The peaks within the 2θ angle range of 5 to 80 
were identified based on peak position data. The 
diffractogram of FAs exhibits various peaks related to 
the primary chemical components, namely oxides. 

These components include quartz, corundum, 
mullite, and hematite, along with other complex 
crystalline phases such as anorthite, goethite, albite, 
portlandite, gibbsite, and magnesium hydroxide 
(20). Most of the peaks in the fly ash diffractogram 
and modified fly ash were between 20-45. 
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Furthermore, the quartz and corundum peaks with 
the highest intensities were located between 20 and 
30. The characteristic peaks of quartz and corundum 

are: 21°, 27°, 37° and 26°, 35°, 39° respectively. 
Mullite and hematite structures exhibit peaks at 
approximately 25-40° and 34-38°, respectively. 
Based on the results obtained, it is evident that the 

structure contains a high concentration of oxides. 
 
SEM images reveal material morphology and surface 
texture. Figure 2 shows micrographs of fly ash and 
modified fly ash. Modifying fly ash brings about 
alterations in its surface appearance. The HNO3 

modification causes the structure to adopt a more 
particulate form, whereas the H2SO4 modification 
leads to the emergence of more pronounced and 
abundant crystal formations within the structure. 
Additionally, crystal structures are partially formed 
through the HCl modification. 

3.2. Box–Behnken design 
MB adsorption tests were designed using Design 
Expert 13.0 software, and a quadratic polynomial 

regression model was utilized to predict the response 
(Equation 2). 
 

Y= β0 + ΣβİXİ + Σβİİ𝑋İ
2 + ΣΣβİJXİXJ  (2) 

 
Y shows the response factor; β0 is the constant; XJ 
and Xİ are coded as the factors; βİ, βİİ, and βİJ are 
coefficients of studied factors. BBD provided 17 
experiments for optimizing factors affecting MB dye 
removal including A: Initial concentration (10-20 

mg/g), B: pH (3–11), and C: Contact time (30–180 
min). Table 1 presents data obtained from BBD 
regarding the removal of MB dye.

 

Table 2: ANOVA analysis. 

Source 
Sum of  

Squares 
df 

Mean  

Square 
F-value p-value 

Model 61.96 9 6.88 168.78 < 0.0001 

A-Initial Con-

centration 
13.01 1 13.01 318.86 < 0.0001 

B-pH 34.86 1 34.86 854.74 < 0.0001 

C-Contact Time 7.80 1 7.80 191.27 < 0.0001 

AB 4.84 1 4.84 118.67 < 0.0001 

AC 0.1600 1 0.1600 3.92 0.0881 

BC 0.7225 1 0.7225 17.71 0.0040 

A² 0.3853 1 0.3853 9.45 0.0180 

B² 0.0684 1 0.0684 1.68 0.2362 

C² 0.1253 1 0.1253 3.07 0.1231 

Residual 0.2855 7 0.0408   

Lack of Fit 0.1375 3 0.0458 1.24 0.4059 

Pure Error 0.1480 4 0.0370   

Cor Total 62.24 16    

 
BBD was used to design 17 experiments (as shown 
in Table 1) for testing three independent parameters 

that may significantly affect MB removal. BBD in RSM 
was used to investigate the effects of three 
independent variables on MB removal: Initial 
concentration (A), pH (B), and Contact time (C). The 
ANOVA analysis of experimental data for MB removal 

is presented in Table 2. ANOVA results were analyzed 
using p-values, sum of squares, and F-values to 

determine significant factors. The model's 
statistically significant F-value of 168.78 for MB 
removal has a corresponding p-value <0.0001 (21). 
The adjusted R2 of 0.989 and R2 value of 0.995 
indicate a strong correlation between predicted and 
actual values. According to Table 2, model term 

values with Prob > F < 0.0500 indicate that factors 
are significant under the chosen conditions. The 
significant model terms are linear terms of A, B, and 
C, quadratic terms of A2, B2, and C2, and interaction 

between AB, AC, and BC. To enhance the model fit, 
insignificant terms with p-value > 0.05 were 

excluded. Equation (4) expresses the polynomial 
relationship between examined parameters and MB 
removal. 
 
MB removal (mg/g) = 8,59 -0,55 A -0,56 B+ 0,002 

C+ 0,055 AB + 0,0005 AC + 0,001 BC + 0,012A² + 
0,008 B2 -3,06x10-5 C² 

 
The interactions between initial concentration (A), 
solution pH value (B), and solution pH value (B), 
contact time (C) were found to be significant on the 
removal of MB (p-value=< 0.0001, 0.0040), whereas 
between the effect of initial concentration (A) and 

contact time (C) was not significant (p-value = 
0.0881). The three-dimensional (3D) surface for 
interaction between initial concentration (A), solution 
pH (B), and contact time (C) was given in Figure 3.
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Figure 3: 3D response surface plot of MB removal. 

 
The graph in Figure 4 illustrates how MB adsorption 
changes with varying initial concentrations, pH, and 
contact times. The concentration of the pollutant 
significantly affects the adsorption capacity of the 

adsorbent. The initial concentration of the MB was 

varied from 10 mg/L to 20 mg/L, resulting in an 
increase in uptake from 6.6 mg/g to 7.7 mg/g onto 
FA-HNO3. Enhancement in adsorption capacity can 
be explained by the higher concentration of MB, 
which offers more molecules to be diffused into 
internal pores of FA-HNO3 and reach active 

adsorption sites (22). The pH of an adsorption 
system significantly affects the adsorbent's surface 
characteristics, as well as the adsorbate's ionization 
and speciation. The effect of pH on the uptake of MB 
was studied across a pH range of 3 to 11. A 
significant increase in adsorption capacity occurs 
from pH 3 to 11, with a nearly two-fold increase in 

capacity. At low pH, the electron-rich active site on 
the sorbent surface was easily protonated, so less 

available for MB cations adsorption. So, at low pH 
levels, its ability to adsorb is significantly reduced, 
causing a decrease in its adsorption capacity (23). 
The adsorption capacity of the adsorbent is 

significantly impacted by the duration of the 

pollutant's contact with the system. The adsorption 
of MB was initially very fast, with approximately 60% 
of the dye being adsorbed within the first 30 min. As 
the contact time between adsorbate and adsorbent 
increased, the uptake of MB dye gradually increased 
up to 180 min. The fast initial adsorption rate may 

be attributed to a higher number of available active 
sites, in terms of functional groups and pores, on the 
surface of the adsorbent during the initial stage of 
the adsorption process. However, as the adsorption 
process continues, the build-up of dye molecules on 
the surface of the adsorbent hinders the diffusion of 
molecules into pores, which leads to a slower 

adsorption rate (24). 

 

 
Figure 4: BBD of the effect of initial concentration, pH, and contact time. 
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3.3. Adsorption Studies 
3.3.1 Adsorption isotherms 
Understanding the interaction between Fly ash- HNO3 

and MB dye requires analyzing the adsorption 
isotherm. To determine the ability of Fly ash-HNO3 to 
adsorb MB dye, the experimental data was fitted 
using linear forms of Langmuir, Freundlich, Temkin, 

and D-R models (25). These models are expressed 
by Eqs. (3)–(6) and help determine the adsorption 
capacity of Fly ash-HNO3. 
 
Ce

qe
=

1

𝐾𝐿qm
+

Ce

qm
     (3) 

log qe = log KF +
1

n
log Ce     (4) 

qe =
RT

BT
ln KT +

RT

BT
ln Ce    (5) 

ln q
e
= lnq

s
-kadε2     (6) 

KL (L/mg) is Langmuir isotherm constant, qm (mg/g) 
is maximum adsorption capacity, KF (mg/g) is 
Freundlich constant, T (K) is temperature in Kelvin, 

n is adsorption intensity, KT (L/mg) is Temkin 
constant; bT (J/mol) is heat of adsorption; R (8.314 
J/mol·K) is universal gas constant; ε, is polanyi 
constant. 

 
In Figure 5, the plot and function of isotherms are 
illustrated, while their detailed information is 
presented in Table 3. According to Table 3, it was 
observed that Langmuir isotherm was the most 
appropriate model for describing the homogeneous 

surface and monolayer adsorption of MB onto the 
adsorbent surface, with the highest R2 value of 0.99. 
At a temperature of 28 °C, the maximum adsorption 
capacity (qm) of the adsorbent for MB was 
determined to be 7.67 mg/g.

 

 
Figure 5: A. Langmuir B. Temkin C. Freundlich D. D-R. 

 
Table 3. Isotherm constant. 

 Langmuir Freundlich 

°C qm KL R2 KF n R2 

28 7.67 4.96 0.997 5.59 7.88 0.966 
37 6.32 0.25 0.969 2.27 3.55 0.965 

48 4.01 0.07 0.911 2.36 2.45 0.953 

 D-R Temkin 

°C qs Kad E R2 BT KT R2 

28 7.42 3.4x10-4 37.87 0.956 3237 1637 0.960 
37 4.70 5.4x10-3 9.57 0.835 2270 5.07 0.928 
48 6.75 9.2x10-3 7.41 0.972 1368 2.40 0.969 

 
3.2.2 Adsorption kinetics 

The kinetics of adsorption can provide valuable 
insights into the mechanism of MB adsorption. To 
determine the mechanism of adsorption of MB onto 
fly ash and modified fly ash, we applied kinetic 
models such as the pseudo-first-order (PFO), 

Elovich, and pseudo-second-order (PSO) models. We 

examined experimental results of varying initial MB 
concentrations. The linear equations for PFO, Elovich, 
and PSO, models are explained in equations 7, 8, and 
9, respectively (26). 
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ln(qe − qt) = Inqe − k1t     (7) 

qe =
1

b
In(ab) + 

1

b
In(t)    (8) 

t

qt
=

1

k2qe
2 +

t

qe
     (9) 

qe (mg/g) is the amount of MB adsorbed by fly ash 
at equilibrium, qt (mg/g) is the amount of MB 
adsorbed by fly ash at the time (t); k1 (1/min) and 
k2 (g/mg min) are rate constants of PFO and PSO 

respectively; a, b is Elovich constant. 
 
In Figure 6, the plot and function of isotherms are 
illustrated, while their detailed information is 
presented in Table 4. In Table 4, the R2 correlation 
coefficients from the pseudo-second-order model 

were found to be over 0.995, higher than those of 

the pseudo-first-order model. This indicates that the 
pseudo-second-order model best describes the 
kinetics of MB adsorbed onto FA. Additionally, the 

calculated qe, cal values from the pseudo-second-
order model closely match the experimental qe, exp 
values, whereas the qe, cal values from the pseudo-
first-order model are lower than the qe, exp values. 

These results further support that the adsorption of 
MB onto FA from aqueous solution follows the 
pseudo-second-order model well. Similar pheno-
mena have been observed in MB adsorption on other 
natural products. The pseudo-second-order model 
assumes that the rate-determining step involves 

chemical adsorption with valence forces through the 
sharing or exchange of electrons between the 
adsorbent and the adsorbate. 

 

 
Figure 6: A. PFO B. Elovich C. PSO D. Effect of initial concentration and contact time. 

 
Table 4. Kinetic Constant. 

 Pseudo-First Order Pseudo-Second Order 

Adsorbent C0 k1 qe R2 k2 qe R2 

Fly ash-HNO3 10 1.8x10-3 2.29 0.871 0.019 6.57 0.996 
Fly ash-HNO3 15 1.0x10-3 2.84 0.847 0.023 7.14 0.999 
Fly ash-HNO3 20 8.1x10-4 3.37 0.857 0.015 7.57 0.995 
Fly ash-H2SO4 10 2.2x10-4 2.64 0.842 0.109 1.25 0.999 
Fly ash-HCl 10 9.6x10-5 2.66 0.764 0.385 0.71 0.999 
Fly ash 10 1.6x10-5 2.69 0.481 3.715 0.20 0.999 

 Elovich  

Adsorbent C0 a b R2 

Fly ash-HNO3 10 3.26 0.98 0.993 

Fly ash-HNO3 15 6.44 0.99 0.989 
Fly ash-HNO3 20 3.35 0.85 0.985 
Fly ash-H2SO4 10 1.02 5.03 0.979 
Fly ash-HCl 10 1.26 10.49 0.967 
Fly ash 10 1.74 42.55 0.832 
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Table 5 presents a comparison of the maximum 
adsorption capacity, referred to as qm, for the 
adsorption of dyes onto different types of fly ash 

(FA). In this study, the qx values obtained for the 
adsorption of dyes were found to be comparable to 
those reported in previous research. However, it is 
noteworthy that the qm values observed for the dyes 

in this study were relatively lower when compared to 

findings from other investigations. Despite the 
relatively lower adsorption capacity exhibited by the 
fly ash examined in this study, its potential as an 

adsorbent for dye removal remains of interest. This 
is primarily due to its advantageous characteristics 
such as being cost-effective and readily available as 
a waste material. 

 
Table 5. Comparison of dye adsorption on fly ash. 

Dye Fly ash type qm (mg/g) References 

Acid red 1 Coal FA 92.59 (27) 

Acid red 1 Coal FA-NaOH 12.66 (27) 

Acid red 91 FA 1.46 (28) 

Acid Blue 9 FA 4.31 (28) 

Acid Blue193 FA 22.08 (29) 

Acid Black 1 FA 18.94 (29) 

Reactive Red 23 FA 5.04 (29) 

Reactive Black 5 FA  7.94 (30) 

Reactive Red 198 Coal FA 47.26 (31) 

Reactive Yellow 84 Coal FA 37.26 (31) 

Methylene Blue FA 7.67 This study 

 
4. CONCLUSION 
 
Fly ash and modified fly ash were applied for the 

removal of MB. Response surface methodology 
(RSM) was used to optimize key adsorption 
parameters, and an analysis of variance (ANOVA) 
was performed. The interactions between initial 
concentration (A), solution pH value (B), and solution 

pH value (B), contact time (C) were found to be 
significant in the removal of MB (p-value=< 0.0001, 

0.0040), whereas the effect of initial concentration 
(A) on contact time (C) was not significant (p-value 
= 0.0881). Equilibrium data obtained at various 
temperatures fit well with the Langmuir isotherm 
model, as compared to the Freundlich and Temkin 
isotherm models. The maximum monolayer 
adsorption capacities were found to be 7.67, 6.32, 

and 4.01 mg/g at 28, 37, and 48 °C, respectively, 
and were spontaneous at all studied temperatures. 
This material has the potential for wider applications, 
including the removal of heavy metals, pesticides, 
and other colorless organic pollutants in water. 
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Abstract: The purpose of the research was to determine Juniperus phoenicea L.'s elemental content, 
antioxidant activity, and phytochemical composition. Phytochemical screening was performed on four 
plant extracts (water, ethanol, chloroform, and ether). The aqueous and ethanol extracts were also 
analyzed for their total phenols, total flavonoids, and total antioxidant contents. The levels of 
macroelements (Na, Mg, Ca) and microelements (Fe, Cu, Zn) in the plant were determined by flame 
photometry and atomic absorption spectrometry. Moisture, ash, total protein, and total alkaloids were 

also determined. The results showed that the aqueous and ethanol extracts contained various 
phytochemicals, such as carbohydrates, proteins, phenols, tannins, flavonoids, alkaloids, coumarins, 
anthocyanins, saponins, and glycosides. The ethanol extract had higher concentrations of most 
phytochemicals than the aqueous extract, except for carbohydrates and proteins. The chloroform and 
ether extracts had lower concentrations of phytochemicals than the aqueous and ethanol extracts. The 
moisture, ash, total protein, and total alkaloid contents of the plant were 13%, 5.52%, 10.78%, and 

1.84%, respectively. The total phenol contents, total flavonoid contents, and total antioxidant activity of 

the ethanol extract were 49.36±5.24 mg/g, 20.61±2.08 mg/g, and 34.82±2.44 mg/g, respectively. The 
corresponding values for the aqueous extract were 46.26±2.47 mg/g, 14.80±1.12 mg/g, and 
37.32±3.29 mg/g, respectively. The order of abundance for macroelements was Ca (26860±950 mg/kg) 
> Na (1705.4±85 mg/kg) > Mg (944.4±38 mg/kg), whereas for microelements it was Fe (315.4±18 
mg/kg) > Cu (55.52±3 mg/kg) > Zn (35.66±2 mg/kg). These results indicate that Juniperus phoenicea 
L. is a rich source of phytochemicals and elements that may have potential health benefits.  
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1. INTRODUCTION  
 
Herbal medicinal plants are still used in traditional 
diabetes therapy and have long been a major 
source of healthcare in developing countries. These 
plants offer unique benefits because they have a 
wide range of pharmacological properties, 

including antioxidant, antiviral, anticancer, 
antibacterial, antifungal, and antiparasitic 
properties, and they also contain a large number of 
medicinal phytochemicals that may help in the 

creation of novel medications (1). Particularly 
abundant in these plant extracts are polyphenols, 
which have the ability to bind with proteins and 
reduce the activity of enzymes (2). Herbal 
medicinal plants have the potential to transform 
healthcare by providing natural alternatives to 
traditional treatments due to their various 

bioactive components (3). Furthermore, 
polyphenols' capacity to selectively interact with 
certain enzymes makes them appealing candidates 
for drug development since they may be utilized to 
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construct focused medicines with few adverse 

effects (4). As a result, herbal medicinal plants 

have piqued the interest of academics who are 
investigating their therapeutic potential and 
creating novel medications based on their active 
components. Herbal medicinal plant use in 
medicine is a fast-emerging sector with bright 

possibilities for the future of healthcare (5). 
 
Because of its secondary metabolites, which have 
positive effects and are widely employed in Libyan 
folk and traditional medicine, Juniperus phoenicea 
L. is regarded as a medicinal plant in Libya (6,7). 
This plant, which is a member of the Cupressaceae 

family, is also referred to as Ar'ar in Arabic and 
Phoenician Juniper in English. It is a naturally 
occurring shrub or small tree that is extensively 
dispersed throughout Europe, northern Africa, and 

the Canary Islands. It thrives in Mediterranean 
coastal regions (8). For centuries, people have 
used the antiviral, antibacterial, antiseptic, and 

inflammatory qualities of Juniperus phoenicea 
leaves and fruits. In Libyan traditional medicine, 
they are also utilized as a natural treatment for 
digestive, respiratory, and urinary tract issues 
(9,10). Several studies have reported that 
Juniperus phoenicea L. is rich in a diverse range of 

compounds, including diterpenoids, flavonoids, 
lignans, phenylpropanoid glucosides, furanone 
glucosides, bis-furanone derivatives, norterpenes, 
and sesquiterpene glucosides (11,12). 
 
Because of its antioxidant activity—that is, its 
capacity to stop or slow down the oxidation of 

other molecules by free radicals—it has therapeutic 

benefits. Free radicals are very reactive, unstable 
chemicals that may harm DNA, lipids, proteins, 
and organisms. By giving electrons or hydrogen 
atoms to free radicals, antioxidants can neutralize 
them and shield the organism against oxidative 
stress and inflammation (13). Natural products, 

especially those produced from plants, have long 
been considered a valuable source of medicinal 
compounds. Plants' medicinal and aromatic 
characteristics were found gradually via trial and 
error, with some successes and disappointments. 
Vitamin E (tocopherol), vitamin C (ascorbate), and 

polyphenols are examples of antioxidant 
compounds having strong antioxidant activity 
against free radicals. These substances function by 
scavenging and neutralizing these radicals, 

converting them into stable molecules or ions (14, 
15). The presence of hydroxyl groups in their 
phenolic structures increases their capacity to 

efficiently prevent radical processes. Because of 
their favorable impacts on human health, phenolic 
compounds, a broad collection of natural 
chemicals, have been the subject of substantial 
investigation. They are crucial in preventing and 
treating conditions including cancer, diabetes, 
hypertension, and Alzheimer's disease because 

they counteract oxidative stress (16). The 
antioxidant capacity of essential oils and extracts 
of Juniperus phoenicea L. derived from various 
plant parts, including leaves, berries, and seeds, 
has been documented in a number of 

investigations. The essential oil of red juniper 

(Juniperus phoenicea L.) leaves, for instance, 

exhibited strong radical-scavenging action against 
DPPH (2,2-diphenyl-1-picrylhydrazyl), a stable free 
radical that is frequently used to gauge a 
substance's antioxidant capacity, according to 
Aouadi et al. (17). The high amount of α-pinene 

(74.14%), a monoterpene molecule with shown 
antioxidant and anti-inflammatory capabilities, was 
attributed by the scientists to this action. An 
additional investigation by Elmhdwi et al. (18) 
found that the Moroccan Thymus satureioïdes 
leaves, which are related to Juniperus phoenicea 
L., had a significant antioxidant activity against 

DPPH and another synthetic free radical called 
ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)). The authors proposed that the 
extract's phenolic components, which include 

tannins and flavonoids, were the cause of this 
action. Certain trace elements are present in live 
organisms in incredibly low quantities and have a 

substantial impact on physiological processes that 
are common to all living systems. Based on 
evidence from several processes, including 
hormone production, enzyme activity, and acid-
base balance, their function is thought to be 
catalytic (19). Given their involvement in the 

body's synthesis of active chemical components, it 
is important to comprehend the impact of trace 
elements in medicinal plants on human health. 
Furthermore, a crucial area of study is the 
relationship between the elemental profiles of 
medicinal plants and the historic uses of those 
plants for healing (20). 

 

This investigation sought to assess the chemical 
constituents and possible medicinal qualities of 
Juniperus phoenicea L., which was harvested from 
the Libyan Msallata region. Total phenols, total 
flavonoids, total antioxidant activity, ash, 
moisture, and mineral content (Na, K, Ca, Mg, Zn, 

Fe, and Cu) were all measured. Moreover, 
phytochemical screening was performed on four 
distinct extracts (aqueous, ethanolic, chloroformic, 
and ether) of Juniperus phoenicea L. to detect the 
presence of several bioactive components. The 
findings of this study may help create new 

therapeutic compounds made from Juniperus 
phoenicea L. and offer significant new insights into 
the plant's possible medical uses.  
 

2. EXPERIMENTAL SECTION  
 
2.1. Plant sampling and processing 

Between February and May 2022, the aerial part of 
Juniperus phoenicea was collected from the 
Msallata area of Libya. A specialist in plants from 
the Misurata University Faculty of Science's Botany 
Department recognized the plant samples based 
on their morphology. The voucher specimens were 
retained at the department's Laboratory of Plant 

Science. The gathered plant samples were washed, 
then left to air dry on lab tables for 15 days at 
ambient temperature (24–25°C). An air 
conditioner in the laboratory area helped to keep 
the temperature steady as the material dried. After 
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that, the dehydrated plant material was blended 

into a uniform powder and kept for later use in an 

airtight container. About 50.0 g of dried material 
from the plant was prepared and stored in airtight 
containers for further analysis. To avoid 
deterioration and maintain their genetic integrity, 
the dried plant samples were kept in opaque, 

airtight containers at -18°C. 
 
2.2. Plant Extraction 
A modified version of the process described in the 
literature (3, 21) was used to manufacture the 
extracts. In summary, 100 mL of a chosen solvent 
(water, ethanol, chloroform, or ether) was 

combined with 10 g of dried powdered plant 
material, and the mixture was allowed to extract 
for 72 hours at room temperature while being 
continuously shaken. The resultant extracts were 

concentrated at 40°C under vacuum using a rotary 
evaporator (Buchi R-215, Switzerland) after being 
filtered using Whatman filter paper (No. 4). For a 

maximum of one month, the concentrated extracts 
were kept in the dark at 4°C to avoid deterioration 
and maintain their efficacy. 
 
2.3. Phytochemical screening 
The main classes of phytochemicals found in 

extracts from Juniperus phoenicea, such as 
alkaloids, flavonoids, saponins, terpenoids, 
phenols, tannins, glycosides, carbohydrates, 
proteins, coumarins, and anthocyanins, were 
qualitatively examined using conventional 
analytical techniques (22–24).  
 

2.4. Quantitative analysis 

2.4.1. Determination of yield 
To calculate the yield of each extract, dried 
samples were weighed, and the weight of the 
soluble constituents was determined. The yield of 
the extract under investigation was calculated 
using the equation provided by (25):  

Yield (%) = 
𝑊2

𝑤1
 x 100                 (1) 

The weight of the concentrated plant extract 
obtained by evaporation is denoted by w1 in the 
equation above, and the weight of the dried plant 
material used for extraction with each solvent is 

indicated by w2. 
 
2.4.2. Determination of Moisture and ash 
After weighing 3.00 g of the fresh plant sample in 
a clean, dry crucible, it was dried for three hours at 

100°C in an oven. The crucible was reweighed 

after 15 minutes of cooling it in a desiccator. Until 
a steady weight was achieved, this procedure was 
repeated. Using equation (26), where w1 and w2 
represent the sample weights before and after 
drying, respectively, we were able to calculate the 
moisture content of fresh samples:  

% 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 =  
𝑊1−𝑊2

𝑊1
 𝑥 100                 (2) 

3.0 mg of the plant sample, weighed in a dry, 
clean porcelain crucible, were heated to 550°C for 
three hours in a muffle furnace in order to 
ascertain the amount of ash present. The crucible 
was reweighed after 15 minutes of cooling it in a 

desiccator. Equation (27) was used to determine 

the ash content. 

% 𝐴𝑠ℎ =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑠ℎ

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
 𝑥 100                (3) 

 

2.4.3. Determination of total protein 
To estimate the protein content in plant samples, 
the Kjeldahl method was utilized with certain 
modifications. In this method, the plant material is 
oxidized with concentrated sulfuric acid, which 
oxidizes all the components except for the nitrogen 

present in proteins. The nitrogen is subsequently 
reduced to ammonia, which is determined through 
back titration in the presence of a methyl red 
indicator (28). The total protein content of plants 
can be calculated by converting the percentage of 
nitrogen using the equation below: 

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (
𝑔

100 𝑚𝐿
) = 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (

𝑔

100 𝑚𝐿
) 𝑥 6.25                           

(4) 
 
2.4.4. Determination of total alkaloids 

To estimate total alkaloids, the gravimetric 
technique with certain adjustments (29) was used. 
First, 200 mL of 10% acetic acid in ethanol was 
poured into a 250 mL flask containing 5.00 g of the 
dried plant powder. After letting the combination 
remain for four hours, it was filtered and 
concentrated to a fourth of its original volume in a 

water bath. Gradually adding concentrated 
ammonium hydroxide, the precipitation was 
allowed to finish. Following a centrifugation of the 
mixture, the precipitate was recovered, cleaned 
with diluted ammonium hydroxide, and filtered 
once more. The precipitate was dried, weighed, 

and the proportion of alkaloids was computed. The 

residual product generated from this operation 
represents the alkaloids. 
 
2.4.5. Determination of total phenols 
The total phenolic content of the plant under study 
was ascertained by applying specific modifications 

to the Folin-Ciocalteu technique (30) in order to 
extract the plant's water and ethanol. In order to 
use this procedure, 0.2 mL of the extract and 1 mL 
of 10% diluted Folin-Ciocalteu reagent were 
combined, and the mixture was then incubated for 
4 minutes in the dark. After that, 0.8 mL of a 7.5% 
sodium carbonate solution was added, and solvent 

was used to raise the volume to 10 mL. After 30 
minutes, the solution's absorbance at 765 nm was 
determined. A standard calibration curve was 

created using different amounts of gallic acid (10-
60 mg/L) and used to quantify the total phenolic 
contents. As a benchmark, gallic acid was used, 

and the outcomes were presented as gallic acid 
equivalents. 
 
2.4.6. Determination of total flavonoids 
The amount of flavonoids present overall in the 
plant extracts was determined using the modified 
aluminum chloride technique (31). Rutin 

equivalent was utilized to express the total 
flavonoid content, with rutin serving as the 
standard reference. Several rutin concentrations 
(ranging from 1 to 60 mg/L) were used to create a 
standard calibration curve. The whole flavonoid 
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content of the plant's water and ethanol extracts 

under study was determined using this approach. 

 
In order to perform the experiment, 0.3 mL of 
sodium nitrite solution (NaNO2), 4 mL of distilled 
water, and 1 mL of the extract (ethanol, water, or 
rutin solution) were mixed. After five minutes, the 

mixture was allowed for six minutes before 0.3 mL 
of aluminum chloride solution was added. After 
that, 2 mL of a 1 M sodium hydroxide solution was 
added, and after 10 minutes, the volume was 
increased to 10 mL using distilled water. Next, the 
solution's absorbance was calculated at 510 nm. 
 

2.4.7. Total antioxidants (DPPH radical scavenging 
assay) 
The free radical scavenging ability of aqueous and 
ethanolic extracts was measured using the 

technique reported by Al-Mustafa et al. (32) using 
ascorbic acid as a reference. Each extract was 
mixed with 2.0 mL of methanolic DPPH solution to 

perform the experiment. Following a 30-minute 
dark incubation period at room temperature, the 
preparations' absorbance at 517 nm was 
determined. Using the following formula, the 
antioxidant activity of the plant extracts was 
determined: 

% 𝐼 =  
𝐴𝐵𝑙𝑎𝑛𝑘− 𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝐵𝑙𝑎𝑛𝑘
 𝑥 100             (5) 

Asample is the absorbance of the tested plant 
extract, % I is the inhibition in DPPH absorbance, 
and Ablank is the absorbance of the control reaction 
(containing all reagents except the plant extract). 

The plot of inhibition (%) against extract 
concentration was also used to determine the 

extract concentrations that gave 50% inhibition 
(IC50). Three copies of each sample were used. 
 

2.4.8. Determination of micro and macro elements 

Mineral element concentrations, including those of 

Fe, Zn, Mn, Cu, and Mg, were measured with an 
atomic absorption spectrophotometer (VARIAN 220 
FS), while Ca and Na were measured with a flame 
photometer (PFP7 Jenway). To eliminate all 
organic matter in the plant material, the wet 

digestion method was employed, which involved 
the use of nitric acid and hydrogen peroxide 
(33,34). 
1.00 g of plant powder and around 10 mL of 
concentrated nitric acid were mixed in a beaker, 
and the mixture was heated for 10 minutes until 
the vapors disappeared in order to complete the 

plant material digestion process. An extra 10 mL of 
acid is added and heated once more if the brown 
odors continue. After adding 10 mL of hydrogen 
peroxide solution, the mixture was heated to a 

boil, at which point the solution turned clear and 
colorless. Following cooling, the mixture was 
moved to a 100 mL volumetric flask and filtered 

using filter paper. Then, deionized water was 
added to get the amount up to 100 mL. 
 
2.4.9. Statistical analysis 
Each measurement was made for three replicates 
and the mean value was reported. The results 

were reported as the mean ± standard error of the 
mean (SEM) attained from several parallel 
measurements. Excel statistical software package 
developed by Microsoft Office 2016 was used for 
statistical analysis and database management. 
 
3. RESULTS AND DISCUSSION 

 

3.1. Phytochemical screening 

Table 1: Phytochemical screening results 

Bioactive compounds Solvent 

Water Ethanol Chloroform Ether 

Carbohydrates  +++  ++ - - 

Proteins  +++  ++ - - 

Phenols  +++  +++ + - 

Tannins  +++  +++ + - 

Flavonoids  ++  +++ - - 

Alkaloids +  ++ - + 

Coumarins  ++  ++ + + 

Anthocyanin + + - - 

Saponins  ++  +++ - - 

Glycosides  +++  ++ + - 

Steroids - -  ++ + 

Terpenoids - - + + 

(+++) visible change occurred, (++) moderate change, (+) very slight change, (-) no change occurred 
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Table 1 displays the phytochemical screening 

results of four solvent extracts of Juniperus 

phoenicea L. The aqueous and ethanol extracts 
were found to contain carbohydrates, proteins, 
phenols, tannins, flavonoids, alkaloids, coumarins, 
anthocyanins, saponins, and glycosides. These 
phytochemicals have essential biological functions, 

such as providing energy, serving as structural 
components or signaling molecules, and exhibiting 
antioxidant, anti-inflammatory, antimicrobial, and 
pharmacological effects on the nervous system. 
Saponins can lower cholesterol, modulate the 
immune system, and inhibit tumor growth, while 
glycosides can have various effects, including 

cardiac, antidiabetic, and anticancer effects 
(31,35).  
 
Table 1 indicates that the ethanol extract contains 

higher concentrations of most phytochemicals 
compared to the aqueous extract, except for 
carbohydrates and proteins. This suggests that 

ethanol is a superior solvent to water for extracting 
phytochemicals from Juniperus phoenicea L. due to 
its ability to dissolve both polar and non-polar 
compounds. On the other hand, the ether extract 
has more alkaloids than the chloroform extract, 
while the chloroform extract has larger quantities 

of phenols, tannins, and glycosides. This may 
suggest that chloroform is more effective than 
ether for extracting phenols, tannins, and 

glycosides from Juniperus phoenicea L., while 

ether is more effective than chloroform for 

extracting alkaloids from the plant material. This is 
because chloroform can dissolve both polar and 
non-polar compounds, whereas ether can only 
dissolve non-polar compounds, making it better 
suited for extracting alkaloids. 

 
These results are in line with some previous 
studies, such as the one by Hamzal et al. (2016), 
(36) which reported the presence of saponins, 
flavonoids, tannins, and alkaloids in Juniperus 
phoenicea L. Another study by Amalich et al. 
(2016) (37) detected various phenols, tannins, 

flavonoids, steroids, and terpenes, but not 
alkaloids or saponins, in the leaves. However, a 
study by El-Sawi et al. (2014) (38) found no 
tannins, coumarins, or alkaloids in Juniperus 

phoenicea L. leaves, which contradicts the current 
study’s results. Nevertheless, both studies agreed 
on the presence of carbohydrates, glycosides, 

terpenes, steroids, flavonoids, and saponins. The 
current study also concurred with a study by 
Bouassida et al. (2018) (39) that identified 
alkaloids, terpenes, and tannins in Juniperus 
phoenicea L. leaves but differed in the absence of 
glycosides. 

 
3.2. Yield, moisture, and ash contents 

 

 

Figure 1: Yield, moisture, and ash contents of Juniperus phoenicea leaves 

Figure 1 showcases the moisture, ash, and yield 
values of Juniperus phoenicea leaves, obtained 
through the use of four different solvents: 
aqueous, ethanol, chloroform, and ether. The 
results indicate that the ethanol extract exhibited 

the highest yield, measuring 20.30±0.40% with a 
95% confidence interval ranging from 19.98% to 
20.62%. Following that, the aqueous extract 
displayed a yield of 14.70±0.27% with a 95% 
confidence interval spanning from 14.44% to 
14.96%. The chloroform extract showed a yield of 
14.05±0.39% with a 95% confidence interval 

ranging from 13.73% to 14.37%. Lastly, the ether 
extract demonstrated the lowest yield at 
6.25±0.18% with a 95% confidence interval of 
6.09% to 6.41%. The leaves' moisture content was 
found to be 13.00±0.13%, with a 95% confidence 

range that fell between 12.88% and 13.12%. 
Furthermore, the results showed that the ash 
content was 5.52±0.22%, with a 95% confidence 
interval that included 5.32% and 5.72%. 
 
Previous studies have examined the yield, 
moisture, and ash content of Juniperus phoenicea 
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leaves or fruits using various solvents and 

methods. Dane et al. (40) reported a yield of 

20.98% for the ethyl acetate extract, which aligns 
with the findings of the present study. However, 
Farahat (2020) (41) reported a yield of 9.8% for 
Juniperus phoenicea leaves collected from Egypt 
using methanol as the solvent. Bouassida et al. 

(2018) (39) reported a yield of 12.5% for leaves 
collected from Tunisia using a hydroalcoholic 
solvent. In a separate study, Amalich et al. (2016) 
(37) reported a yield of 0.4% for Juniperus 
phoenicea fruits collected from Morocco through 
hydrodistillation. El-Sawi et al. (2014) (38) 
documented a moisture content of 7.5% and an 

ash content of 3.5% for Juniperus phoenicea 
leaves collected from Egypt. 
 
The yield, moisture, and ash of Juniperus 

phoenicea leaves can vary depending on the 
solvent, method, location, and collection season. 
Ethanol extract had a higher yield, suggesting 

better extraction of bioactive compounds than 
water, chloroform, or ether. Moisture content was 
higher than in some previous studies, indicating 
incomplete drying or moisture absorption during 
storage or transportation. The ash content was 
also higher, suggesting higher mineral content or 

impurities. However, these values may vary 
depending on the location, season, and method of 
harvesting. For example, the yield and moisture of 
Juniperus phoenicea were higher in the coastal 
areas than in the inland areas, and lower in the 
summer than in the winter. The ash content of 
Juniperus phoenicea was also affected by the soil 

type, with higher values in clayey soils than in 

sandy soils. 
 
3.3. Total protein content 
Analysis results show that Juniperus phoenicea has 
a considerable amount of total protein, 
10.78±0.44%, with a 95% confidence interval 

between 10.43% and 11.13%. In addition to being 
an essential macromolecule for plant growth, 
development, and stress response, protein has 
nutritional and therapeutic advantages for both 
people and animals. 
 

Previous research on Juniperus phoenicea or 
related plants from the Cupressaceae family can 
provide a basis for comparing total protein levels. 
For instance, El-Gohary et al. (2015) (42) found 

that the total protein of Juniperus phoenicea leaves 
collected from Egypt was slightly lower at 8.7% 
compared to the current study. Similarly, Al-

Mustafa et al. (2021) (32) reported that the total 
protein of Juniperus phoenicea leaves collected 
from Jordan was 9.3%, which is also lower than 
the current result. In contrast, Dzialuk et al. 
(2011) (43) reported a higher total protein content 
of 11.9% for Juniperus communis needles collected 
from Poland. 

 
3.4. Total alkaloids content 
The current investigation reveals that Juniperus 
phoenicea exhibits a comparatively reduced level 
of total alkaloids, constituting approximately 

1.84±0.08% with a 95% confidence interval 

ranging from 1.77% to 1.91%. This proportion is 

notably lower when compared to other plant 
species. Alkaloids, which encompass nitrogen-
containing compounds, possess the potential to 
impact the nervous system and exhibit various 
pharmacological characteristics. These properties 

may encompass analgesic, stimulant, sedative, 
and hallucinogenic effects. A comparison of the 
total alkaloid levels of Juniperus phoenicea or 
Cupressaceae plants can be based on previous 
research on these plants. For instance, Al-Mustafa 
et al. (2021) (32) found that the total alkaloids of 
Juniperus phoenicea leaves collected from Jordan 

were lower at 0.9% compared to the current 
study. Similarly, Bajes et al. (2021) (44) reported 
that the total alkaloids of Juniperus phoenicea 
leaves collected from Jordan were 0.7%, which is 

lower than the current result. In addition, Shaboun 
et al. (2021) (45) reported a lower total alkaloid 
content of 0.8% for Juniperus phoenicea leaves 

collected from Libya. 
 
The extraction method, the plant part, and the 
environmental conditions were the main factors 
that influenced the total alkaloids content (TAC) of 
Juniperus phoenicea in our study. We obtained a 

higher TAC (1.84%) than previous studies (0.70-
0.90%) by using a gravimetric technique, which 
was more efficient and selective than other 
methods. We also used the leaves of the plant, 
which had a higher TAC than other parts.  
 
3.5. Total phenols content 

The results obtained from the analysis of aqueous 

and ethanolic extracts are as follows: The aqueous 
extract exhibited a value of 46.26±2.47 mg/g, 
with a 95% confidence interval ranging from 43.67 
mg/g to 48.85 mg/g. Conversely, 49.36±5.24 
mg/g was the value shown by the ethanolic 
extract, with a 95% confidence range covering 

43.75 mg/g to 54.97 mg/g. Figure 2 shows a 
visual representation of these numbers. An 
indication of the amount and diversity of phenolic 
chemicals found in a plant or plant extract is the 
total phenol content. The capacity of phenolic 
compounds to donate electrons or hydrogen atoms 

to free radicals or reactive oxygen species makes 
them known for their antioxidant properties. 
Important biomolecules like proteins, lipids, and 
DNA are shielded from oxidative damage by this 

mechanism, which also successfully neutralizes 
these dangerous substances (46). 
 

Previous studies that used different solvents or 
methods to assess the total phenol content of 
Juniperus phoenicea leaves or fruits can provide a 
basis for comparison with the current findings. The 
total phenolic content of the ethyl extracts of 
Juniperus phoenicea L. came within the same 
range as found in our investigation, according to 

Shaboun et al. (45). The authors reported that the 
total phenols ranged from 21.36 to 84.55 mg/g for 
different extract concentrations. Also, El-Gohary et 
al. (2015) (42) found that the total phenol content 
of Juniperus phoenicea leaves collected from Egypt 
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using methanol as a solvent was much higher at 

136.1 mg/g compared to the current study. Al-

Mustafa et al. (2021) observed that the total 
phenol content of Juniperus phoenicea leaves 
collected from Jordan using methanol as a solvent 
was greater, at 103.6 mg/g. In comparison, 
Juniperus phoenicea fruits gathered from Morocco 

using hydrodistillation had a substantially lower 

total phenol concentration (3.8 mg/g) according to 

Amalich et al. (2016) (37). El-Sawi et al. (2014) 
(38) found that the total phenol content of 
Juniperus phoenicea leaves collected from Egypt 
using ethanol as a solvent was lower at 16.1 mg/g 
compared to the current study. 

 

Figure 2: Levels of total phenols, total flavonoids, and total antioxidants in ethanolic and aqueous 

extracts of Juniperus phoenicea 

 
3.6. Total flavonoids content 
With a 95% confidence range spanning from 13.77 
mg/g to 15.83 mg/g, the total flavonoid 

concentration in the aqueous extract was found to 

be 14.80±1.12 mg/g. By contrast, the total 
flavonoid concentration of the ethanolic extract 
was greater at 20.61±2.08 mg/g, with a 95% 
confidence interval that included the range of 
18.55 mg/g to 22.67 mg/g. Figure 2 presents 
these findings. Given that the ethanolic extract had 

a higher total flavonoid content than the aqueous 
extract, it appears that ethanol is a better solvent 
for removing flavonoid components from Juniperus 
phoenicea leaves. 
 
Among the many pharmacological characteristics 
of flavonoids is their antioxidant activity, which 

scavenges free radicals and reactive oxygen 
species to help shield biomolecules like proteins, 
lipids, and DNA from oxidative damage. 

Additionally, they have anti-inflammatory 
properties that can control the release or function 
of inflammatory mediators such as leukotrienes, 
prostaglandins, and cytokines. Moreover, 

flavonoids possess antibacterial properties that can 
impede the development of bacteria by altering 
their cell walls, membranes, or enzyme activity. 
Furthermore, flavonoids have an antidiabetic 
effect, which may enhance insulin sensitivity or 
glucose metabolism through changes in signaling, 

absorption, or transport (47, 48). 
 
Previous studies have reported the total flavonoid 
contents of Juniperus phoenicea leaves or fruits 

using different solvents or methods, allowing for a 
comparison with the current findings. For example, 
Al-Mustafa et al. (2021) (32) discovered that, in 

comparison to the current investigation, the total 

flavonoid content of Juniperus phoenicea leaves 
collected from Jordan utilizing methanol as a 
solvent was much greater at 101.1 mg/g. 
Comparing the current results with Shaboun et al. 
(2021) (45), the total flavonoid content of 
Juniperus phoenicea leaves collected from Libya 

using ethyl acetate as a solvent was found to be 
lower, at 17.44 mg/g. On the other hand, 0.9 
mg/g of total flavonoids were found in Juniperus 
phoenicea fruits that were hydrodistilated and 
harvested from Morocco, according to Amalich et 
al. (2016) (37). El-Sawi et al. (2014) (38) found 
that the total flavonoid content of Juniperus 

phoenicea leaves collected from Egypt using 
ethanol as a solvent was higher at 27.13 mg/g 
than in the current study. 

 
3.7. Determination of antioxidant activity: 
DPPH radical scavenging assay 
The aqueous extract, as shown in Figure 2, has an 

overall antioxidant content of 37.32±3.29 mg/g, 
with a 95% confidence range that spans from 34 
mg/g to 40.64 mg/g. On the other hand, the 
ethanolic extract had a somewhat reduced total 
antioxidant content, measuring 34.82±2.44 mg/g 
with a 95% confidence range that included 31.28 

mg/g to 38.36 mg/g. Moreover, for both the 
ethanolic and aqueous extracts, the concentration 
needed to inhibit 50% of DPPH radicals (IC50) was 
found. With a 95% confidence range spanning 
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from 0.117 mg/mL to 0.131 mg/mL, the aqueous 

extract's IC50 value was determined to be 

0.124±0.007 mg/mL. Additionally, the IC50 value of 
the ethanolic extract was determined to be 
0.133±0.009 mg/mL, with a 95% confidence 
interval spanning from 0.124 mg/mL to 0.142 
mg/mL. Figure 3 provides an illustration of these 

values. The findings demonstrated the 
considerable antioxidant activity of both Juniperus 
phoenicea extracts; however, the aqueous 
extract's activity was marginally greater than that 
of the ethanolic extract. This result contrasts with 
other research (32, 49) that found that ethanolic 
extracts of Juniperus phoenicea had higher total 

phenolic content and antioxidant activity than 
aqueous extracts. Nonetheless, a few other 
investigations have also discovered that aqueous 
extracts of Juniperus species exhibit more 

antioxidant activity than ethanolic extracts (45). 
This disparity might result from various extraction 
techniques, solvents, plant components, or sample 

origins. Non-phenolic substances like alkaloids, 
terpenoids, anthraquinones, or glycosides may 
have additive or synergistic effects with phenolic 
compounds, which might account for the aqueous 
extract's comparatively larger overall antioxidant 
concentration. These compounds, along with 

phenolic compounds, could modulate the redox 
status of cells or inhibit oxidative enzymes, 
thereby enhancing the overall antioxidant activity 
of the extract (32). 

 

The antioxidant activity of the Juniperus phoenicea 

aqueous extract in this investigation was found to 
be lower than that of the same species' methanolic 
extract, as reported by Al-Mustafa et al. (32). El 
Jemli et al. observed that it showed more 
antioxidant activity than other Juniperus species' 

aqueous extracts (49). However, the ethanolic 
extract of Juniperus phoenicea in our investigation 
showed lesser antioxidant activity than the 
methanolic extract of Juniperus phoenicea 
published by Al-Mustafa et al. (32) but equal 
antioxidant activity to the aqueous extract of 
Juniperus oxycedrus reported by El Jemli et al. 

(49). Additionally, compared to the ethanolic 
extract of the same species published by Menaceur 
et al. (50), who used a different extraction 
technique and a different plant component, the 

ethanolic extract of Juniperus phoenicea in our 
investigation showed reduced antioxidant activity. 
It is significant to note that the IC50 values in our 

study were lower than those reported by Fadel et 
al. (51), who found that the extracts of J. 
Oxycedrus and J. Phoenicea had IC50 values of 
0.404 and 0.481 mg/ml, respectively. Rahhal et al. 
(52) observed a similar IC50 level of 0.14 mg/mL 
for the same species; however, Chelouati et al. 

(13) reported an IC50 level of 0.26 mg/mL for J. 
phoenicea. 

 

 

Figure 3: Levels of IC50 in ethanolic and aqueous extracts of Juniperus phoenicea 

3.8. Micro and macro elements contents 
The following findings were obtained from 
measuring the amounts of macroelements (Na, 
Mg, Ca) and microelements (Fe, Cu, Zn) in 
Juniperus phoenicea: Ca (26860±950 mg/kg) > 

Na (1705.4±85 mg/kg) > Mg (944.4±38 mg/kg) 
was the order of abundance for macroelements, 
whereas the order for microelements was Fe 

(315.4±18 mg/kg) > Cu (55.52±3 mg/kg) > Zn 
(35.66±2 mg/kg). The highest level among all the 
elements analyzed was Ca, which was found to be 
much higher than Na and Mg. Similarly, Fe had the 
highest level among the microelements, followed 

by Cu and Zn, respectively. The levels of these 
elements are depicted in Figures 4 & 5. 
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Figure 4: Levels of macroelements in Juniperus Phoenicea 

 

 

Figure 5: Levels of microelements in Juniperus phoenicea 

Each element's concentration in Juniperus 
phoenicea shows both its potential influence on 
human health and its significance for the growth 

and development of plants. Calcium is a vital 
macronutrient for plant growth, and it is also 

essential for human health, especially for bone and 
tooth formation. Sodium and magnesium are also 
needed for plant growth, and they have important 
roles in various physiological processes in humans, 
such as nerve and muscle function. Iron is a crucial 

micronutrient for plant growth, and it is required 
for the synthesis of chlorophyll. In humans, iron is 
important for the formation of hemoglobin, which 
transports oxygen in the blood. Copper and zinc 
are also critical micronutrients for plant growth, 
and they have important roles in enzyme function 

in humans. Overall, the amount of these elements 
in Juniperus phoenicea indicates that it may have 
potential health benefits for humans, particularly 

for bone and tooth formation, nerve and muscle 
function, and enzyme activity (53, 54). 

 
The current study's findings show differences in 
the identified metals' concentrations. 
Environmental variables such as soil type, 
temperature, and altitude might be blamed for 

these variances (55, 56). Table 2 (57–60) 
compares the amounts of macroelements and 
microelements found in this study with those 
documented in the literature for other Juniperus 
phoenicea in order to give more context. 
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Table 2: Comparing the levels of macro and micro elements in Juniperus phoenicea with previous 

research studies 

Na 

(mg/kg)* 

Mg 

(mg/kg)* 

Ca 

(mg/kg)* 
Fe (mg/kg)* 

Cu 

(mg/kg)* 

Zn 

(mg/kg)* 
Ref. 

1705.4±85 944.4±38 26860±950 315.4±18 55.52±3 35.66±2 

This 

study 1607.6-

1803.2** 

900.5-

988.3** 

25763.8-

27956.2** 
294.6-336.2** 

52.06-

58.98** 

33.35-

37.97** 

52.13±4.76 - 1600±0.10 430±.20 - 15.60±0.70 57 

6.50±0.87 - 51.61±1.16 0.43±0.06 3.00±0.27 - 58 

- - - 
168.07±0.03 

190.11±0.04 

31.51±0.03 

71.86±0.10 

40.71±0.03 

13.72±0.11 

59 

602 

681 

630 

638 

370 

479 

1107 

652 

828 

972 

1036 

946 

13 

22 

16 

17 

9 

7 

15 

11 

7 

8 

8 

11 

60 

*Mean ± SD, **95% Confidence intervals 

 

Through a comparison of mineral concentrations in 

Juniperus phoenicea with the recommended daily 
intakes (RDIs) for adults, specifically for men and 
women aged between 19-50, it was found that 

consuming 100 g of Juniperus phoenicea would 
fulfill and surpass the RDIs for calcium, iron, and 
copper. However, it would not meet the RDIs for 

sodium, magnesium, and zinc (RDIs: 750 mg/day 
for Ca, 2000 mg/day for Na, 300-350 mg/day for 
Mg, 6-7 mg/day for Fe, 1.3-1.6 mg/day for Cu, 
6.2-12.7 mg/day for Zn) (61, 62). 
 
4. CONCLUSION 
 

In summary, this investigation uncovered the 
elemental content, antioxidant capacity, and 
phytochemical makeup of the traditional medicine 
plant Juniperus phoenicea. Numerous 
phytochemicals found in the plant, including 
glycosides, alkaloids, flavonoids, and phenols, have 

shown strong antioxidant activity. In addition, the 

plant had moderate amounts of salt and 
magnesium and high amounts of calcium and 
iron—all of which are vital for human health. These 
findings suggest that Juniperus phoenicea may 
have potential health benefits and therapeutic 
applications. To validate the biological actions of 

the plant extracts and their separated components 
in vivo, more research is required.  
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Abstract: The genus Cachrys L. (Apiaceae) is distributed in the Mediterranean region and contains 11 spe-
cies. C. crassiloba (Boiss.) Meikle is a species that grows in Southwest and Western Anatolia. Considering the 
literature studies, there were not enough studies on C. crassiloba. In this study, fatty acid composition, total 
phenol/flavonoid contents, antioxidant and acetyl-butrylcholinesterase, tyrosinase, and α-glucosidase en-
zyme inhibition activities of n-hexane and ethanol extracts prepared from C. crassiloba fruits and leaves were 
investigated by spectrophotometric methods at different concentrations. When the results were evaluated, it 

was found that the hexane extract of C. crassiloba leaf (123.92 ± 4.62 GA mg/g extract) had the highest 
total phenol content, while the ethanol extract of C. crassiloba fruit (134.38 ± 0.98 QE mg/g extract) had 
the highest flavonoid content. C. crassiloba hexane and ethanol leaf extracts (IC50= 8.04 ± 1.31 µg/mL; 
10.30 ± 3.15 µg/mL) showed good antioxidant activity compared to the ascorbic acid (IC50= 14.59 ± 1.96 
µg/mL) in DPPH assay. C. crassiloba leaf ethanol extract (IC50= 17.38 ± 5.02 µg/mL) has the highest ABTS 
scavenging activity. C. crassiloba extracts have moderate cholinesterase inhibitory activity. C. crassiloba leaf 
ethanol extract (IC50= 196.65 ± 1.94 µg/mL) has good tyrosinase enzyme inhibition activity. C. crassiloba 

leaf hexane extract (36.35% ± 1.13) was found to have significant inhibitory activity against α-glucosidase. 

In conclusion, besides its antioxidant activity, C. crassiloba may be effective against neurodegenerative dis-
eases and skin disorders such as hyperpigmentation and diabetes mellitus, but further phytochemical analysis 
studies are required. 
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1. INTRODUCTION 
 
Plant extracts and plant-derived compounds have 
important potential as drug precursors with 
neuroprotective activity. They are potential drug 

candidates for the treatment of Alzheimer's disease 
(AD), especially with cholinesterase inhibition (such 
as galantamine and Huperzin A) (1). AD, a 
neurodegenerative disease, is characterized by low 
levels of the neurotransmitter acetylcholine in the 
brain. So, inhibition of acetylcholinesterase (AChE) 
and butyrylcholinesterase (BChE) is considered a 

promising strategy for the treatment of AD (2). 
Therefore, it is important to investigate medicinal 

plants and natural compounds with potential 
cholinesterase inhibitory activity. 
 
The hydroxylation of tyrosine to O-diphenols and the 
oxidation of O-diphenols to O-quinones are carried 

out by the enzyme tyrosinase (TYR). The melanin is 
created from these quinones. The excessive 
production of melanin pigment in human skin results 
in skin color changes, wrinkles, and eventually skin 
aging. TYR inhibitors are preferred in cosmetic 
products as active compounds used for skin 
whitening in recent years (3,4). 

 
Diabetes mellitus (DM) is a serious life-threatening 
disease that causes many complications. In these 
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patients, as a result of insufficient insulin or 
insensitivity to insulin, the blood sugar level 
increases, resulting in the deterioration of 

carbohydrate metabolism as well as fat and protein 
metabolism (5). The α-glucosidase enzyme breaks 
down large carbohydrates to release glucose. 
Therefore, anti-diabetic drugs with α-glucosidase 

inhibitory properties such as acarbose, voglibose, 
miglitol, and emigrate are commercially available for 
the treatment of DM (6). However, due to their 
existing side effects, researchers are looking for new 
natural drug candidates with high inhibitory potential 
and minimal side effects. Enzymes play a role in the 

pathophysiology of many important diseases (such 
as Alzheimer's-acetyl/butyrylcholinesterase, 
diabetes-glucosidase, Parkinson's, or skin lightening 
effect-tyrosinase). Therefore, suppressing some 
enzymes slows the progression of some diseases and 
becomes a therapeutic target in the drug industry. 

 

Reactive oxygen species and oxygen-centered free 
radicals cause tissue damage followed by cell death 
by oxidizing lipids, proteins, and DNA. This condition 
triggers many chronic diseases, such as cancer, 
neurodegenerative diseases, and diabetes, and 
accelerates the aging process (7). Many medicinal 
plants contain large amounts of antioxidant 

substances such as flavonoids, phenolic compounds, 
and phenolic diterpenes (8). Since the synthetic 
antioxidants used have side effects such as liver 
damage and carcinogenesis, the use of plants and 
phytochemicals as antioxidants have become 
widespread (9). 

 
The Apiaceae family includes the recognized genus 

Cachrys, which is widespread in Mediterranean 
nations and is found in southern Europe, northern 
Africa, and Asia (10). The genus contains 11 species. 
In turkey, the Cachyrs genus is represented by two 
species, namely C. crassiloba and C. cristata. 

Considering the ethnobotanical uses of the genus 
Cachrys, C. alpine M. Bieb is used as an aphrodisiac 
(11), while C. libanotis L. is used in the treatment of 
rheumatism (12). In Turkey, C. cristata DC. is added 
to a traditional soup (10, 13). Cachrys species are a 
rich source of coumarins, primarily furanocoumarins 

(14), and other phytochemicals such as terpenes, 
fatty acids, phytosterols, and flavonoids, have also 
been identified. Some Cachrys species have been 

investigated in terms of essential oil content. The 
main components of C. sicula L. essential oil were 
found to be β-pinene (17.9%), sabinene (17.8%), 
myrcene (12%), and α-pinene (11.4%). (15). 

Cachrys species have various biological activities 
such as antioxidant, antimicrobial, anti-
inflammatory, cytotoxic, and photocytotoxic (16,17). 
C. crassiloba (syn: Hippomarathrum crassilobum 
Boiss.) is a perennial herb that grows mostly in 
Southwestern and Western Anatolia (18) and grows 

primarily in the subtropical biome. 
 
There are few biological activity studies on C. 
crassiloba. In this study, fatty acid composition, 
acetyl/butyrylcholinesterase, tyrosinase, and α-
glucosidase enzyme inhibitory and antioxidant 

activities (DPPH and ABTS radical) of C. crassiloba 

fruit and leaf extracts were evaluated. 
 
2. EXPERIMENTAL SECTION 
 
2.1. Plant Material 
The fruits and leaves of C. crassiloba were harvested 
in August 2020 from the Antalya province of Turkiye 

(C3 Antalya: Akseki, Murtiçi (Old Murtiçi), 600 m, 
roadside, 21.08.2020). The plants were identified by 
the botanist professor Yavuz Bağcı at the faculty of 
Pharmacy, Selcuk University. Voucher specimens are 
deposited in the Herbarium of the Faculty of Science 
under accession code Bağcı 4197 (KNYA Herb.).  

 
2.2. Preparation of the Extracts 

The fruits and leaves of the plant material were 
divided into two parts and dried in the shade. After 
the samples were pulverized, they were left to 
macerate with hexane and ethanol. After maceration, 
they were filtered with filter paper via Whatman No. 

1 filter paper. The filtrates were evaporated to 
dryness in a rotary evaporator at 40 °C. The obtained 
extracts were stored in a deep freezer until biological 
activity studies were carried out. The yields of the 
extracts are given in Table 1.

 

Table 1: % Yield of the extracts from C. crassiloba. 

Plant material Plant parts Solvent %Yield of the extracts (w/w) 

C. crassiloba 

Fruit 
Hexane 6.67 

Ethanol 13.32 

Leaf 
Hexane 3.50 
Ethanol 11.31 

 
2.3. Preparation of Fatty Acid Methyl Esters 
The fatty acid methyl esters (FAMEs) of the oil 
extracts of each plant were prepared according to the 

method recommended by the EU regulation (19). For 
this purpose, 0.10 g of each extract was weighed into 
a glass tube. The weighed samples were dissolved in 
10 mL of hexane. 100 µL of potassium hydroxide 
solution (2 N) prepared in methanol was added to 
each sample and shaken for 1 minute. The samples 

were centrifuged at 2500 x g for 5 min to separate 
the phases. From the samples whose phases were 
completely separated, the supernatant was taken, 

filled into vials, and stored at +4 °C to be injected 
into GC-FID. 
 

2.4. FAME Analysis by GC-FID 
GC analysis was performed using an Agilent 6890N 
(Agilent Technologies Inc., Wilmington, DE, USA) gas 
chromatography system with FID. Automatic split-
splitless injection was performed using the Agilent 
7683 series autosampler. Helium gas was used as a 

carrier gas. The column used for the separations was 
HP-88 (100 m×0.25 mm×0.2 µm) cyanopropyl 
capillary column. The temperature of the injection 
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and detector was set at 250°C. The column furnace 
temperature was initially held at 45 °C for 4 minutes. 
Afterward, the temperature was increased to 175 °C 

by increasing 13 °C per minute and was kept at this 
temperature for 27 minutes. It was programmed to 
be increased to 215 °C with an increase of 4 °C per 
minute and kept there for 35 minutes. Samples were 

injected in splitless injection mode (1 µL). H2 and dry 
air flow rates for the detector were set at 30 and 300 
mL per minute, respectively. Chromatograms were 
recorded using the Agilent 1200 Series-B.03.02 
software program. Identification of each FA was 
performed by comparing the GC retention time with 

that of approved pure commercial standards for 37 
FAME mixtures. The area under each FA peak relative 
to the total area of all FA peaks was used to quantify 
the FAs identified, and the results were expressed as 
a percentage of FA. 
 

2.5. Antioxidant Activity Assays 

2.5.1. Total phenol content (TPC) 
The Folin Ciocalteu (F-C) method was used according 
to the Clarke et al. method for TPC measurements in 
extracts (20). Reagent F-C (1:10) was added to 10 
µL of extract. Then 100 µL of 7.5% Na2CO3 was 
added and incubated for 60 minutes. Measurements 
were measured at 650 nm absorbance with a 

microplate reader (Multiscan Sky). All analyses were 
performed in triplicate, and the calibration curve of 
absorbance versus concentration was estimated as 
mg gallic acid (GA)/equivalent g extract (y= 
0.0027x+0.0084, r2= 0.9966). 
 

2.5.2. Total flavonoid content (TFC) 
TFC in the extracts was determined using the 

aluminum chloride colorimetric technique (21). 2% 
AlCl3 was added to 150 µL of extract (0.3 mg/mL). 
After 15 min of incubation, absorbances were 
measured at 435 nm in a microplate reader. Total 
flavonoid content was calculated as mg quercetin 

(QE) equivalent/g extract (y=0.0346x + 0.2221, r2= 
0.9773). 
 
2.5.3. 2,2 Diphenyl 1 picrylhydrazyl (DPPH) radical 
scavenging activity 
180 µL of DPPH solution was combined with 20 µL of 
test solution on a 96-well plate. After 15 minutes of 

dark incubation, the plate was measured at 540 nm 
using an Elisa reader (Multiscan Sky, USA) (20). The 
positive control was ascorbic acid. 
 

2.5.4. 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sul-
fonic) acid (ABTS) radical scavenging activity 

ABTS radical scavenging activity was performed with 
minor modifications to the method of Re et al. (22). 
ABTS•+ stock solution was prepared from 15 mL of 7 
mM ABTS and 264 µL of 140 mM potassium 
persulfate solution for 16 hours of mix incubation 
prior to the experiment. The stock solution was 
diluted with 80% MeOH to set its absorbance at 0.70 

± 0.02 at 734 nm. 50 µL of extracts and 100 µL of 
ABTS+ solution were combined on a 96-well plate. 
After 10 minutes at room temperature, absorbance 
was measured at 734 nm. Butylated hydroxytoluene 
(BHT) was used as an antioxidant standard to 
compare the ABTS+ radical scavenging activity of 
extracts. 

The antioxidant activity of all extracts, negative and 
positive controls, was assessed in triplicate. 
Calculations were made according to the following 

formula: 
 
Inhibition %= 100 - [ (A1 / A2) × 100 ]  (1) 

A1= Absorbance of sample solutions  

A2= Average absorbance of negative control 
solutions  

 
2.6. Enzyme Inhibition Activity Assay 
2.6.1. AChE/BChE inhibition assay 
Cholinesterase enzyme inhibition activities were 

performed according to the method of Ellman et al. 
with some modifications (Ellman et al., 1961) (23). 
Briefly, 20 µL of the test sample, 140 µL of 200 mM 
phosphate buffer (pH 7.7), 10 µL of 5,5-dithio-bis-
(2-nitrobenzoic acid (DTNB), and 20 µL of enzyme 
were mixed and incubated for 15 min (at room 

temperature). 10 µL of substrate (0.71 mM 

acetyl/0.2 mM butyrylthiocholine iodide) was added. 
Then 10 µL of DTNB was mixed. The absorbance of 
the yellow color formed was measured at 412 nm. 
Galantamine was used as a positive control.  
 
2.6.2. TYR enzyme inhibition activity 
TYR inhibitor activities of the extracts were 

performed according to the method of Yang et al. 
(24). Briefly, 20 µL of extract, 100 µL of phosphate 
buffer, and 20 µL of TYR were mixed in a 96-well 
plate. After 10 min of incubation at room 
temperature, 20 µL of L-tyrosine was added. 
Absorbances were measured at 492 nm. Kojic acid 

was used as a positive control.  
 

2.6.3. α-glucosidase enzyme inhibition activity 
With a few minor modifications, the 
spectrophotometric approach (24) described before 
was used to assess the inhibitory effect on α-
glucosidase. In a 96-well microplate, 20 µL extracts 

were combined with 20 µL of a 0.08 U/mL α-
glucosidase solution in 0.25 M phosphate buffer (pH 
6.5). Before adding 40 µL of 0.375 mM 4-
nitrophenyl-α-D-glucopyranoside (pNPG) to each 
well, the mixture was incubated at 37°C for 10 min. 
The reaction was stopped by adding 80 µL of 1 M 
Na2CO3 to this mixture after 30 min of incubation at 

37°C. At 405 nm, the released 4-nitrophenol's 
absorbance was measured using a Multiscan 
microplate reader (USA). The positive control utilized 
was acarbose. The enzyme inhibition activity of all 

extracts, negative and positive controls, was 
performed in triplicate. Calculations were made 

according to the following formula: 
 
Inhibition %= 100 - [ (A1 / A2) × 100 ]  (2) 

A1= Absorbance of sample solutions 
A2= Average absorbance of negative control 

solutions 
 

3. RESULTS AND DISCUSSION 
 
3.1. Fatty Acid Composition 
Fatty acids have various biological activities in the 
human body and are the main components of 
biological matter. They are either saturated or 
unsaturated according to their chemical structure. 
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Especially unsaturated fatty acids are very valuable 
for maintaining a healthy state (25). Polyunsaturated 
fatty acids influence neurological controls, regulate 

gene expression, maintain skin water balance, and 
modulate immune function. Monounsaturated fatty 
acids lower blood cholesterol levels, reduce the risk 
of heart disease, and regulate immune function (26). 

In this study, the fatty acid compositions of C. 
crassiloba extracts are given in Table 2. Upon 
evaluation of the results, it was observed that the 
percentage of linoleic acid in C. crassiloba leaf 
ethanol and fruit hexane extracts was higher than 

that of other fatty acids (28.04 and 33.78%, 
respectively). Linoleic acid is a polyunsaturated fatty 
acid that is the precursor to arachidonic acid, which 

produces eicosanoids that increase the production of 
pro-inflammatory cytokines (27). Several case-
control studies have shown that low linoleic acid 
content in blood, platelets, erythrocytes, and adipose 

tissue is associated with an increased risk of ischemic 
stroke (28). While palmitic acid (26.48%) was 
abundant in C. crassiloba leaf hexane extract, the 
total of behenic acid and gamma-linolenic acid in C. 
crassiloba fruit ethanol extract was 23.90%. 

 

Table 2: Fatty acid composition (%). 

Fatty Acids 
C. crassiloba leaf C. crassiloba fruit 

Ethanol Hexane Ethanol Hexane 

C11:0 Undecanoic acid 11.35± 0.12 nd 1.94± 0.01 3.34± 0.02 

C12:0 Lauric acid nd 1.98± 0.01 nd nd 

C13:0 Tridecanoic acid nd nd 8.32± 0.07 nd 

C14:0 Myristic acid nd 8.69± 0.02 2.3± 0.01 3.59± 0.01 

C16:0 Palmitic acid 22.94± 0.56 26.48± 0.43 9.33± 0.22 26.91± 0.35 

C18:0 Stearic acid nd 3.68± 0.01 nd nd 

C18:1 cis Oleic acid 26.16± 1.04 13.65± 0.29 7.12± 0.36 14.63± 0.91 

C18:2 trans Linoleic acid nd nd nd nd 

C18:2 cis Linoleic acid 28.04± 0.78 15.28± 0.28 13.64± 0.17 33.78± 1.02 

C18:3n6 Gamma linoleic acid nd 2.20± 0.02 nd nd 

C18:3n3 Alpha linoleic acid nd 5.29± 0.01 2.68± 0.10 6.22± 0.32 

C21:0 Heneicosanoic acid nd nd 16.19± 0.34 4.44± 0.17 

C22:0 + 
C20:3n6 

Behenic acid + 
gamma linoleic acid 

nd 4.49± 0.07 23.90± 0.48 7.04± 0.09 

C22:1 Erucic acid nd nd 10.21± 0.18 nd 

C24:0 Lignoceric acid  nd 18.27± 0.17 2.71± 0.02 nd 

C24:1 Nervonic acid 11.49± 0.53 nd 1.63± 0.01 nd 

nd; not detected 
 
3.2. Antioxidant Activity of Extracts 

Phenolic compounds are among the most common 
secondary metabolite groups in plants. They are 
responsible for many biological activities, especially 
antioxidant activity (29). To eliminate the harmful 
effects of free radicals, they can act by giving 
hydrogen atoms to oxidant molecules or by repairing 
cell damage, inhibiting oxidant enzymes, and 

stimulating the antioxidant mechanism (30). When 
the results were evaluated, it was found that the 
hexane extract of C. crassiloba leaf (123.92 ± 4.62 
GA mg/g extract) had the highest total phenol 
content, while the ethanol extract of C. crassiloba 
fruit (134.38 ± 0.98 QE mg/g extract) had the 

highest flavonoid content. Hexane extracts of C. 

crassiloba fruit and leaf have nearly the same total 
flavonoid content (Fig. 1-2). C. crassiloba leaf 
hexane (IC50= 8.04 ± 1.31 µg/mL) and ethanol 
(IC50= 10.30 ± 3.15 µg/mL) extracts showed high 
and close DPPH radical scavenging activity, while C. 
crassiloba leaf ethanol extract (IC50= 17.38 ± 5.02 

µg/mL) showed the highest ABTS scavenging 
activity. C. crassiloba leaf extracts showed strong 
antioxidant activity compared to the positive control 
group, ascorbic acid in the DPPH assay. As a result, 
the hexane extract of C. crassiloba fruit showed 

moderate antioxidant activity, while other extracts 

had high antioxidant activity (Table 3). The fact that 
the TPC content of C. crassiloba fruit hexane extract 
is lower than the others may explain the lower 
antioxidant activity. In the correlation between 
antioxidant activity parameters, it is seen that TPC 
has a strong positive correlation with DPPH radical 
(r= 0.95, p<0.0001) and ABTS radical (r= 0.89, 

p<0.0001) radical scavenging activity (Fig. 3). 
However, there was a negative correlation between 
TFC and other antioxidant activity parameters. In the 
correlation, the antioxidant activities of the extracts 
were calculated in terms of ascorbic acid and BHT 
equivalent, which are the positive control groups. In 

another study, the DPPH radical scavenging activity 

of C. crassiloba (67.611% and 81.281%) was found 
to be high (31). In a study on another species of the 
genus Cachrys, TPC/TFC values of different extracts 
of C. cristata aerial parts and fruits were found to be 
between 22.60-166.97 mg GAE / g extract and 8.91-
46.02 mg QE / g extract, respectively. DPPH radical 

scavenging activity was highest in the water extract 
of C. cristata fruit (IC50= 1.784 mg/mL). Acetone 
extract of C. cristata aerial part showed strong ABTS 
scavenging activity (3.42 ± 0.005 mg vitamin CE/g) 
(32). 
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Figure 1: TPC of C. crassiloba extracts. 

 
 

 
Figure 2: TFC of C. crassiloba extracts. 

 

 
Figure 3: Heatmap of correlations between the analyzed antioxidant parameters. 

 
 



Buyukyildirim T et al. JOTCSA. 2024; 11(2): 723-730 RESEARCH ARTICLE 

728 

Table 3: Antioxidant activities of C. crassiloba extract. 

Plant Solvent 

DPPH radical scavenging 

activity 

(percentage± S.D.a) 
1 mg/mLb 

ABTS radical scavenging 

activity 

(percentage± S.D.a) 
1 mg/mLb 

C. crassiloba fruit 

Hexane 32.89 ± 0.05 16.87 ± 4.35c 

Ethanol 
63.96 ± 2.27 

(IC50= 47.97 ± 2.33 µg/mL) 
77.58 ± 0.83 

(IC50= 99.32 ± 4.11 µg/mL) 

C. crassiloba leaf 

Hexane 
86.03 ± 0.22 

(IC50= 8.04 ± 1.31 µg/mL) 

87.38 ± 0.38 

(IC50= 41.32 ± 2.21 µg/mL) 

Ethanol 
80.24 ± 0.11 

(IC50= 10.30 ± 3.15 µg/mL) 
86.13 ± 0.29 

(IC50= 17.38 ± 5.02 µg/mL) 

References  
94.13 ± 0.02d 

(IC50= 14.59 ± 1.96 µg/mL) 
87.61 ± 0.27e 

(IC50= 10.45 ± 4.85 µg/mL) 
a: standard deviation, b: stock concentration, c: 2 mg/mL, d: Ascorbic acid, e: BHT 

 

3.3. Enzyme Inhibition Activity of Extracts 
C. crassiloba leaf and fruit extracts showed 
moderate/high cholinesterase inhibitory activity. C. 
crassiloba fruit ethanol extract showed the strongest 
acetylcholinesterase inhibitory activity (IC50= 74.26 
± 4.31 µg/mL), while C. crassiloba fruit hexane 

(IC50= 31.95 ± 0.13 µg/mL) and ethanol (IC50= 
39.93 ± 3.45 µg/mL) extract showed high 
butyrylcholinesterase inhibitory activity. C. 
crassiloba leaf ethanol extract (IC50= 196.65 ± 1.94 
µg/mL) showed the highest inhibitory activity against 
TYR enzyme. The α-glucosidase inhibitory activity of 

C. crassiloba leaf hexane extract (36.35% ± 1.13) 
was found to be significantly good activity. All 
enzyme inhibition results are given in Table 4. No 
previous enzyme inhibition activity study has been 
performed on extracts of C. crassiloba. In a previous 
study, a mild acetylcholinesterase inhibitor 

(IC50=169.91 ± 0.00 µg/mL) and a good 
butyrylcholinesterase inhibitory effect (IC50= 91.90 
± 0.00 µg/mL) of C. sicula L. essential oil were found. 
In the same study, the antioxidant activity was found 
to be high in the ABTS method (IC50= 81.93 ± 0.00 
µg/mL) (15). 

 

Table 4: Enzyme inhibition activities of C. crassiloba extracts. 

Plant Solvent 

AChE 

(percentage± 

S.D.a) 
1 mg/mLb 

BChE 

(percentage± 

S.D.a) 
1 mg/mLb 

TYR 

(percentage± 

S.D.a) 
1 mg/mLb 

α-glucosidase 

(percentage± 

S.D.a) 
2 mg/mLb 

C. crassiloba 
fruit 

Hexane 
40.98 ± 5.38 

(IC50= 91.20 ± 
6.43 µg/mL) 

62.42 ± 5.36 
(IC50= 31.95 ± 
0.13 µg/mL) 

28.47 ± 3.91 -c 

Ethanol 

60.56 ± 6.39 

(IC50= 74.26 ± 
4.31 µg/mL) 

78.53 ± 0.87 

(IC50= 39.93 ± 
3.45 µg/mL) 

14.35 ± 5.64 19.18 ± 3.70 

C. crassiloba 
leaf 

Hexane 
34.46 ± 7.84 
(IC50= 139.38 
± 7.77 µg/mL) 

38.65 ± 6.94 
(IC50= 157.20 
± 0.28 µg/mL) 

34.03 ± 0.09 
36.35 ± 1.13 

 

Ethanol 33.51 ± 1.99 d - 

62.66 ± 1.09 

(IC50= 196.65 
±1.94 µg/mL) 

3.91 ± 1.13 
 

Positive control 99.28 ± 1.01e 87.63 ± 4.43e 76.77 ± 3.3f 47.09 ± 3.49g 
a: standard deviation, b: stock concentration c: not effect d: 2 mg/mL, e: galantamine, f: kojic acid, 

g: acarbose. 
 

4. CONCLUSION 
 
Scientific understanding of plant chemical 
components and biological activity has advanced 
significantly in recent years. However, several 
species of the genus have yet to be completely 
defined, suggesting that more research is required. 

Although some bioactivity studies have been 
conducted on Cachrys, the chemical components in 
Cachrys may have additional bioactivities that have 
yet to be found and analyzed. In this study, C. 
crassiloba extracts were found to be potent 

antioxidants due to the higher amount of phenolic 
compounds. These findings support the use of C. 
crassiloba in traditional medicine. In conclusion, the 
effectiveness of C. crassiloba extracts for human 
well-being and enzyme activity-guided isolation of 
active compounds should be complemented by 
further studies.  
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1. INTRODUCTION 

 
Nanotechnology is a main driver behind the 
advancement of different disciplines of study that 

offers promise for numerous advances. Science and 
technology, deal with the synthesis, characterization, 
and development of applications of materials with at 
least one nanometer-scale dimension (1, 2). 
 
Nanoparticles (NPs) are subgroups of particles with a 
size range of 1-100 nanometers that make up 

nanomaterials, which are structural components with 
a size range of 1-1000 nm (3, 4). Conical, spiral, flat, 
hollow, and other shapes and structures are just a 
few examples of the many different forms that can 
exist. Certainly, they exhibit exceptional physical 

traits when compared to their bulk form, which gives 

them unique mechanical strength, improved 
stability, and many other advantages, and opens up 
the possibility for a range of unique applications (5, 

6). 
 
MgONPs are gaining more attention than other metal 
oxide nanoparticles that are frequently used in a 
variety of fields due to their high strength-to-weight 
ratio, low density, good functionality, nontoxicity, 
and hygroscopic properties. Because of their 

biocompatibility, they are very promising structural 
materials for implants and other biological systems. 
These characteristics of MgONPs boost their 
usefulness in several ways and provide additional 
benefits. It should not be surprising that MgONPs 
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have numerous commercial and biological 
applications in addition to their use in bone 
regeneration-assisting cryoinjury, antibacterial and 

antimicrobial inhibition, catalysis, lithium-ion battery 
production, and elimination of hazardous wastes (3, 
7-11). 
 

Because the synthesis method and its course 
determine the properties of the obtained 
nanomaterial and its subsequent use, the goal of this 
review study is to look into the methods involved in 
the synthesis of MgO NPs, with a particular emphasis 
on the most recent advancements in their various 

applications. 
 
 

2. MAGNESIUM OXIDE NANOPARTICLE 
SYNTHESIS 
 

Several methods are available for producing 
MgONPs, as shown in Figure 1. The most popular 
biological and chemical synthesis methods follow the 
bottom-up approach (12), and they are shown in 

Figure 1. Specifically, these methods include solve-
/hydrothermal (13),sol–gel (14), co-precipitation 
(15), and combustion (16) processes. A special place 
among these methods is occupied using chemical 
reactions mediated by the use of plant extracts and 
microorganism media and fluids, the so-called green 

synthesis processes (17). In general, the bottom-up 
approach is advantageous because of its simplicity 
and ability to control the size and shape of the 
nanoparticles (18). 

 

 
Figure 1: Different processes for creating nanoparticles. 

 

2.1. Sol-Gel Technique 
One of the simplest ways for synthesizing new 
material structures in the presence of an organic 
solvent and an inorganic precursor is the sol-gel 
method (19). Typically, this method is used to 
produce inorganic compounds like metal oxides and 
others that are comparable. In the middle of the 19th 

century, silica gel was first made using the sol-gel 
process (20). Metal alkoxides can be used to prepare 
homogeneous solutions, colloidal suspensions (sol), 

and integrated networks (gel), which, depending on 
the drying method, can subsequently be converted 
into xerogels or aerogels. 

 
Mustuli et al. (21) focused on the production of 
nanostructured MgONPs using the sol-gel technique, 
They discovered that using Mg acetate in 
combination with a complexing agent in the form of 
oxalic acid and tartaric acid, the crystal growth could 
be inhibited. 

 
Sutapa et al. (22) also produced MgONPs using Mg 
acetate. These researchers achieved the creation of 
cubic-shaped crystals, which were verified, using a 
scanning electron microscope (SEM), to have the 
highest texture coefficient value (0.98 in the crystal 

plane (222)). They also characterized stress, strain, 
and crystal energy. 
 
Wahab et al. (23), synthesized MgONPs using 
Mg(NO3)2 and NaOH. The sol-gel method described 
in their work resulted in the production of cubic-
shaped MgONPs with a size of 50-60 nm. 

 
In contrast, using Mg ribbons as a precursor, Boddu 
et al. (24) documented the synthesis of MgONPs 

having a coralline structure. In this case, hydrolysis, 
supercritical drying, and heat activation processes 
were carried out after a solution of Mg methoxide was 

obtained. This applied method resulted in the 
fabrication of 200–300 nm-sized particles having the 
aforementioned structure. To produce a nanopowder 
from MgO xerogel, Mg methoxide was employed by 
Dercz et al. (25) as a precursor, and the hydrolysis 
in the presence of toluene, followed by the addition 
of methanol was carried out. In this way, a specific 

surface area of 138 m2/g and an average crystallite 
size of 7.5 nm were attained for these MgONPs. 
 
Rani et al. (26) employed Mg(NO3)2, which dissolved 
in distilled water. SEM examinations showed that the 
final particles, produced via gel grinding and 
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subsequent annealing, had an average size of 60 nm. 
Nassar et al. (27) employed a mixed sol-gel 
combustion technique to produce nanostructured 

MgONPs as well. The scientists discovered that the 
kind of fuel had no discernible impact on the size and 
shape of the crystallites when utilizing Mg(NO3)2 in 
combination with oxalic acid, urea, and citric acid 

(citric acid was used to create the lowest crystallite 
size, which was about 12 nm). 
 
2.2. Co-Precipitation 
The synthesis of NPs with this method is based on 
the idea of precipitation, and frequently uses liquid-

phase synthesis (28), while vapor-phase synthesis is 
applied less frequently (29). The precipitating agent 
is frequently NaOH (30, 31), and two processes, i.e., 
nucleation and nuclei growth, make up together the 
homogeneity of the precipitation reaction and the 
quality of the final nanomaterial product (32). Three 

basic concepts are taken into account: (i) the 

diffusion-based single nucleation and the 
homogeneous growth; (ii) the smaller subunits 
formation, development, and assemblage; and (iii) 
the numerous nucleation and the Ostwald ripening 
growth (33). 
 
Mashad et al. (34) produced MgONPs by co-

precipitation and evaluated the effects of various 
reaction parameters, such as temperature, pH, and 
the molar ratio of precursor (magnesium nitrate), on 
the quality of the products. They obtained 
nanoparticles and nanorods with a reasonably high 
specific surface area (231 m2/g for nanoparticles and 

176 m2/g for nanorods) and a particle size of 50 nm. 
 

Mg(NO3)2 was used as the precursor, while an NH4OH 
solution served as the precipitating agent in work by 
Kumar et al. (35). As a result, MgONPs having an 
average size of around 11 nm were produced. The 
impact of the polyethylene glycol (PEG) content on 

the characteristics of MgONPs produced by the co-
precipitation method was also investigated by 
Karthikeyan et al. (36). In this work, Mg(NO3)2 was 
used as a precursor while NaOH as a precipitation 
agent. When PEG was additionally used, it resulted 
in doubling the size of crystallites, according to XRD 
measurements (8.6 nm vs.14.8–15.9 nm without 

and with PEG, respectively). What is more, PEG-
modified MgONPs exhibited a flake-like structure, 
while pure MgONPs were spherical. 
 

By calcining MgCO3, which Frantina et al. (37) 
initially obtained by combining (NH4)2CO3 and MgCl2, 

MgONPs were also produced. The XRD data 
suggested a cubic structure with an average 
crystallite size of 24 nm. With negligible changes in 
the particle size, the spherical shape of the resulting 
MgONPs was confirmed using SEM, while their 
average size was 50.9 nm. 
 

MgONPs reported by Kushwaha et al. (38) were 
produced by several distinct techniques (sol-gel, 
solution combustion, and a solution of 
cetyltrimethylammonium bromide (CTAB)), as well 
as the co-precipitation technique. Their findings 
demonstrated that 4.9 eV bandgap MgONPs were 
produced using the chemical method. The crystallite 

size was shown by XRD to be 14.8 nm, and the 
authors also reported a hydrodynamic particle size of 
100 nm. MgO nanotubes were also prepared by 

Tandon and Chauhan (32) using Mg acetate and 
NaOH. Using XRD, the average crystal size was 
calculated to be 34 nm. The field emission (FE)SEM 
data showed that the resulting nanomaterial had a 

tubular shape, with an inner diameter of 31 nm and 
an estimated outside diameter of 78 nm. 
Additionally, a greater bandgap of MgONPS in 
comparison to the prior example (5.73 eV) was 
reported. 
 

2.3. Combustion Technique 
Due to its effectiveness and affordability, the 
combustion process is commonly utilized to 
manufacture metal oxide nanoparticles (39). Two 
strategies can be used for that, including so-called 
"self-propagating synthesis" and the "volume 

combustion synthesis" (40). In the case of "self-

propagating synthesis", the production of solid 
products occurs without the need for the energy 
input (41), because spontaneous redox reactions 
occur between the precursor (oxidizer) and the 
reductant (fuel) combined at the molecular level in 
solution. These reactions are initiated by an outside 
source. In the second case (“volume combustion 

synthesis”), the sample is heated until the reaction 
starts, spreading across its whole volume. The latter 
approach is especially recommended for moderate 
exothermic reactions that require preheating before 
the ignition, even though this sort of preparation is 
more difficult to control (42). 

 
Accordingly, when urea was used as a fuel and 

Mg(NO3)2 as an oxidizer, it was possible to produce 
MgONPs with a cubic structure and a crystallite size 
of around 22 nm, according to the XRD data(43). The 
resulting MgONPs were uniformly sized and 
spherical, as established by SEM. Interestingly, the 

synthesized nanomaterial exhibited a bandgap of just 
2.9 eV, which is much lower as compared to earlier 
research. The same raw ingredients were utilized by 
Rao et al. (44), who tested the impact of the fuel-to-
oxidizer ratio on the quality of the produced 
nanomaterial. The findings showed that except for 
the percentage of oxidizer was 0.75, manufactured 

MgONPs have larger crystallite sizes (18–53 nm) 
when the fuel contribution increases. Changes in the 
burn rate, enthalpy, or ignition temperature might be 
responsible for this. 

 
Ranjan et al. (45) reported a variation of this 

procedure, using Mg(NO3)2 as the precursor and 
glycine as the fuel. The estimated crystallite size, 
based on the XRD measurements, was 20.8 nm in 
this case. 
 
On the other hand, Therami et al. (46) used citric 
acid as fuel. The authors examined how the specified 

parameters of MgONPs were impacted by the 
concentration of this acid. The most significant 
changes obtained were observed for the particle size 
of MgONPs (it decreased from 35 to 20 nm), their 
bandgap (it increased from 4.72 to 5.35 eV), and 
their morphology (vacuolar, flower-like, and flake-
like). 
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MgONPs were also obtained by Kumar et al. (47), 
who used Mg(NO3)2 and a parthenium plant extract. 
The primary objective was to analyze the impact of 

the fuel quantity on the bandgap width (5.3-5.45 eV) 
and the crystallite size (27-35 nm). However, the 
variation of both parameters was not as pronounced 
as it was reported in other works. 

 
2.4. Solvo- and Hydrothermal Method 
Another popular technique for regulating the 
formation of crystals in a variety of materials is the 
solvothermal approach (48). The required products 
are generated when a precursor and a suitable 

solvent are put in an autoclave and exposed 
simultaneously to a high temperature and a high 
pressure (49). In contrast to the co-precipitation 
approach, these reaction conditions (temperature 
and pressure) enable to obtain the high crystallinity 
materials (50). Solvents other than water are 

typically utilized in the "solvothermal" technique, 

including alcohols or other organic or inorganic 
solvents. When water is used as the solvent, this 
process can be referred to as "hydrothermal." 
 
Devaraja et al. (51) used Mg(NO3)2 and NaOH to 
produce a nanocrystalline MgO powder and 
evaluated its quality. The MgONPs produced by them 

were porous, with an average crystallite size of 25 
nm and an optical energy bandgap of 5.5 eV. Al-
Hazmi et al. (52), on the other hand, obtained 
nanofibers by the direct interaction of urea and Mg 
acetate. These fibers had an average crystallite size 
of 6 nm, which corresponded to their diameter, and 

the length of 10 nm, as measured by TEM. 
 

Ding et al. reported the synthesis of rod- and tube-
shaped Mg(OH)2, which was subjected to thermal 
decomposition to fabricate MgONPs (53). The 
author's findings demonstrated that the 
hydrothermal approach could be used to manipulate 

the crystallite size of the resultant MgONPs, and their 
shape and structure. The material for the synthesis 
was either Mg powder, Mg(SO4)2, or Mg(NO3)2. Due 
to various experimental circumstances, numerous 
morphologies (lamellar, needle-like, and rod-like) of 
MgONPs were achieved. The resultant nanomaterials 
were 20 to 600 nm in size and had a specific surface 

area of more than 100 m2/g. 
 
Rukh et al. (54) used Mg powder as the precursor for 
the MgONPs synthesis. The reaction medium for the 

synthesis was a mixture of H2O2 and de-ionized 
water. Using this method, MgONPs with an 18 nm 

crystallite size were obtained. Nanoplates are 
another form of nanostructured MgO that was 
reported to be produced by Duong et al. (54). 
Additionally, the scientists utilized sodium dodecyl 
sulfate (SDS), PEG, CTAB, and Mg(NO3)2 to regulate 
the morphology of the resulting nanomaterials. 
MgONPs produced using the hydrothermal process in 

conjunction with SDS were the most intriguing since 
they had the largest specific surface area (126 m2/g) 
and the ideal disc shape (thickness 5 nm, diameter 
40–60 nm). 
 
 
 

2.5. Green Synthesis of MgO Nanoparticles 
Researchers have shown a growing interest in the 
production of MgONPs through biological processes 

over the past ten years. The development and 
significance of this synthesis type are mostly related 
to the possibility of the use of much fewer chemicals, 
making this less cost-effective and more 

environmentally friendly (55-57). 
 
The traditional chemically- or physically-based 
techniques for the synthesis of MgONPs are less 
practical and less ecologically benign than their 
biologically-based alternatives, also known as (56, 

58). Consequently, the term "green synthesis" is 
frequently used to describe biological techniques. 
The large-scale synthesis of nanoparticles utilizing 
the green methods is always a difficult undertaking, 
and these are only performed at laboratory-scale 
processes. However, thanks to advancements in the 

understanding of the nature of the biological extract 

composition and the reaction with metal ions, large-
scale preparation may soon be feasible without the 
need for any powerful machines (59). 
 
To lessen the hazardous nature of the nanoproducts, 
biological substrates such as plants, bacteria, algae, 
and fungi are frequently utilized in place of chemical 

compounds used as stabilizers and solvents (59). 
The greener way to produce MgONPs involved the 
use of the available precursors, such as Mg(NO3)2, 
MgCl2, Mg acetate, and Mg(SO4)2, and different 
biological agents, including plants, microorganisms, 
and biomolecules. The precursor was combined with 

the previously produced biological extracts of plants, 
microorganisms, or templates to prepare 

homogeneous mixtures, which were then subjected 
to thermal treatment (60-62). 
 
There are several papers on the production of 
MgONPs. The information on the various synthetic 

processes used to produce nanostructured MgO 
reported in the literature is given in Table 2. Many 
biological templates were employed for the 
production of MgONPs, as can be seen from the data 
given. The production of MgONPs with various sizes 
and morphologies was ultimately achieved by the 
variation in the reaction time, the concentration of 

the Mg precursors, pH, and the temperature of the 
reactants. 
 
For instance, it was established that the particle size 

of MgONPs grows along with the increasing dose of 
the biological substrate(63). According to the Mie 

hypothesis, the absorbance of light is proportional to 
the particle size of the metal nanoparticles formed. 
However, it was discovered (64) that when the 
extract of Amaranthus tricolor and Mg acetates 
(Mg(C2H3O2)2) were used, the MgONPs produced 
were found to deviate from the Mie theory, showing 
the lower absorbance and the increased particle size 

when the amount of the biological substrate was 
higher. When they added 5 mL of the Amaranthus 
tricolor extract and Mg acetate, they found that the 
product had a little variation from the Mie theory; it 
had decreased absorbance and increased particle 
size. Smaller-sized MgONPs resulted from the 
addition of 10 and 15 mL of the Amaranthus tricolor 
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extract to the same precursor. This demonstrated 
how the presence of the biological substrates affects 
the size of MgONPs. According to scientists, the 

addition of capping agents could also improve the 
production of MgONPs. Smaller amounts of the 
capping agents caused the particles to adhere to one 
another and, to larger extents, the formation of 

larger particles. It is also obvious that the use of 
lower concentrations of the biological substrates 
would produce more homogeneous and bigger 
nanoparticles, whereas higher concentrations of the 
biological substrates would produce less stable 
nanoparticles. It is also evident that the presence of 

flavanoids in the biological substrates is responsible 
for these modifications. The development of MgO NPs 
is also influenced by reaction time. Additionally, the 
size of the product rises along with the response 
time. Numerous pH reports at 3.2, 5.2, 7.2, and 9.2 
are available. It is clear from examining the impact 

of pH reports that a pH of 3.2 results in good particle 

size. The biological templates' active components, 
like flavonoids and polyphenols, are particularly 
effective at reducing metal ions at this pH level (65). 
 

Khan et al. (66) noticed that the temperature also 
has an impact on the formation of MgONPs. The 
authors conducted the reaction at temperatures 

between 30 and 70 °C while holding all other 
variables constant. Generally speaking, the 
appropriate temperature should be kept for the 
formation of MgONPs with phytochemical support 

(Flavonoids, phenols, and other species). Otherwise, 
the phytochemicals utilized to synthesize MgONPs 
could alter their structure. The highest absorbance 
(81%) range of methylene blue (MB) dye was 
achieved at 30 °C. Additionally, it was noticed that 
when the temperature was raised, product 

agglomeration occurred, while product formation 
was prevented. Furthermore, the production of the 
final product was hampered by precursor 
concentrations greater than 0.001 mol/L. The final 
loss of chemicals, energy, and time will occur from 
the addition of an excessive concentration of the 

precursors. The physicochemical properties of 

MgONPs can be altered depending on the conditions 
of the green synthesis conditions (see details in Table 
2). 

Table 1: Individual ingredients and reaction circumstances for the bottom-up production of nanostructural 
MgO using various techniques. 

Sol-Gel Technique 

Precursor Solvent(s) 
Drying 

temperature 
(°C) 

Temperature 
of calcination 

(°C) 

Time of 
calcination 

(h) 

Size 
(nm) 

Expected 
applications 

Ref. 

Mg(NO3)2 
C6H8O7, 
C2H2O4, 

NH2CONH2 
350 550, 800 2 12 catalyst (27) 

Mg(CH3COO)2 C4H6O6, NaOH - 600 6 - - (21) 

Mg(CH3COO)2 C2H2O4 200 950 6 - - (22) 

Mg(NO3)2 NaOH 300 500 2 50-60 adsorber (23) 

Mg(OCH3)2 CH3OH, C7H8 - 500 5 200-300 - (24) 

Mg(OCH3)2 CH3OH;C7H8 60 450 - Ca.8 - (25) 

Mg(NO3)2 H2O 150 500 2 60 - (26) 

Co-Precipitation Technique 

Precursor 
Precipitation 

agent 

Reaction 
temperature 

(°C) 

Temperature 
of calcination 

(°C) 

Time of 
calcination 

(h) 

Size 
(nm) 

Expected 
applications 

Ref. 

Mg(NO3)2 NaOH Room Room - 78 
antibacterial 

agent 
(32) 

Mg(NO3)2 NaOH - 440 4.5 - catalyst (38) 

Mg(NO3)2 NH4OH 60, 70, 80 550 2 50 - (34) 

Mg(NO3)2 NH4OH 100 600 4-6 11 
antibacterial 

agent 
(35) 

Mg(NO3)2 NaOH Room 500 4 14-16 
antibacterial 

agent 
(36) 

Combustion Technique 

Oxidizer Fuel 
Ignition 

temperature 

Temperature 
of calcination 

(°C) 

Time of 
calcination 

(h) 

Size 
(nm) 

Expected 
applications 

Ref. 

Mg(NO3)2 

Parthenium 
extract 

400 - - 27-35 photocatalyst (47) 

70-80 500 3 22 adsorber (43) 

NH2CONH2 100 300 2 18-53 - (44) 

NH2CH2COOH 170 600 2 Ca.21 fuel additive (45) 

C6H8O7 100 400 15 min 20-35 
antibacterial 

agent 
(46) 

Solvo- and Hydrothermal Technique 

Oxidizer Solvent 
Autoclave 

temperature 

Temperature 
of calcination 

(°C) 

Time of 
calcination 

(h) 

Size 
(nm) 

Expected 
applications 

Ref. 

Mg(NO3)2 NaOH 100 500 4 40-60 adsorber (67) 

Mg H2O2 220 - - 18 antibacterial (54) 

MgSO4 
NH3H2O;en-

H2O 
180 280-450 1;2 100-200 catalyst (53) 
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Mg(NO3)2 NaOH 130 400-800 2 25 - (51) 

Mg(CH3COO) NH2CONH2 180 600 1 6 antibacterial (52) 

Mg(NO3)2 NaOH 80 280-450 1;2 50 catalyst (53) 

Green Synthesis 

Precursor 
solution 

Reagent 
extract 

Reaction 
temperature 

Temperature 
of calcination 

(°C) 

Time of 
calcination 

(h) 

Size 
(nm) 

Expected 
applications 

Ref. 

Mg(NO3)2 

Nephelium 
lappaceum 

80 450 - 55 - (68) 

Trigonella 
foenum-
graecum 

80 600 4 14 
antibacterial 

agent 
(69) 

Rosa 
foribunda 

90 - - 10 
antibacterial 

agent 
(70) 

Bulk MgO 
Rosmarinus 

offcinalis 
70 - - 8.8 

antibacterial 
agent 

(71) 

Mg(NO3)2 

Dalbergia 
sissoo 

30-70 - - 50 photocatalyst (66) 

Saussurea 
costus 

80 450 3 30 photocatalyst (72) 

Swertia 
chirayaita 

55 400 4 < 20 
antibacterial 

agent 
(73) 

MgCl2 
Moringa 
oleifera 

90 600 5 21 
antibacterial 

agent 
(74) 

Mg(NO3)2 Tecoma stans 90 550 6 20-50 adsorber (75) 

 
Table 2: Reported processes for making MgO NPs through green synthesis. 

Material used 
Particle size 

(nm) 

Morphology of 

nanomaterial 
Activity carried Ref. 

Citrus limon leaf 
extract 

12-80 nanoflakes nil (58) 

Rosmarinus officinalis <20 nanoflowers antibacterial activity (71) 

Nephelium lappaceum 60-70 cubic nil (76) 

Solanum trilobatum 30 and 42 spherical 
antibacterial and 

antioxidant activity 
(77) 

Mucuna pruiens seeds 35 spherical 
antibacterial and 

photocatalytic activity 
(78) 

Rhizophora lamarckii 20 and 50 hexagonal and spherical antibacterial activity (79) 

Aloe vera 8.6 
dense rock-shaped 

flakes 
antibacterial and 

photocatalytic activity 
(80) 

Amaranthus blitum 
and aloe vera 

26-50 spherical water treatment (81) 

Mushroom extract 20-15 cubic seed germination (82 )  

Aspergillus 
tubingensis 

2.8 sphere nil (83) 

Aspergillus niger 43-91 sphere antibacterial activity (84) 

Lactobacillus 
plantarum 

30 cubic anticancer activity (85) 
Lactobacillus 
sporogenes 

Aspergillus fumigatus 0.3-94 nil nil (86) 

Manihot esculenta 37 hexagonal nil (87) 

Sargasssum wightii 69 cubic 
antimicrobial and 

photocatalytic activity 
(88) 

Artemisia abrotanum 
herb 

10 clusters 
photocatalytic and 
antioxidant activity 

(89) 

Rhododendron 
arboretum 

nil nil antibacterial activity (62) 

Ocimun sanctum 50-100 nanoflakes 
antibacterial and 

antioxidant activity 
(81) 

Chamaemelum nobile 

flower extract 
20-40 nanoflakes insect repellent (90) 

Curcumin 35 
rod-like and spherical -

like shape 
catalytic properties (91) 

Acacia gum 50-78 nanoflowers, cubic catalytic properties (92) 

Brassica olercea and 
Punica granatum 

30-65 spherical 
photocatalytic and 
anticancer activity 

(93) 
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Orange peel extract >10 spherical 
antibacterial and 

antimicrobial activity 
(94) 

Curry leaves 20 spherical photocatalytic activity (95) 

Swertia chirayaita <20 spherical antibacterial activity (73 )  

Pisidium guvajava and 
aloe vera 

50-90 cubic antibacterial activity (96) 

Lepidium sativum 33 nanoflakes photocatalytic activity (97) 

Matricaria chamomilla 
L. extract 

18 and 16 disc-shape antibacterial activity (98) 

 
3. RESOURCES THAT CAN BE USED AS A 
MAGNESIUM SOURCE TO PREPARE MgO NPs 
 
MgO nanoparticles with superior properties are 
important in industry, and these particles can be 
prepared from different sources using different 

methods. Table 3 shows the resources that can be 

used to manufacture MgO NPs as a source of 
magnesium in a direct way. As for the indirect 
method, an intermediate is extracted and 
subsequently treated to produce magnesium 
oxide(Table 4). The following chemical equations (1-
4) explain the mechanism of transformation of the 

medium into magnesium oxides.
 

Table 3:There are several resources that may be employed to manufacture MgO NPs as a magnesium 
source. 

Resources Presses 
Intermediate 

reactant 

Temperature 
of calcination 

(°C) 
Yield% Purity% 

Size 
(nm) 

Ref. 

Dolomite 
CaMg(CO3)2 

Pyrohydrolysis 
process 

HCl 
CO2 

600 98.10 98.86 100 (99) 

Dolomite: 
CaMg(CO3)2] 

Pyrohydrolysis 
process HCl 

MgCl2 
500 

-- 95.48 -- 

(100) 
Dolime 

(CaO.MgO) 
Pyrohydrolysis 

process 
-- 87.80 -- 

Serpentinite;  
(NH4)2SO4 
NaHSO4 

1300 -- 
high 

purity 
62 (101) 

Dolomite : 
poly(acrylate) 

magnesium 

hydroxide 

Pyrohydrolysis 

process 

poly(acrylate) 
Na2S2O8 

MgCl2 

NaOH 

500 -- 
high 

purity 
20 (102) 

Sea water 
Pyrohydrolysis 

process 
MgCl2 
NaOH 

1400 43 56 -- (103) 

 

Table 4: Various resources that may be employed to prepare an intermediate reactant using a magnesium 
source. 

Resources Technique Reactants 
Temperature of 

reaction (°C) 

Yield

% 

Purity

% 

Size 

(nm) 
Ref. 

serpentinite 
mineral 

precipitation 
NH4OH 
HNO3 

80 -- 
high 

purity 
30 (104) 

Serpentine 
4MgCO3.Mg(OH)2.

4H2O 

precipitation 
NH3.H2O 
NH4HCO3 

40~70 96.3 
high 

purity 
-- (105) 

 

MgCl2. 6H2O
∆
→MgO(s) + 2HCl(g) + 5H2O……… . (1) 

MgCl2. H2O(s) ⇌ MgCl2(s) + H2O(v)……… . (2) 

MgCl2. H2O(s) ⇌ MgOHCl(s) + HCl(g)……… . (3) 

MgOHCl(s) ⇌ MgO(s) + HCl……… . (4) 

 
4. CHARACTERISTICS MgO NPs 
 
Magnesium oxide may also be identified and 
structurally characterized using Fourier transform 

infrared spectroscopy (FTIR)(106, 107). Depending 
on the wavelength of the incoming light, 
transmittance or absorbance are the most typical 
interpretations. Figure 2a displays typical FTIR 
spectra for magnesium oxide in the absorbance 

mode. Mono-coordinated hydroxyl (-OH) groups are 
indicated at 3100–3500 cm-1. The stretching 

frequency of H-O-H is linked to a wide band at 

roughly 3461 cm-1. At roughly 673 cm-1, the wide 
band stretching vibration matches the Mg-O 
stretching vibration. The stretching vibration of 
magnesium oxide is shown by a prominent peak with 
a center of 433–769 cm-1. 
 
Using X-ray diffraction (XRD) (JCPDS Standard No. 

01-089-7746), it is possible to characterize the 
crystal structure of magnesium oxide. Important 
peaks can be assigned near the 2θ values of 36.8, 
42.9, 62.19, 74.6, and 78.58°, which can be indexed 
to the lattice planes (111), (200), (220), (311), and 
(222), respectively. Comparable findings have been 
frequently reported(108) (Figure 2b). The most 



Hemmami et al. JOTCSA. 2024; 11(2): 731-750  REVIEW ARTICLE 

738 

popular method in the literature for interpreting XRD 
data to calculate the crystallite size of produced 
nanostructures is the Scherrer equation(109). 

Nevertheless, the average crystallinity size up to 
around 200 nm(110) is the limiting factor in terms of 
employing the Scherrer equation. This is caused by 
the fact that when crystallite size increases, the 

diffraction peak's widening reduces(111). Hence, it is 
challenging to distinguish between the widening of 
the peak caused by crystallite size and the 

broadening caused by other causes (e.g., size 
distributions and shape of the crystallites)(106). 
 

In addition to the methods mentioned above, UV-Vis 
spectroscopy (UV-Vis) and spectra are taken 
between 200 nm and 800 nm. They may also be used 
to analyze MgO, especially to establish the bandgap 

energy(112, 113). Tauc plots and absorbance 
spectra are both utilized for this. To measure the 
bandgap width, the photoluminescence 
technique(114) is usually employed.

 

 
 
Figure 2: FTIR spectra (a) and an XRD pattern(b) used to characterize the structural properties of MgONPs 

(redrawn and adapted from the results presented in(115)). 
 

Depending on several variables, including the 
synthesis process, the synthesis circumstances, and 
the post-treatment techniques, MgO structures can 
have a variety of morphologies. Typical 
morphological variations between MgO formations 

include the following: 
 

Particle size and shape: The synthesis technique 
utilized can have a significant impact on the size and 
form of MgO particles. For instance, sol-gel processes 
may yield a range of morphologies, including 
nanowires and sheets, whereas precipitation 
methods usually produce spherical particles with a 

restricted size distribution(116). 
 
Surface area: Depending on their form, MgO 
structures' surface areas can also change. Larger 
particles often have lower surface areas than 
nanoparticles or nanowires, which might be crucial 
for applications like catalysis(117). 

 
Porosity: Depending on the synthesis technique 

employed, MgO structures can be either very porous 

or non-porous. For instance, although hydrothermal 
synthesis may yield structures with a high degree of 
crystallinity and little porosity, flame synthesis can 
produce very porous structures, such as hollow 
spheres(118). 

 
Crystal structure: The crystal formations of MgO 

can be cubic, hexagonal, or tetragonal. The 
material's chemical and physical characteristics can 
be affected by the crystal structure(119). 
 
Surface chemistry: Depending on their form, MgO 
structures' surfaces can have different chemical 

compositions. For instance, exposed crystal planes or 
surface flaws might influence the reactivity of MgO in 
catalytic processes(120). 
 
The morphology and properties of the prepared 
MgONPs differ and depend on the synthesis route and 
processing conditions. Figure 3 illustrates the various 

morphologies that can be seen in MgO nanoparticles.
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Figure 3. Different morphologies of MgO NPs: (a) flower-like(121), (b) spherical(115),(c) irregular shaped 

flakes(97),(d) Clusters(122),(e) Hexagonal(87),(f) flakes shape(87). 
 

5. APPLICATIONS 
 
MgONPs have a large specific area, a broadband gap, 
and good physical and chemical properties, providing 
them with strong technological applications. 
Additionally, MgONPs exhibit a propensity to 
generate superoxides when they are in contact with 

O2 found in bacterial cell walls. The bacterial cell walls 

and their phospholipids are promptly destroyed by 
these superoxides, which are highly responsive to 
them. MgONPs can also be used in many 
applications, as displayed in Figure 4, including the 
production and/or modification of fuel cells, 
ceramics, batteries, supercapacitors, and electronics, 
in addition to environment and agriculture purposes. 

 
Figure 4: Different applications of MgONPs. 

 
5.1. Energy 

Recently, the global world has seen a surge in air 
pollution, global warming, and sea level rise as a 
result of the depletion of fossil fuels. Therefore, it is 
critical to locate a substitute for these changes. Fuel 
cells, solar cells, and batteries as fossil fuel 
alternatives could be a very good remedy. In addition 
to the production of H2, which is a good fuel and a 

superior substitute for carbon-based bi-products, 
they will also release water as a byproduct. 
Magnesium performs better than other metals in the 
storage of H2. The storage of H2 is stated to benefit 

from the use of chemical hydrides such NaAlH4, 

LiBH4, and LiNH2 as well as metal hydrides like Pd@H, 
V@H, alloys like TiFeH2, LaNi5H6, Ti@V@ Mn@H, 
Mg2NiH4, and certain complicated hydrides. 
Compared to the other hydrides, Mg has the benefit 
of being extremely abundant in the earth's crust, 
having a higher capacity to store H2, and having an 
ecologically benign and cost-effective nature (123). 

There are numerous reports of these MgO-based 
batteries that use polymers (124), pigments like 
acetylene black (125), metals like Na (126), Li, V 
(127), carbon substrates (128), and B. These energy 
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storage technologies are reliable, safe, affordable, 
and ecologically benign. 
 

5.2. Catalysis 
MgONPs are also frequently used in heterogeneous 
catalysis for several chemical reactions, including the 
oxidative coupling of CH4, the dehydration of 

alcohols, the benzylation of aromatics, the 
dehydrohalogenation of halogenated hydrocarbons, 
the production of pyranopyrazole and its derivatives, 
the benzylation of aromatics, the 
dehydrohalogenation of halogenated hydrocarbons. 
In this case, nano-structured MgO is utilized as a 

support for catalysts due to its structure, basicity, 
and electronic and electrochemical properties, 
making it easier to move the electrons across the 
catalyst surface (129, 130). Vegetable oils were 
recently trans-esterified using MgO as a catalyst 
(131). Other reactions, i.e., Wittig (132), 

Cyanosilylation (81), Aldol (133), Mannich (134), 

aza-Michael (135), Baylis-Hillman (136, 137), were 

also catalyzed with the aid of MgONPs. The enormous 
surface area and the distinctive morphology of MgO 
are thought to be the cause of its observed high 

catalytic activity (138). 
 
5.3. Agricultures 
MgONPs are also known to offer several benefits, 

including low phytotoxicity, non-genotoxicity, and 
non-biotoxicity to people, and thermal stability, 
which open up a wide range of potential applications 
of this nanomaterial for plant protection (139). Along 
with the aforementioned qualities, MgONPs also 
possess several additional traits that make them 

particularly useful in a variety of different agricultural 
applications, as illustrated in Figure 5 (140). 
Additionally, these nanoparticles aid in the 
development of seedling and plant growth and are 
utilized as an authorized food supplement, a food 
additive, a color retentate, and also in increasing the 

agricultural production of peanuts (141, 142).

 

 
Figure 5: Potential applications for MgO NPs in the agricultural domain. 

 
5.4. Biomedical 

Because of their high absorption capability, high 
reaction activity, active catalysis property, and 
enzyme immobilization, MgONPs are used in the 
development of the diagnosis of cancer and the 

guidance of the cure plan through medical imaging. 
For use in dentistry, surgery, bacterial suppression, 
tissue engineering, and bone mending, bioactive 

glass is currently being developed(143, 144). 
Research findings support the addition of MgONPs to 
several medicinally valuable chemicals due to their 
various qualities, including antibacterial, anticancer, 
biocompatibility, nontoxicity, and cheap cost. MgO 
also seems to have several safe and useful medicinal 

applications. Given the potential for negative impacts 
from exposure to MgONPs, we must have the best 
method to both reap the benefits of MgONPs and 
prevent any negative effects that may arise(145). 
 
 

5.5. Anti-microbial Activity 

By inducing a breach in their cell membrane and 
eventually resulting in their death, MgO NPs have 
antibacterial action against food-borne pathogens 
such as E. coli and Salmonella entiritidis (146). The 

bacterial strain Acidovorax oryzae is the source of the 
illness known as the bacterial brown stripe, which is 
known to spread among rice and entirely ruin rice 

farming. As a result, Ogunyemi et al. reported on the 
biosynthesis of MgO NPs utilizing Matricaria 
chamomilla L., which showed a good inhibitory 
impact on the development of Acidovorax oryzae 
bacteria (98). The worst wilt disease in R. 
solanacearum is caused by phytopathogenic 

bacteria, which were found to have a favorable 
antibacterial response to MgO NPs in another study 
(147). Accordingly, MgO NP nanoflowers were also 
developed because they possess the ability to inhibit 
bacterial infections and shield crops from harmful 
attacks (148). Due to the role of Mg in the 
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pathogenesis, plant defense, and other physiological 
processes, as well as the importance of this metal for 
maintaining balanced nutrition in plants, MgO NPs 

are known to have a strong antifungal action even at 
low fungicidal concentrations (149-152). 
 
5.6. Anti-biofilm Activity and Anti-insecticidal 

Cry genes are proteins produced by Bacillus 
thuringiensis that function as an insecticide against a 
variety of insects, including nematodes. However, 
this protein is released into the soil by water, which 
hinders its insecticidal effectiveness. By adhering this 
protein to MgO NPs and subsequently transferring 

them to the surface of cotton leaves, Rao et al.(153) 
indicated increased insect fatality rates across the 
board. As a result, cry protein was transferred via 
MgO NPs, which enhanced their use as 
bioinsecticides (154). By limiting the development of 
the biofilms, MgO NPs are known to promote 

systemic resistance against the gram-negative, 

plant-pathogenic bacterium R. solanacearum. They 
can also start the signaling of pathways for 
phytohormones like jasmonic acid and salicylic acid, 
which are crucial components of the plant's defense 
mechanisms. Therefore, it should be noted that 
MgONPs are highly efficient anti-microbial, 
antibiofilm agents, and anti-insecticidal in 

agricultural fields (155, 156). 
 
5.7. Environmental 
The major issue of environmental pollution affects 
both developed and developing countries worldwide. 
There are several ways to deal with this global 

problem, but one downside is that certain cleaning 
chemicals have side effects that make them act as 

contaminants themselves. Nanoparticles appear to 
be a fantastic replacement for several various 
environmental applications (Figure 4). MgONPs are 
effective in a variety of environmental remediation. 
These metal oxide NPs are utilized as a possible 

adsorber of harmful gases, including NO2 and SO2, 
due to their strong adsorbing characteristics, wide 
surface area, and high reaction capacity (157-160). 
 
5.7.1. Dye removal 
2,4-Dichlorophenol (2,4-DCP) is a hazardous 
substance that is often discharged from paper 

companies into various water sources, functioning as 
a main effluent in water. This chlorophenol 
compound (2,4-DCP) is known to have negative 
effects on people, animals, and plants who consume 

it, but treatment with MgO NPs has resulted in its 
rapid degradation because magnesium oxide acts as 

a catalyst in the degradation of this dye through the 
ionization Technique (161). 
 
Acid Red 73 dye, a water contaminant released in 
large quantities from the textile industry, was 
removed by S. Jorfi et al., and B.J.H. Ng et al. 
showed that the activity of ferrate VI, which oxidizes 

the Blue 203 dye (a water-contaminating dye from 
the leather and cosmetic industries), is enhanced by 
MgO NPs (162). Numerous other industries, like the 
fabric and clothing sectors, employ a variety of dyes 
to color clothing, with indigo carmine, a water 
effluent, being one of the most often used ones. MgO 
NPs were created by A. Bagheri GH et al. and used 

as a photocatalyst for the photocatalytic 
decolorization of indigo carmine(163). 
 

5.7.2. Heavy metal ion removal and detection 
MgO NPs have been shown by Y. Cai et al. to be a 
novel possibility for the removal of heavy metals like 
lead (Pb2+) and cadmium (Cd2+)(164). 

Nanocomposites such as magnesium oxide-copper 
oxide nanocomposites and magnesium oxide-
manganese oxide nanocomposites, which compete 
with other nanoparticles involved in the removal of 
heavy metals from water, are effective adsorbents 
and have demonstrated high adsorbing properties 

towards heavy metal ions such as lead, arsenic, and 
mercury(165). 
 
Improved MgO NPs' sensitivity, By demonstrating the 
exceptional detection of heavy metals like nickel, 
copper, and cadmium that are present in significant 

concentrations in well water, tap water, as well as 

seawater, these nanoparticles, when modified with 
graphene oxide, demonstrate (166). 
 
5.7.3. Chemical toxin detection and elimination 
Magnesium oxide nanoparticles' ability to act as 
detoxifying agents is widely exploited in many 
different contexts, one of which is the identification 

and elimination of chemical pollutants. When treated 
with MgO NPs, the highly toxic chemical bis(2-
chloroethyl) sulfide, also known as sulfur mustard 
and typically used as a biological warfare agent, can 
be broken down into non-harmful products like 
divinyl sulfide, thiodiglycol, and 2-chloroethyl vinyl 

sulfide, which are the byproducts of elimination and 
nucleophilic substitution reactions, respectively 

(167). According to S. Ali et al., 2,4,6-trinitrophenyl, 
a very hazardous pollutant known to induce tumors, 
liver malfunctions, skin-related problems, etc., is 
degraded in MgO NPs, and ZnO NPs(168). 
 

5.7.4. degradation of pesticides and hydrogen 
peroxide sensors 
Although pesticides serve to increase agricultural 
productivity by preventing pests and insects from 
destroying crops, when these chemicals leak from 
the field into other water sources, they cause several 
dangerous illnesses to both plants and people. 

According to L.E. Lange et al., etching MgO NPs 
combined with polypropylene improves the chemical 
stability of the reactive sites present in the 
nanoparticles that break down methyl parathion, an 

organophosphate insecticide (169). Aluminum oxide 
and MgO NPs have been discovered to reduce the 

harmful effects of the diazinon herbicide, which the 
Environmental Protection Agency has prohibited due 
to its high toxicity toward both plants and 
people(170). 
 
Hydrogen peroxide, a consequence of highly 
selective oxidative processes, has numerous 

important uses in a wide range of industries and 
disciplines, including medicinal, therapeutic, 
environmental, agricultural, industrial, and many 
more. As a result, its identification by a sensitive and 
precise approach is required(171). MgO NPs, an 
inorganic substance, and chitosan, an organic 
polymer, are used to create biosensor devices for the 
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detection of hydrogen peroxide(172). Nanosensors 
are created for the detection of hydrogen peroxide in 
milk using magnesium oxide nanoparticles. The 

created nano biosensor is inexpensive, quick, and 
very sensitive, able to pick up even the tiniest 
amount of H2O2 (173). 
 

Despite the numerous uses for MgO NPs already 
mentioned, there are still many more. For example, 
very small amounts of these particles are sufficient 
to improve the ability of polyurethane films to resist 

corrosion, and these particles, along with 
nanofiltration membranes, can remove pollutants 
like nitrogen species, organic matter, bacteria, heavy 

metals, and suspended solid particles to make water 
safe for drinking(174). Due to their unique qualities, 
such as high recovery and repeatability, 
electrostatic, attraction abrasiveness, and oxidizing 

power, which work together to increase biocidal 
capabilities, these nanoparticles have become widely 
used in wastewater treatment in Figure 6 (175).

 

 
Figure 6: Environmental applications for MgO NPs. 

 
6. CONCLUSION 
 
Physical, chemical, and biological approaches to the 
synthesis of MgONPs are surveyed in the present 

review. Chemical and physical methods typically 
utilize toxic materials and are related to high energy 
consumption. Biological methods are currently being 
advocated by researchers due to their simplicity, 
cost-effectiveness, and environmental friendliness. 
Therefore, it is important to put a greater emphasis 

on more widespread greener methods to produce 
MgONPs, since this activity will be associated to some 
extent with the reduction of environmental pollution. 

MgONPs have various industrial applications, which 
can change energy production and protect crops from 
diseases caused by plant pathogens. The major 
problem of nanostructured MgO, as synthesized 

using different routes, is the occurrence of a wide 
band gap. Therefore, there is a crucial need to 
develop the synthesis method that will enable 
obtaining MgONPs of a narrow bandgap, making a 
much wider industrial application of this 
nanomaterial. 
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Abstract: Several factors have increased the use of reference materials in laboratories. This can be explained 
by the fact that the reference materials have several roles, namely: the confirmation of the identity of 
unknown materials and/or the determination of their properties; the calibration of measuring equipment; the 
validation of methods; the realization of proficiency tests; etc. To be able to produce and use them, a set of 
standards and guidelines concerning the subject of reference materials has been established. There are 
several producers of reference materials in many fields, but finding the right choice is sometimes considered 
difficult given the multitude of materials to be analyzed that do not correspond perfectly to the reference 

material, especially in the case of matrices. This makes the market always seek new materials. To develop 
them, five steps are essential: material preparation, homogeneity study, stability study, characterization, 
and evaluation of measurement uncertainties. These steps are equally important; the fact of highlighting less 
than one of them will imply a significant decrease in the quality of the reference material developed. This 
review seeks to furnish the scientific community with a paper elucidating the functions of these materials in 

research laboratories, the normative references devised to standardize their production and utilization, the 
factors influencing their production, and the essential steps for their development. 
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1. INTRODUCTION 

 
Throughout the world, the results of measurements 
and testing are considered as a base to be able to 
control industrial production, affirm or disconfirm 
scientific hypotheses, make diagnoses in the medical 
field, assess the nature and degree of pollution in the 
environment, assess the nutritional quality of foods, 

etc. In this perspective, incorrect measurements and 
testing can be the source of incorrect decisions and 
thus generate additional costs or risks. Therefore, 
accurate measurements are of paramount 
importance for the functioning of society in all 
sectors: industry, health, environment, agri-food, 

etc. 
 

Decision-making is based on the knowledge of 

information, which in most cases, in the field of 
research, rests on the results of measurements and 
testing delivered by the laboratories (1). These 
results, aiming mainly to answer research questions, 
are supposed to be of high quality (trueness, 
precision) to guarantee a relevant interpretation by 
the researchers. As a result, the prescribers of 

measurements and testing, who are increasingly 
aware, have increased their requirements about the 
reliability of the results provided by the laboratories 
(2). Measurements and testing results alone, not 
accompanied by information on their quality and 
traceability, are no longer considered sufficient and 

satisfactory; laboratories are obliged to prove the 
reliability of their measurements and testing at all 
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stages, from sampling until the delivery of the final 
report (2). 
 

In this perspective, modalities aiming at ensuring 
good quality assurance of the measurements and 
testing and accuracy of the produced data have been 
established. This includes setting up good laboratory 

practices and requirements of accreditation 
organizations (3) as well as participation in 
interlaboratory comparisons (4) and the use of 
reference materials. The use of the latter is 
considered a means for quality control of the results 
provided since they make it possible to join them to 

known quantities (4). The certified reference 
materials are considered an essential link of a 
metrological traceability chain to ensure that the 
unity of the result is universal (1). Their use makes 
the results of measurements and testing comparable 
to the recognized reference values and those 

obtained by the international scientific community. 

Reference materials are of paramount importance 
when the accuracy and reliability of the 
measurement and testing results must be 
guaranteed. 
 
This review aims to provide the scientific community 
with a paper detailing the roles of these materials in 

research laboratories, the normative references 
developed to standardize their production and use, 
the elements that govern their production, as well as 
the steps necessary for their development.  
 
2. TERMS AND DEFINITIONS 

 
ISO Guide 30:2015 (5) defines a reference material 

(RM) and a certified reference material (CRM) as 
follows : 

• Reference material: “material, sufficiently 
homogeneous and stable concerning one or 
more specified properties, which has been 

established to be fit for its intended use in a 
measurement process”. Properties can be 
quantitative or qualitative (e.g., identity of 
substances or species). Uses may include the 
calibration of a measurement system, 
assessment of a measurement procedure, 
assigning values to other materials, and 

quality control. 
• Certified reference material: “RM 

characterized by a metrologically valid 
procedure for one or more specified 

properties, accompanied by an RM certificate 
that provides the value of the specified 

property, its associated uncertainty, and a 
statement of metrological traceability”. 

 
That said, the difference between an RM and a CRM 
is that parameters in the CRM are guaranteed by the 
producer and are known with great trueness (2). 
 

Different categories of RMs may be encountered: 
primary RM, secondary RM, and in-house or working 
RM. By going from first to last, uncertainty increases 
(6). An RM that is characteristic of a real sample is 
called matrix RM (examples: soil, drinking water, 
blood) according to ISO Guide 30:2015 (5). Matrix 
RM may be obtained directly from biological, 

environmental, or industrial sources. They may also 
be prepared by spiking the component(s) of interest 
into an existing material. 

 
3. NORMATIVE REFERENCES 
 
A panoply of standards and guidelines concerning the 

topic of RM are established whether by the 
International Organization for Standardization (ISO) 
or by other organizations. Below is a non-exhaustive 
list of these references: 

• ISO Guide 30:2015: Reference materials - 
Selected terms and definitions (5); 

• ISO Guide 31:2015: Reference materials - 
Contents of certificates, labels, and 
accompanying documentation (7); 

• ISO Guide 33:2015: Reference materials - 
Good practice in using reference materials 
(8); 

• ISO Guide 35:2017: Reference materials - 

Guidance for characterization and 
assessment of homogeneity and stability (9); 

• ISO 17034:2016: General requirements for 
the competence of reference material 
producers (10); 

• ISO Guide 80:2014: Guidance for the in-
house preparation of quality control 

materials (QCMs) (11); 
• ISO/TR 16476:2016: Reference materials -- 

Establishing and expressing metrological 
traceability of quantity values assigned to 
reference materials (12); 

• ISO/TR 79:2015: Reference materials - 

Examples of reference materials for 
qualitative properties (13); 

• ISO/TR 10989:2009: Reference materials -- 
Guidance on, and keywords used for, RM 
categorization (14); 

• ISO 11095:1996: Linear calibration using 
reference materials (15); 

• ISO/TR 11773:2013: Global distribution of 
reference materials (16); 

• ISO 15194:2009: In vitro diagnostic medical 
devices - Measurement of quantities in 
samples of biological origin - Requirements 
for certified reference materials and the 
content of supporting documentation (17); 

• ISO/FDIS 33407: Guidance for the 
production of pure organic substance 
certified reference materials (under 
development) (18); 

• LAB MR REF 02 established by the Cofrac 
(Comité français d’accréditation) (19). It's a 

document concerning the requirements for 
accreditation of producers of RMs; 

• APLAC TC 012: Guidelines for acceptability of 
chemical reference materials and commercial 
chemicals for calibration of equipment used 
in chemical testing (20) established by the 
APLAC (Asia Pacific Laboratory Accreditation 

Cooperation). 
 
4. ROLE OF REFERENCE MATERIALS 
 
Several fields, such as chemistry, biology, agri-food, 
health, environment, etc., use the RMs. These latter 
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allow the realization of certain practices ensuring the 
quality of the measurements, namely: 
• The determining of the properties of a material 

(e.g., quantity, hardness, etc.) and/or the 
confirmation of its identity (1). 

• The calibration of certain methods allows to 
establish the substance signal-quantity 

interaction (e.g., UV spectroscopy, colorimetry, 
atomic emissions, chromatography, etc.). The 
calibration should be done by using the RMs and 
taking into account the nature of the matrix as 
much as possible (21). This makes it possible to 
obtain quantitative results through the 

comparison of the sample signals and those of the 
RM(22). The purity of the RM as well as the 
uncertainty of this purity must be known (22). 

• Calibration of measurement equipment (1–
3,6,23). 

• The development and validation of methods 

(2,3,6,24) as well as the validation of the 

modifications applied to the method (3): the 
validation as one of the requirements of ISO/IEC 
17025:2017 (25) should be performed whenever 
non-standard methods, internally developed 
methods, or methods outside their intended scope 
are used. The estimation of the bias (difference 
between the measured value and the reference 

value) can be done by using the RM within the 
limits of the uncertainty of the certified value and 
the method submitted to validation (1). 

• The internal quality control for the monitoring of 
an analytical process (1–3,6,23,24): the 
verification of the long-term reproducibility of a 

method is performed by using the RMs in 
statistical control systems while creating control 

charts (a graphical representation of the results 
obtained from an RM over time, the system is out 
of control if the upper or lower control limit is 
exceeded, among others) (3). The RMs thus allow 
monitoring of the stability of testing (2). 

• The comparison of the performances of the 
methods in the same laboratory (3) by comparing 
the testing results by using the same RM and 
several methods. 

• The realization of proficiency tests (1,3,6,24): the 
laboratory that organizes the proficiency test 
sends an RM to the participating laboratories. The 

comparison of the testing results of the RM of a 
laboratory with those of other laboratories using 
the same technique allows for evaluation of the 
performance of the laboratory with this technique 

(3). 
• The uncertainty estimation (1–3,6): the 

realization of the design of experiments by using 
RMs is necessary for the estimation of all 
components of the measurement uncertainties 
and for estimating the uncertainty of 
measurement by intra-laboratory reproducibility 
(2). The uncertainty associated with the purity of 
the RM contributes to the total uncertainty of the 

measurement (6). 
• The traceability of measurement (24): CRMs are 

used for quantitative measurements, which 
makes them "traceable" to these CRMs. However, 
this approach is not always reliable because, in 
many cases, the CRM does not have the same 

matrix as the unknown sample (3). 
• Materials intended to test the step(s) of a method 

(3): the method, that contains steps where the 

sample is physically destroyed (e.g., acid 
digestion, fusions, dry ash) or the analyte to be 
determined is extracted from the matrix, can be 
verified using a CRM with a matrix (matrix CRM) 

similar to the unknown sample. The use of CRM 
allows us to demonstrate if there are losses or 
contaminations by applying the method. The 
presence of errors in this method can be affirmed 
or disconfirmed by comparing the certified value 
of the CRM and the value determined by the 

laboratory. 
 
5. PRODUCTION OF REFERENCE MATERIALS 
 
5.1. Producers of Reference Materials 
To meet the requirements of prescribers for reliable 

measurements, it is essential to produce RMs in a 

wide variety of fields. As a result, the RMs market is 
considered a very active market (1). For the different 
areas of measurements and testing, there are 
several RMs and CRM providers. There is a need to 
ensure the availability of sufficient quantities of these 
materials as well as their availability in the long term, 
even if their production is long and expensive (21). 

The main organizations distributing RMs are (26): 
• NIST: National Institute of Standards and 

Technology, United States; 
• NIBSC: National Institute for Biological Standards 

and Control (WHO international laboratory for 
biological standards), United Kingdom;  

• CENAM: Centro Nacional de Metrología, Mexico; 
• IRMM: Institute for Reference Materials and 

Measurements, European Union; 
• LGC: LGC Limited, United Kingdom; 
• HECTEF: HECTEF Standard Reference Center 

Foundation, Japan. 
 

Given the growth of the RM market and the diversity 
of producers, finding the right choice has become 
difficult for users. Databases were developed to 
assist laboratories in finding the CRM that they need 
by providing information on the available CRM. 
However, the COMAR (Code of Reference Materials) 
remains the main source of information on RMs (3). 

It was produced at the end of 1970 by the LNE 
(laboratoire national de métrologie et d’essai, 
France). Formal cooperation between LNE, NPL 
(National Physical Laboratory, United Kingdom), and 

BAM (Bundesanstalt für Materialforschung und-
Prüfung, Germany) was then established to improve 

and propagate the database (27). The use of the 
latter is free. 
 
The COMAR database lists information on thousands 
of CRMs produced by more than 200 producers in 26 
countries. 
 

Figure 1 shows the distribution of the RMs according 
to their area of use. The biological and clinical 
domains have the lowest percentage. For the other 
domains, the distribution is very close, with a 
dominance of the industrial sector.
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Figure 1: Percentage distribution of CRM by fields of application (27). 

 
Below are some examples of RMs in the 

environmental, food, and clinical fields (3): 
• Environmental analysis: river, lake, 

estuarine, and marine sediments, as well as 
fresh-, ground-, and seawater certified for 
trace elements or trace organics, are some 
examples of existing CRMs. 

• Food analysis: matrices for human nutrition 
(e.g., meats, cereals, and milk) are usually 
analyzed for their content of toxic organic 
(e.g., PAHs, PCBs) or inorganic substances 
(e.g., heavy metals, major elements), 

nitrates, pesticides, toxin, and mycotoxins. 
Nutritional quality and nutritional properties 

(e.g., fatty acids, sterols, total fat, proteins, 

carbohydrate oils, fat-soluble vitamins, etc.) 

are also taken into account during the 
preparation of certain matrices. 

• Clinical analysis: RMs of serum and blood (in 
lyophilized form) are most often used for the 
quality control of, for example, toxic 
elements (e.g., Cd, Pb) or main group 

elements (e.g., Ca, Li, Mg) and hormones 
(e.g., cortisol, progesterone). Proteins or 
enzymes that are partially or highly purified 
are also used. 

 

Based on the consultation of the COMAR database, a 
distribution of the origins of the produced RMs is 

presented in Figure 2. 
 

 
Figure 2: Origin of RMs at the level of COMAR database (27). 

 
For each RM, the available information is the name, 
status (available or not), year, country, producer, 
general description, fields of application, and certified 
properties (27). 
 

The selection of an RM by the user depends on his 
needs and objectives (2). The choice of an RM by the 
user takes into account the nature of the matrix, its 
concentration, availability, lifetime, and cost. 
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5.2. Constraints Related to The Production of 
Reference Materials 
The production and certification of the RMs require 

enormous costs. These latter are linked to the initial 
investment for the purchase of the equipment, the 
time required for their development, the costs 
related to the certification procedure, as well as those 

about the production of a large stock needed to 
ensure the continuity of the availability of a specific 
lot over several years (23). Having accurate 
information on producer turnover and the cost price 
of the RMs is not easy. Nevertheless, the cost of R&D 
in the case of an RM is weakly echoed by the cost 

price in the case of the national metrology 
laboratories (1). This situation remains valid even for 
the big CRM producers such as NIST and IRMM (1). 
RM users are confronted with the problem of 
identifying the appropriate material to use. Users are 
expected to look for an available RM, that also meets 

their needs (e.g., components, uncertainty, etc.) 

(28). In many cases, the available RMs are not 

suitable since they are not sufficiently similar to the 
real sample (3). The RMs that are available and 
adapted to the complexity and multiplicity of testing 

are insufficient (3). Also, new complex matrices need 
to be analyzed, and the producers are unable to 
rapidly produce CRMs for these new samples (3). As 
a result, CRM request exceeds supply in terms of 

availability and nature of materials. This encourages 
users and accreditation organizations to understand 
the limits of the RMs used (6). 
 
5.3. Accreditation of Reference Materials 
Producers 

The producers of RMs can be accredited by the 
standard ISO 17034 which specifies the general 
requirements for the competence of the producers of 
RMs. To get an overview of this standard in process 
form, we propose a process mapping bringing 
together all the elements covered by ISO 

17034:2016 (10) (Figure 3). 

 
 

 
 

Figure 3: Process mapping bringing together all the elements covered by ISO 17034:2016. 
 
ISO/IEC 17025 is considered indispensable for the 
application of the ISO 17034 standard which is 

aligned with the relevant requirements (10). 
Reference materials producers that comply with this 
international standard (ISO 17034) will also operate 
generally by the principles of ISO 9001 (10). The 

Cofrac, an accrediting organization, also takes into 
account the requirements of the standards ISO/IEC 

17025 (25) and/or ISO 15189 (29) to accredit these 
producers (19). Table 1 presents common elements 
between ISO 17034:2016 (10), ISO/IEC 17025:2017 
(25), and ISO 9001:2015 (30). 
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Table 1: Common elements between ISO 17034:2016, ISO/IEC 17025:2017, and ISO 9001:2015. 

ISO 17034:2016 ISO/IEC 17025:2017 ISO 9001:2015 

4.1 Contractual matters 7.1 Review of requests, tenders, 
and contract 

- 

4.2 Impartiality 4.1 Impartiality - 

4.3 Confidentiality 4.2 Confidentiality - 

5 Structural requirements 5 Structural requirements - 

6.1 Personnel 6.2 Personnel - 

6.2 Subcontracting 

6.3 Provision of equipment, 
services, and supplies 

6.6 Externally provided 

products and services 

- 

6.4 Facilities and environmental 
conditions 

6.3 Facilities and environmental 
conditions 

- 

7.6 Measurement procedures 7.2 Selection, verification, and 

validation of methods 
7.3 Sampling 

7.7 Ensuring the validity of 
results 

- 

7.7 Measuring equipment 6.4 Equipment - 

7.8 Data integrity and evaluation 7.11 Control of data and 

information management 

- 

7.9 Metrological traceability of 
certified values 

6.5 Metrological traceability - 

7.16 Control of quality and 
technical records 

7.5 Technical records - 

7.17 Management of non-
conforming work 

7.10 non-conforming work - 

7.18 Complaints 7.9 Complaints - 

8.2 Quality policy 8.2 Management system 
documentation 

5.2 Policy 
6.2 Quality objectives and 
planning to achieve them 

8.3 General management system 

documentation 
8.4 Control of management 
system documents 
8.5 Control of records 

8.3 Control of management 

system documents 
8.4 Control of records 

7.5 Documented information 

8.6 Management review 8.9 Management review 9.3 Management review 

8.7 Internal audits 8.8 Internal audits 9.2 Internal audits 

8.8 Actions to address risks and 
opportunities 

8.5 Actions to address risks and 
opportunities 

6.1 Actions to address risks 
and opportunities 

8.9 Corrective actions 8.7 Corrective actions 10.2 non-conformity and 
corrective actions 

8.10 Improvement 8.6 Improvement 10.3 Continual improvement 

8.11 Feedback from customers 8.6 Improvement 9.1.2 Customer satisfaction 

 
Among the mandatory requirements of ISO 
17034:2016 (10) about the production of RMs, there 

are requirements for subcontractors. If the 
organization decides to call on the services of a 

subcontractor, the standard specifies the services 
that may or may not be subcontracted. These 

services are presented in Table 2.

 
Table 2: Services that can be subcontracted or not. 

Activities that can be subcontracted Processes should not be subcontracted 

Sampling Production planning 

Processing an RM Selection of subcontractors 

Handling an RM Assignment of proper values and their uncertainties 

Homogeneity and stability testing Authorization of property values and their uncertainties 

Characterization Authorization of RM documents 

Storage of RM  

Distribution of RM  
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When a reference material producer calls on a 
subcontractor to carry out part of the production, it 

must have procedures in place to ensure that the 
subcontractors' experience and technical 
competence are sufficient for the tasks entrusted to 
them and that they comply with the relevant sections 

of ISO 17034:2016 (10) and other appropriate 
standards. 
 
6. DEVELOPMENT OF REFERENCE MATERIALS: 
KEY STEPS 
 

6.1. Preparation of The Material 
The RM preparation is performed in a manner that 
minimizes heterogeneity and instability (31). 
Ensuring RM stabilization is the most sensitive and 
difficult step (3). Many operations can be performed 
to avoid material changes (e.g., to avoid chemical or 

microbiological changes in the material, drying, 

sterilization by irradiation, and/or freezing can be 
used, among others). The nature of the material and 
the purpose of its use guide the choice of the method 
to be adopted (3). This choice must be made to 
respect, as far as possible, the integrity of the 
material (3). To avoid contamination, measures must 
be taken not to cause inhomogeneity in a material 

that is already homogeneous (31). Also, precautions 
must be taken to prevent any negative influence 
from the environment. After homogenizing the 
material, its storage must be done in suitable 
containers (3) (waterproof and inert (31)). 
 

Homogeneity and stability are two primordial 
characteristics of an RM. The most important 

measures taken to ensure them are those taken 
during the selection, preparation, and packaging of 
the material (32). The testing realized at a later step 
over a limited period of some units of the RM can only 
verify the success or failure of previously performed 

steps (32). 
The 2017 version of ISO Guide 35 (9) leaves to the 
RMs producers the judgment of the need or not to 
carry out experimental studies of homogeneity and 
stability based on several elements, namely (32): 
• The knowledge of the physical, chemical, and/or 

biological properties of the material as well as the 

knowledge of the variation of these properties 
over time based on the scientific literature; 

• The analysis of previous experimental data or 
monitoring data of stability; 

• The absence of anomalies detected by the 
producer and the users further to cumulative 

observations on complete lifetimes; 
• The tests were performed on the effect of the 

packaging. 
 
6.2. Homogeneity Study 
There are two types of homogeneity tests (5): 
• Within-unit homogeneity, which represents the 

uniformity of a specified property value within 
each unit of an RM; 

• Between-unit homogeneity represents the 
uniformity of a specified property value among 
units of an RM. 

 

For the development of RMs, a within-unit and 
between-unit homogeneity study is carried out (4). 

The objective is to ensure that the content is the 
same in one unit and from one unit to another (3). 
 
Different designs can be used for homogeneity 

studies, namely: simple randomized design, 
randomized block design, and nested design (9). 
Concerning the number of samples, it is 
recommended to take 10 to 30 samples from the 
batch of material, ISO Guide 35:2017 proposes a 
formula to calculate this number (9). Three 

repetitions per sample are advised; it is 
recommended to analyze them in a random order 
and not in the same order (4). The analyses must be 
carried out following the conditions of repeatability. 
The types of sampling to be performed can be 
systematic, random, or stratified random (4). 

 

The study of homogeneity is carried out after placing 
the material in the containers (33). The authors 
evaluated the between-unit homogeneity by 
analyzing samples whose number varied between 6 
and 16; this number was between 2 and 5 concerning 
the sub-samples used for the study of the within-unit 
homogeneity (34–43). The kind of sampling used is 

random (35–38,40,41,43) or stratified random 
(34,39). For the homogeneity study, internal (42,44) 
or external (33,34) standards can be used. The 
testing of samples is performed in a random order to 
distinguish between an analytical drift and a possible 
tendency in the filling sequence (37). 

 
Homogeneity can be assessed using the ANOVA test 

(33,35–39,41,44–47). Other authors have used the 
Student's t-test to evaluate significant differences 
between averages obtained from within-unit and 
between-unit analysis (34,48). The outliers in the 
homogeneity study can be detected by visual 

inspection (9) or using the Grubbs test (9,37,38,44–
46). Some authors used regression analysis to reject 
the drift of the measurement (36). The standard ISO 
13528:2022 (49) recommends the use of the 
Cochran test for repetitions. Other standards provide 
several methods for identifying outliers, namely: ISO 
5725-2:2019(50) (which describes Grubbs tests) 

and ISO 16269-4(51) (which describes graphical 
outlier tests and other tests for multiple outliers). 
 
Concerning uncertainty associated with 

heterogeneity (whom), further to ISO Guide 35:2017 
(9), it can be calculated by Formula: 

 

𝑢ℎ𝑜𝑚 = √𝑢𝑏𝑏
2 + 𝑢𝑤𝑏

2  

 
With, 
ubb: standard uncertainty associated with between-
unit variability 
uwb: standard uncertainty associated with within-unit 

heterogeneity 
 
If a basic design and one-way analysis of variance 
are used to evaluate homogeneity (figure 4), sbb

2 
(between-unit variance from a homogeneity study), 
is identical to the (squared) between-unit 
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homogeneity contribution to the uncertainty, ubb
2 

(9). In the case presented in Figure 4, the sbb
2 we will 

obtain from ANOVA 1 in the case of within-unit 

homogeneity will be equivalent to swb
2 (the second 

component of the uncertainty uhom (uwb
2)).

 

 
 

Figure 4: Diagram of a basic plan for carrying out a between-unit and within-unit homogeneity study. 
 
 

 
Figure 5: Classification of stability studies according to ISO Guide 35:2017. 
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Some authors (37) have used the method described 
by Van Der Veen, Linsinger, & Pauwels (52) to 
calculate the uncertainty due to possible 
inhomogeneity which can be masked by the 

repeatability of the method. 
 
6.3. Stability Study 
The properties of the material and the parameters 
studied should remain unchanged over long periods 
(3). For that purpose, a stability study is performed 

to evaluate the behavior of the material under 
various conditions. In general, a series of 
measurements realized at different times is 
performed to accomplish a stability study (31). 
Figure 5 presents the classification of stability studies 
according to ISO Guide 35:2107 (9). 

 

ISO 17034:2016 (10) requires stability to be 
assessed under the proposed conditions of transport 
and the proposed conditions of storage. This 
assessment can be carried out either accelerated or 
in real-time, using a classical or isochronous study. 
The latter is defined by ISO Guide 35:2017 (9) as an 
“experimental study of reference material stability in 

which units exposed to different storage conditions 
and times are measured in a short period”. 
 
A short-term stability study is generally performed to 
determine conditions during delivery 
(3,37,41,44,46). Habitually high temperatures 

(between 35 and 40 °C) are used to assess 
predictable degradation under the most unfavorable 

conditions, such as during transport (3). The long-
term stability helps to identify optimal storage 
conditions for the RM (37,41,44). An accelerated 
stability study (where some samples are exposed to 
extreme conditions in comparison to desired storage 

or transport conditions) has the advantage of 
reducing the total time required for the study of 
experimental stability (32). Some authors suppose 
that a “sample stable at + 40 °C during one year may 
be stable at + 20 °C for a longer period (Arrhenius)” 
(3). Other authors judge the simulation of long-term 
storage under difficult conditions as inappropriate, 

given the possibility of modification of the 
degradation mechanism (31). Therefore, using 
extrapolation to estimate stability data from higher 
temperatures using the Arrhenius equation is not 

recommended (31). 
 

To study the stability of the RM, the authors analyzed 
samples of the RM stored at expected temperatures 
for storage, extreme temperatures (e.g., 40 °C, 60 
°C), and temperatures where it is supposed to have 
very weak or negligible variations of the RM (e.g., -
20 °C, -70° C, and -80° C) (3,31,33–35,37,46). The 
stability study can also be performed by modifying 

other conditions, such as light, or darkness (53) 
and/or humidity. The short-term stability was 
assessed by the authors over periods ranging from 
0, 1, and 2 weeks, then over regular intervals of one 
month to 4 months (33–35,37,38). The study of 
long-term stability has been carried out between 3 
months and 2 years for some authors (33–

35,37,38,46,54,55). The number of samples 
analyzed at each time/temperature pair varied 

between 1 (56), 2 (33,57), 3 (46), 5 (35) and 6 (37) 
samples. Certain authors use an external calibration 
for the study of stability (33). The evaluation of 
stability is carried out by comparing the obtained 

results in the initial time with those obtained in each 
period (35). Some authors (34,37,57,58) used the 
isochronous approach (59) to assess the stability of 
the RM. 
 
The stability study is performed by analyzing 

samples chosen randomly (33,46). Increasing the 
number of repetitions per time and increasing the 
duration of the stability study allow us to reduce the 
influence of the analytical variation (31). To assess 
stability, certain authors have used the F test (54). 
The Grubbs test is used by other authors to identify 

outliers (37,44). The latter also performed linear 

regression analysis as a function of time and for each 
temperature. These same authors tested the slopes 
for their significance using a t-test proposed also by 
ISO Guide 35:2017 (9). The uncertainty of the 
stability has been estimated by some authors 
(37,44) “as the uncertainty of the regression line 
with a slope of zero multiplied by the envisaged 

shelf-life of the material”, as described by Thomas 
P.J. Linsinger et al. (60). 
 
6.4. Characterization and Evaluation of 
Measurement Uncertainty 
According to ISO Guide 30:2015 (5), the 

characterization of an RM is the “determination of the 
property values or attributes of a reference material, 

as part of the production process”. It aims to obtain 
a metrologically valid estimation of the real value of 
the property (61). 
 
There are several valid characterization approaches 

(61): 
• A single (primary) method in a single laboratory; 
• Two or more independent reference methods in 

one or several laboratories; 
• One or more methods of demonstrable accuracy, 

performed by a network of competent 
laboratories; 

• An approach providing method-specific, 
operationally defined property values, using a 
network of competent laboratories. 

 

The Consultative Committee for Amount of 
Substance (CCQM) defined the primary method of 

measurement as a “method having the highest 
metrological qualities, whose operation can be 
completely described and understood, for which a 
complete uncertainty statement can be written down 
in terms of SI units, and whose results are, therefore, 
accepted without reference to a standard of the 
quantity being measured” (62). The VIM (63) defined 

the primary reference measurement procedure as a 
“reference measurement procedure used to obtain a 
measurement result without relation to a 
measurement standard for a quantity of the same 
kind”. 
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Some authors consider that the primary method is 
completely understood, so they judge that a single 
value from a single laboratory is sufficient since an 

unknown laboratory or method bias can be excluded 
(61). Other authors say that the laboratory may have 
a bias, and therefore, by using only one method in a 
single laboratory, the certified value may be wrong 

(3). In addition, an estimation of the uncertainty may 
not be correct by choosing the use of the results of 
one method in a single laboratory (3). 
 
On the other hand, the reference method is defined 
in ISO Guide 30:2015 (5) as a “measurement 

method, that has been shown to have the 
appropriate trueness and precision for its intended 
use and has been officially defined as reference 
method by a competent body”. The VIM (63) defines 
the reference measurement procedure as a 
“measurement procedure accepted as providing 

measurement results fit for their intended use in 

assessing the measurement trueness of measured 
quantity values obtained from other measurement 
procedures for quantities of the same kind, in 
calibration, or in characterizing reference materials”. 
 
The use of several independent methods is the most 
commonly adopted approach (3,21). 

 
The choice of the characterization of the samples by 
several laboratories is within the scope of the 
interlaboratory comparisons. This involves sending 
the same entity or similar entities to the selected 
laboratories for analysis. Further to the obtained 

results by the different laboratories, a statistical 
analysis is planned to identify the assigned values 

and their associated uncertainties. ISO 13528 
presents the statistical methods that can be used in 
proficiency testing by interlaboratory comparison. 
Interlaboratory comparisons allow us to verify the 
trueness of the methods of analysis (2). 

 
The number of chosen laboratories (6, 11,24), the 
number of used methods (1, 2, 3), the number of 
analyzed samples (2), the number of repetitions per 
sample (1, 2, 6) as well as the period of analysis (2 
days, 3 days) differ from one author to another 
(4,41,44). Some authors chose to do the repetitions 

under intermediate precision conditions (4). For the 
control of the measurements, the authors have 
chosen to send also two samples of a "standard 
certified calibration" for analysis (41). The selected 

laboratories must use validated methods and be able 
to ensure the traceability of results (4). 

 
Evaluation of the uncertainty is carried out following 
the characterization. This assessment takes into 
account the uncertainty of the testing having allowed 
the determining of reference values 
(characterization) as well as those related to within-
unit and between-unit homogeneity and stability 

(2,39). These last two uncertainties may not appear 
in the uncertainties budget if the contribution of the 
one related to homogeneity is shown to be negligible 
and if the stability of the property value of the 
material can be insured (64). 
 

To help RM producers in preparing the 
documentation that will accompany them, the ISO 
has established ISO Guide 31 (7) which lists the 

information that must be included on a certificate of 
a CRM, on the label attached to the container, and 
also on the product information sheets. This 
information will help the users to confirm the 

adequacy of the chosen CRM. 
 
7. CONCLUSION 
 
The importance of the reference materials has 
pushed among others the ISO to the establishment 

of several standards concerning the development 
and use of the reference materials. 
 
The development of the reference materials consists 
of four steps mainly: preparation, realization of the 
homogeneity study, carrying out the stability study, 

and characterization. These steps are equally 

important; the fact of highlighting less than one of 
them will imply a significant decrease in the quality 
of the reference material developed. 
 
The production of reference materials is governed by 
many different factors and may differ from one 
country to another. The introduction of quality 

assurance in laboratories, the implementation of a 
quality approach by ISO/IEC 17025, the regulatory 
framework which sometimes imposes thresholds for 
certain elements as well as the demand of 
industrialists can be considered elements 
encouraging the production of the reference 

materials. These latter are of paramount importance 
in analysis laboratories since they have several roles, 

namely calibration of equipment, development, and 
validation of methods, and realization of 
interlaboratory comparisons among others. 
Certainly, the laboratories need more and more 
reference materials, however finding the appropriate 

ones is not easy. In several cases, the available 
reference materials do not correspond 100 % to the 
sample to be analyzed because of the variety of 
compounds, concentrations, and matrices; this 
makes the development of new reference materials 
a necessity. This expensive operation requiring 
technical knowledge and important experience 

makes the price of these reference materials high, 
which makes their use limited in the laboratories. 
 
The outlook for the reference materials development 

market will depend on several factors, including the 
rapid development of analytical technologies using 

cutting-edge analytical methods, and the expansion 
of the biotechnology, nanotechnology, and 
renewable energy sectors. Demand for sustainably 
produced reference materials could increase as 
environmental concerns gain in importance. 
Increasingly stringent standards and regulations, 
economic change, and scientific developments could 

lead to a customization of demand for reference 
materials tailored to the specific needs of certain 
fields. 
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Abstract: The boron co-doped CoNb2O6:xEu3+, yB3+ (x=1, 3, 6, 9, 12 mol%, y=10 mol%) ceramics were 
obtained by the molten salt method, which has advantageous properties such as short reaction time, low 
sintering temperature, improved homogeneity, and crystallinity. The ceramic samples were examined by 
structural and dielectric analyses. In X-ray diffractions, the orthorhombic columbite type CoNb2O6 structure 
was obtained, and also a minor EuNbO4 phase was detected with increasing Eu3+ doping concentrations. 

Additionally, increasing Eu3+ concentration led to a slight increase in crystallite size, and two theta peak shifts 
occurred towards higher angles associated with shrinkage in the lattice or reduction in the lattice constant. 
In SEM examinations, a slight increase was observed in grain sizes from 1 to 9 mol% Eu3+ in the range of 1-

30 m, while some decrease occurred in grain sizes at 12 mol%, and there was an evident increase in plate-
shaped and elongated grains. The dielectric constant (ε') of the ceramic samples increased with increasing 
Eu3+ concentration and reached approximately 35 and 0.24 at 20 Hz for 9 mol% Eu3+, respectively. The 
increase in dielectric loss with increasing Eu3+ was associated with an increase in ionic conductivity, in which 
Eu3+ substitution does not suppress oxygen vacancies or make them more ordered. 
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1. INTRODUCTION 
 
Materials exhibiting high dielectric constant are 

widely used in electronic industries such as 

capacitors, memory devices, and filters. In practical 
applications, materials with a high dielectric constant 
are desired to exhibit low dielectric loss and relatively 
weak frequency and temperature dependence (1-3). 
Luminescent dielectrics can be obtained from host 
materials doped with RE ions. Among the rare earth 

(RE) ions, the trivalent europium ion is considered an 
excellent red activator for the luminescence centers 
of red phosphors due to its 5D0 -7FJ  (J=0, 1, 2, 3, 4) 
transitions (4-6) and is also widely used in dielectric-
related research (7-10). There are some studies on 
the secondary phase effect on the dielectric 
properties of rare earth ion-doped host materials. 

Wang et al (11) investigated the microstructure, and 
dielectric properties of (Nd0.5Nb0.5)xTi1-xO2 ceramics, 
and revealed that the secondary phase is beneficial 

to increase the grain boundary resistance and the 
material keeps low dielectric loss and improved the 
temperature stability. In another study, Zhao and Wu 

(12) examined the dielectric behavior of the 

(Dy0.5Nb0.5)xTi1–xO2 structure, where the secondary 
phases are induced by Dy enrichment, and largely 
facilitate the decreased dielectric loss. 
 
The columbite-type structure with orthorhombic 
symmetry can be expressed as MNb2O6 (M= Co, Mg, 

Sr, Mn, Ni, Cd, etc). The MNb2O6 structure has a 
significant advantage in that it can host guest ions 
with ionic sizes comparable to the Nb and divalent 
M2+ ions found in the structure. As MNb2O6 structure, 
cobalt niobate (CoNb2O6) has been studied due to its 
magnetic (13-16), neutron scattering (17), 
luminescence (18-21), dielectric (22,23) gas sensing 

(24,25) and magnetic-thermodynamic (26,27) 
properties. Singh et al (22) reported the dielectric 
and ferroelectric properties of Ti4+ doped CoNb2O6 
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where Ti4+ substitution in CoNb2O6 lattice enhances 
the dielectric constant of the material. The dielectric 
constant (ɛ′) for undoped CoNb2O6 is found to be 

500, whereas CoNb1.95Ti0.05O6 is 700 and 
CoNb1.9Ti0.1O6 is 14000 at 100 Hz frequency at 200 
oC. Zhang et al (23) also studied the sintering 

behavior and microwave dielectric properties of B2O3 
doped CoNb2O6, where the 1.5 wt% B2O3 doped 
CoNb2O6 sintered at 1000 °C exhibited microwave 
dielectric properties with an ɛ′ of 22.4, a high Qxf of 
43.979 GHz, and a τf of -46.2 ppm/°C. In addition, 

there are studies on the effect of boron on grain 
morphology and its improvement in dielectric 
properties in which the doping of boron has the effect 
of increasing the bulk properties to some extent and 
can reduce the grain boundaries in the structure (28-
30). Moreover, there are also studies on the 
morphology of lanthanide ion-doped structures with 

boron addition and the luminescence-enhancing 

properties of boron (31-33). 
 
In this paper, the structural and dielectric properties 
of CoNb2O6:xEu3+,yB3+

 (x=1, 3, 6, 9, 12 mol%, y=10 
mol%) ceramics fabricated at 900 °C were 
investigated by doping boron to CoNb2O6:xEu3+ 

(x=1, 3, 6, 9, 12 mol%) powders produced by the 
molten salt method at 800 °C. The structural and 
dielectric analyses were performed by XRD, SEM-
EDS, and impedance analyzer. 
 
2. EXPERIMENTAL 

 
The CoNb2O6:xEu3+

 (x=0.01, 0.03, 0.06, 0.09, and 
0.12 or x=1, 3, 6, 9, 12 mol%) powders were 
fabricated by the molten salt route. In the synthesis, 

cobalt nitrate hexahydrate (Co(NO3)2.6H2O) (Sigma-
Aldrich, 98.5%), niobium oxide (Nb2O5) (Alpha 
Aesar, 99.9%), and europium oxide (Eu2O3) (Alpha 

Aesar, 99.9%) were used. For the synthesis, 
Li2SO4/Na2SO4 (salt/salt), and 
Li2SO4+Na2SO4/CoO+Nb2O5+Eu2O3 (salt/oxide) 
molar ratio were taken as 0.635/0.365 and 2/1 
weight ratio, respectively. The oxide mixtures and 
salt mixtures were prepared according to their 
stoichiometric ratios and mixed well in an agate 

mortar to provide homogeneity. The resulting 
mixtures were subsequently placed in an alumina 
crucible and sintered for 4 h at 800 °C in an air 
atmosphere using an electric furnace. After the 
sintering, the ceramic powders were washed down 
several times with bi-distilled water to get rid of the 

ionic salts and filtered using a vacuum pump several 
times. The remnants of Cl- ions in the solution were 
controlled by qualitative analysis. To investigate the 
structural and dielectric properties, the 10 mol% 
boron in the form of H3BO3 was added to the 
synthesized powders, pelletized, and sintered in an 
electric furnace at 900 °C for 6 hours. 

 
The phase structure of the ceramics was investigated 
by X-ray diffractometer (XRD; Panalytical Emperial, 

Malvern Panalytical Ltd., UK) using Cu-K (1.5406 Å) 

radiation in between 2θ=20-70 °C with scan speed 2 
°C/min. The grain morphology of the ceramics was 
examined by scanning electron microscopy (FE-SEM; 
Gemini 500, Zeiss Corp., Germany). The elemental 

compositions were determined by scanning electron 
microscopy (SEM, JEOL, Tokyo, Japan, JSM-5910LV) 
equipped with energy dispersive spectroscopy (EDS, 

OXFORD Instruments, Abingdon, England, INCAx-
Sight 7274; 133 eV resolution 5.9 keV) after Au 
(gold) coating. Frequency-dependent changes of real 
and imaginary permittivity and loss factor were 

investigated using dielectric equations: 
 

휀′ =
𝐶

𝐶0
,           휀′′ =

𝐺

𝜔𝐶0
,           𝐶0 = 휀0

𝐴

𝑑
    and         𝑡𝑎𝑛𝛿 =

𝜀′′

𝜀′  

 
where C0 is vacuum capacitance, C is capacitance, w 
is angular frequency and G is conductance. The 

dielectric properties of the ceramic samples were 
carried out using an impedance analyzer (Wayne 
Kerr 6500 B Precision; between frequency 40 Hz–100 
kHz, UK) at 1 Vrms potential at room temperature. 
 

3. RESULTS AND DISCUSSION 
 

3.1. XRD and SEM-EDS Results 
Figure 1 presents the X-ray diffraction patterns of 
Eu3+, and B3+ co-doped CoNb2O6 samples. XRD 
results of the ceramic samples were defined by 
orthorhombic columbite symmetry (JCPDS no: 32-
0304) with space group Pbcn60. As seen in Figure 1, 
while 1 mol% concentration exhibits a single-phase 

CoNb2O6 structure, the EuNbO4 secondary phase 
(JCPDS no: 22-1099) appears with increasing Eu3+ 
concentration. Additionally, the absence of boron-
related reflections in the XRD results may be 
attributed to the dissolution of boron in the columbite 
structure, and similar studies have been reported 

(32,33). The schematic representation of the 

CoNb2O6 crystal structure consisting of corner-
shared and edge-shared NbO6 and CoO6 octahedral 
is shown in Figure 2. In the columbite structure, 
there are three vacant octahedral sites labeled 4a, 
4b, and 8d, where the 4a sites are the most favorable 
for Eu3+ occupancy (32-35). The XRD peaks of the 

(131) reflection are shown in Figure 3. With 
increasing Eu3+ concentration, a shift of the (131) 
peak to higher two theta angles was observed, which 
may be associated with a decrease in the lattice 
constant or the shrinkage of the lattice. The decrease 
in the lattice continued up to 9 mol%, while the shift 
to the left at 12 mol% indicated an expansion. 

Accordingly, the doping of Eu3+ ions will likely affect 
the charge balance due to the shrinkage of the lattice 
and cause some defects in the structure. Table 1 
summarizes the lattice parameters of the samples, in 

which the a, b, c, and V data from 1 to 12 changed 
to 14.4995, 5.5857, 5.0559 Å, 409.47 Å3 and 

14.2362, 5.6138, 4.9888 Å, 398.70 Å3, respectively. 
In addition, the cell data of orthorhombic CoNb2O6 
are reported as a=14.167 Å, b=5.714 Å, c=5.046 Å, 
and V=408.47 Å3 (27), which are consistent with the 
lattice parameters in this study. The average 
crystallite sizes of the samples from the Scherrer Eq. 
were found between 28.07 and 33.91 nm. The slight 

increase in crystallite size can be associated with the 
formation of a secondary EuNbO4 phase due to the 
increased presence of Eu3+ and thus the 
development of crystallinity as a result of 
maintaining the charge balance in the structure.
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Table 1: Cell parameters and crystallite sizes for Eu3+, B3+ co-doped CoNb2O6 ceramics. 

Sample 
(mol%) 

Lattice parameters Crystallite size 

a 
(Å) 

b 
(Å) 

c 
(Å) 

c/a 
V 

(Å)3 
D 

(nm) 

Ref. [27] 14.1670 5.7140 5.0460 - 408.47 - 

1 Eu3+, 10 B3+ 14.4995 5.5857 5.0559 0.3487 409.47 28.07 

3 Eu3+, 10 B3+ 14.4058 5.5927 5.0492 0.3505 406.80 28.08 

6 Eu3+, 10 B3+ 14.2683 5.6033 5.0391 0.3532 402.87 29.79 

9 Eu3+, 10 B3+ 14.1471 5.6208 4.9822 0.3522 396.18 33.92 

12 Eu3+, 10 B3+ 14.2362 5.6138 4.9888 0.3504 398.70 33.91 

 

 
Figure 1: X-ray diffractions of CoNb2O6:xEu3+,yB3+

 (x=1, 3, 6, 9, 12 mol% Eu3+
 , y=10 mol%) co-doped 

CoNb2O6 samples. 
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Figure 2: Schematic illustration of the CoNb2O6 crystal structure. 

 

 
Figure 3: XRD two theta angles (131) shifted to higher angles with Eu3+ concentration. 

 
Figure 4(a-e) shows the SEM micrographs at 5000x 

magnification for 1, 3, 6, 9 and 12 mol% Eu3+, B3+ 

co-doped samples, respectively. In SEM 

micrographs, there was a slight increase in the grain 

sizes of the ceramic samples with the increasing Eu3+ 

concentration from 1 to 9 mol% which ranged 

between 1-30 m. There was some decrease in grain 

sizes at 12 mol% concentration, while an increase 
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occurred in plate-shaped and elongated grains. Also, 

as seen in SEM micrographs in Figure 4(a-e), 

increasing Eu3+ concentration promotes the 

formation of collapses and holes in the grains. 

Moreover, it has been previously reported that the 

grain sizes of powder samples produced by the 

molten salt method at 800 °C are in the range of 

0.05-2 m (20). However, in this study, boron was 

subsequently added and the temperature was 

increased to 900 °C after pelletization. As a result, 

the morphology of the grains was affected by the 10 

mol% boron doping, and increasing the temperature 

from 800 to 900 °C, a significant increase in grain 

sizes occurred.

 

 
Figure 4: SEM micrographs of (a) 1, (b) 3, (c) 6, (d) 9, (e) 12 mol% Eu3+, 10 mol% B3+ co-doped samples 

at 5000× magnifications and 5 kV acceleration voltage. 
 
SEM-EDS analysis was performed to reveal phase 
structures and elemental compositions. Figure 5a 
shows an SEM micrograph for 6 mol% Eu3+, 10 mol% 
B3+ co-doped sample, at 15000× magnification 
under 20 kV acceleration voltage. The elemental 

composition differences between CoNb2O6 main 
phase and EuNbO4 minor phase were detected by 

EDS analysis, where the point-1 (Figure 5b) and 
point-2 (Figure 5c) show Eu3+ doped CoNb2O6 and 
EuNbO4 grains, respectively. As seen from the EDS 
results, the atomic compositions (%) of the main and 
minor phases agree with the theoretical compositions 

(%).
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Figure 5: (a) SEM micrograph, and EDS spectrums with weight%, atomic% elemental compositions, and 
theoretical atomic% values, (b) main phase-point 1 (c) EuNbO4 phase-point 2 for 6 mol% Eu3+, 10 mol% 

B3+ co-doped sample. 
 

3.2. Dielectric Behavior of Eu3+, B3+ co-doped 
CoNb2O6 Ceramics 
Figure 6 shows the dielectric constants (ε') of ceramic 
samples measured between 20 Hz–107 Hz. The 
dielectric constants of Eu3+, and B3+ co-doped 

CoNb2O6 ceramics varied between approximately 
34.8 and 24.5 at 20 Hz. As seen in Figure 6, the 
dielectric constant depends on frequency, the ε' 
value was almost constant in the high-frequency 
range, and it increased in the low-frequency range. 
Regarding this, with increasing frequency, the ability 
of electron exchange to follow the applied field, and 

therefore the dielectric constant decreases. At very 
high frequencies the field reverses before the motion 
of the space charge carriers and as a result, does not 
contribute to polarization, and so the ε' value is 
almost constant at high frequencies (36-38). In 

Figure 6, increasing Eu3+ concentration led to an 

increase in the dielectric constant up to 9 mol% and 
then decreased to 12 mol%. In a study conducted by 
Betinelli et al (39) on BaTiO3, similar to this study, 
an increase in crystallite size and ε' value occurred 
with increasing Eu3+ concentration. So, Eu3+ ions are 
introduced into the host lattice as trivalent cations, 
giving rise to more point defects when increasing the 

dopant concentration, where the increasing ε' value 
with Eu3+ doping into the BaTiO3 structure is 
attributed to the lattice defects caused by the dopant 
and is explained as the higher the lattice defects 
added to the host lattice with increasing dopant 
concentration, the higher the value of the dielectric 
constant. Accordingly, as seen in Figure 2 and Table 

1, the shift to the right in the XRD peaks with 
increasing Eu3+ concentration can be associated with 
the presence of increasing defects in the lattice and 
the dielectric property improving up to 9 mol%. 
Moreover, the c/a ratio (40.41), which can be 

attributed to the distortion in the lattice, varies 
between 0.3487 and 0.3522 from 1 mol% to 9 mol%. 
On the other hand, as seen in Figure 2, the Eu3+ ions 
included in the structure caused a shift to the left or 
smaller two theta angles in the XRD peaks and 
expansion of the lattice, so a decrease occurred in 
the ε' value and c/a ratio at 12 mol% concentration. 

Based on this result, it is likely that a decrease in the 
dielectric constant occurred at 12 mol% Eu3+ 
concentration due to the presence of reduced point 
defects in the lattice. On the other hand, since the 
dielectric constant is grain size-related or sensitive to 

grain size and is affected externally, this 

phenomenon is explained based on the Maxwell-
Wagner theory of extrinsic factors. According to this 
theory, the dielectric constant is directly proportional 
to the grain size of the sample, where an increase in 
grain size causes the polarization ability of atoms and 
the ε' value to increase (42-46). A slight increase in 
grain size in SEM examinations supports the 

improvement of the dielectric constant, which can be 
attributed to the absence of additional grain 
boundaries that prevent polarization. In addition, in 
the XRD results, it was previously stated that the 
formation of the EuNbO4 secondary phase due to the 
increased presence of Eu3+ prevents the decrease in 
grain size by maintaining the charge balance in the 
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structure. This may be associated with a slight 
increase in the crystallite size, which supports the 
improved bulk feature and increased polarization. 

So, this increase in dielectric constant is considered 
to be consistent with the increase in grain size and 
crystallite size. As the amount of dopant increases, 
the grain size decreases, and the grain boundaries 

increase. At the same time, excessive grain boundary 
barrier weakens the electron transfer between grain 
boundaries and increases the interfacial polarization 
between grain and grain boundary, leading to 
deterioration of dielectric property (11). Of course, 
increasing dopant concentration will also increase the 

possibility of secondary phase formation, as in this 
study. The secondary phase effect is emphasized in 
detail in different studies in the literature (11,12). In 

a study on (Nd0.5Nb0.5)xTi1-xO2 by Wang et al (11), 
the secondary NdTiNbO6 phase containing RE ions 
formed at x= 3% level and continued up to x= 7% 

concentration. Thus, the decrease in the dielectric 
constant after increasing up to x= 3% may be 
attributed to the tolerance of the secondary phase in 
the structure to some extent. In addition, the 

dielectric property of the secondary phase may affect 
the dielectric property of the main phase, like 
RENbO4 ceramics which offer excellent dielectric 
properties (47). Therefore, the fact that the 
secondary phase of EuNbO4 has dielectric properties, 
its increased presence in the structure or at grain 

boundaries may be ascribed to some extent being 
tolerated by the structure or reducing its 
deteriorating effect on the dielectric property.

 

 
Figure 6: Dielectric constants of CoNb2O6:xEu3+, yB3+ (x=1, 3, 6, 9, 12 mol%, y=10 mol% ceramics. 

 
Figure 7 shows the variation of dielectric loss (tan δ) 

with frequency for Eu3+ doped CoNb2O6 samples. It is 
seen that dielectric loss increases continuously as the 

frequency decreases in the range of 20-105 Hz. In the 
low-frequency range corresponding to high 
resistance, more energy is required for polarization 
due to the grain boundary, while in the high-
frequency range associated with low resistance, very 

little energy will be needed for electron transfer 
because of the grain boundary, and the energy loss 
will be less (48-50). The tan δ factor shows an 
increasing trend with increasing concentration up to 
9 mol% Eu3+. Different studies in the literature relate 
the dielectric loss factor in ferroelectrics to oxygen 

vacancies, which are responsible for dielectric loss or 
leakage current (50-53). The randomization or 

disorder of oxygen vacancies results in a decrease in 

the energy required for oxygen to jump from an 
occupied lattice site to an unoccupied site, so the 

oxygen vacancies in the structure undergo an order-
disorder transition. This situation leads to an increase 
in ionic conductivity (53). Consequently, the 
increased dielectric loss may be related to Eu3+ 
substitution, which probably does not suppress 

oxygen vacancies or make them more ordered. This 
result led to an increase in ionic conductivity, and so 
increased dielectric loss or leakage current due to 
Eu3+ substitution. In addition, the decrease in 
dielectric loss at 12 mol% Eu3+ concentration may be 
associated with the Eu3+ substitution suppressing or 

making the oxygen vacancies more ordered.
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Figure 7: Dielectric losses of CoNb2O6:xEu3+, yB3+ (x=1, 3, 6, 9, 12 mol%, y=10 mol% ceramics. 

 
4. CONCLUSION 
 
In the study, the structural and dielectric properties 
of orthorhombic columbite Eu3+, and B3+ co-doped 
CoNb2O6 ceramics were examined. The powders 

were synthesized by the molten salt method at 800 
°C, to improve the bulk property, boron was added 

and the sintering temperature was raised to 900 oC. 
In XRD results, the CoNb2O6 phase maintained up to 
12 mol%, and also the EuNbO4 minor phase was 
detected in which ceramic samples have slightly 

enhanced crystallinity. SEM micrographs showed 
that the Eu3+ increase led to a somewhat increase in 
grain sizes, while the formation of the plate-shaped 
and elongated morphology occurred in high Eu3+ 
concentrations. In EDS results, the atomic 
compositions (%) of the main and EuNbO4 phases 
were agreed with the theoretical compositions (%). 

The dielectric constants of the Eu3+, B3+ co-doped 
CoNb2O6 were determined in the range of 34.8 and 
24.5 at 20 Hz, while increased Eu3+ caused an 
increase in the ε' value up to 9 mol% and then 
decreased for 12 mol%. Based on the evaluation of 

the Maxwell-Wagner theory, this increase in 
dielectric constant was considered to be consistent 

with the increase in grain size and crystallite size. 
The dielectric loss increased with increased Eu3+ 

concentration up to 9 mol%. The increased tan δ with 
increasing Eu3+ was attributed to Eu3+ substitution, 
which did not suppress oxygen vacancies or make 
them more ordered, and so this situation was 

associated with increased ionic conductivity and 
increased dielectric loss or leakage current. 
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Abstract: Vernonia amygdalina Delile, which is in the Asteraceae family, is used as food and medicine all
over  the  world,  especially  in  Africa  and  Asia.  This  review  reports  the  phytochemical,
ethnopharmacological,  phyto-cosmeceutical,  and toxicological  potentials  of  the plant.  Recent scientific
exploration of the plant has mainly focused on both its nutritional potential and ethnopharmacological
properties.  The  antioxidant,  anti-inflammatory,  antidiabetic,  hepatoprotective,  hematological,  anti-
plasmodial, antimicrobial, anticancer, neurological, cosmeceutical, and other pharmacological values of V.
amygdalina continue to be extensively explored. Many empirical studies of the therapeutic potential of the
plant have attributed the ethnomedicinal properties of the plant to its phytochemical constituents, which
include glycosides, saponins, tannins, terpenoids, etc. Compounds obtained from the leaves, root, stem,
and flowers, which include vemoniosides, vernoamyosides, vernoniamyosides, vernoniosides, vernolide,
vernodalol,  vernodalin,  vernomenin,  vernomygdin,  vernodalinol,  epivernodalol,  vernolepin,  coumarins,
luteolin,  edotides,  etc.  have  been  identified  as  bioactive  constituents  responsible  for  numerous
pharmacological activities of the plant. In addition, the toxicological evaluation of the plant revealed that
it is safe for consumption at relatively high concentrations. 
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1. INTRODUCTION 

Medicinal plants form the fulcrum of folk medicine
due to their numerous economic, pharmacological,
nutritional,  and  tremendous  health  benefits  to
humans. The utilization and relevance of medicinal
plants,  particularly  in  the  drug  development  and
food  industries,  cannot  be  overemphasized.  Their
medicinal and pharmacological properties have been

attributed  to  the  presence  of  phytoconstituents,
which are typically bioactive compounds capable of
producing  definite  physiological  action  in  humans
(1).  Since  ancient  practice,  medicinal  plants  have
been adopted ethnobotanically  for  medicine,  food,
clothing,  hunting,  and,  in  some  religious
ceremonies,  even  though  their  primary  use  has
been for health care (2). Different parts of medicinal
plants  have  been  used  to  cure  specific  ailments.
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Recently, a gradual renewal of interest in the use of
medicinal  plants  in  developing  countries  was
rekindled because herbal medicines are reported to
be safe and have fewer adverse side effects when
carefully prepared in comparison with conventional
drugs (1, 2). Among the edible plants whose parts
are highly valued in ethnomedicine is V. amygdalina
(Figure 1).

V.  amygdalina, a  tree  or  shrub  of  the  family
Asteraceae and genus Vernonia, is well known in the
tropics, particularly in Africa and Asia. The perennial
plant is characterized by the bitter taste of the sap
from the leaf, and this has been widely explored for
its  ethnobotanical  applications  in  traditional
medicine (3, 4). The plant has been found to be rich
in  minerals,  especially  phosphorus,  calcium,
potassium, magnesium, zinc, iron, and vitamins A,
C,  and  E.  Scientific  and  pharmacological  studies
have revealed the antihyperglycemic action of the
roots of V. amygdalina (5). In addition, there is an
increasing dependence on the use of this medicinal
plant, as bioactives are prepared as nutraceuticals
and chemotherapeutics for conventional applications
(2). In addition, findings have suggested that the
plant  is  a  reservoir  for  potent  phytochemicals  of
pharmaceutical  importance  (6).  The  overall
therapeutic properties of plants are often based on
the phytochemical constituents of the plant (7, 8).

V. amygdalina extracts are traditionally used as an
antidiabetic,  anti-helminthic,  antimalarial,  laxative,
digestive tonic, appetizer, and febrifuge agents (4,
9). In some African countries, including Ethiopia, V.
amygdalina is  among  the  medicinally  significant
plants  used  against  malaria,  helminth  infections,
gastrointestinal disorders, and fever. This species is
also  used  to  promote  wound  healing  and  treat
microbial  infections  (9).  The  main  bioactive
constituents  of  the  leaves  were  reported  as
sesquiterpene  lactones.  Some  of  them  include

vernonioside A1, vernonioside A2, vernonioside B1,
vernonioside  B2,  vernodalin,  vernolepin,
vernomygdin, vernodalol, and vernodalinol (10).

© authors
Figure 1: Photograph of V. amygdalina.

2. BOTANICAL OVERVIEW

V.  amygdalina of  the  family  Asteraceae  or
Compositae is an African and Asia renowned shrub
or tree with valuable medicinal principles. The plant,
otherwise  called  bitter  leaf,  is  well  known  in
countries  that  include  Cameroon,  Nigeria,  Egypt,
Uganda,  Tanzania,  and  others  where  it  thrives
around  water  paths,  forest  zones,  and  home
plantations  (11).  In  Africa,  the rough brown bark
plant  often  reaches  a  height  of  7  m  as  the
semioblong leaves attain an average size of 10 x 4
cm. The plant produces off-white to cream-colored
clusters  of  flowers  that  are  axillary  and  terminal
with sweet smell (11). The taxonomic classification
of V. amygdalina is presented in Table 1.

Table 1: Taxonomical classification of V. amygdalina.

Classification Taxonomy

Kingdom
Clade

Plantae
Angiospermae

Order
Family

Asterales
Asteraceae

Genus Vernonia
Species V. amygdalina

3. ETHNOBOTANICAL AND MEDICINAL USES

In  Africa,  V.  amygdalina is  adopted  for  various
ethnobotanical and medicinal purposes on account
of economic reasons (12). During childbirth, the leaf
aqueous  extract  orally  administered  is  used  to
induce overdue labor as a result of its capability to
stimulate  uterine  motility  (11).  Parasites  such  as
ringworms  are  expelled  by  applying  leaf  extract,
which is also used to control various infections when
taken  orally  (11).  In  addition,  leaf  decoction  has
been used to manage coughs and colds as well as
enhance  milking  in  lactating  women.  The  leaf  is
notable for its culinary purpose as well. As a staple

vegetable,  it  is  often  used  for  the  preparation  of
special soup and stew in Africa. The soup prepared
from  the  leaf  is  consumed  as  both  food  and
medicine (13).  V. amygdalina contains both major
and trace elements that are responsible for some of
the observed pharmacological properties (14).

Stem and root bark are used as chewing sticks in
some parts of Africa to serve as cleansing agents
and  antimicrobial  agents  in  oral  applications.
Antihelmitic,  antimalarial,  and  anti-tumorigenic
properties have been properly reported for extracts
from this  plant.  Other  studies  have demonstrated
hypoglycaemic  and  hypolipidaemic  effects  of  leaf
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extract in experimental animals (4). Since ancient
times, medicinal plants such as V. amygdalina have
been  widely  used  in  traditional  medicine  for  the
prevention  and  curation  of  various  disease
conditions  due to  their  potency,  affordability,  and
ready availability (15).

V.  amygdalina has  also  been used in  human and
veterinary  medicine  against  several  pathological
infections (16). In the ancient world, ill chimpanzees
were known to suck the stalk of the plant to derive
some health remedies while  enhancing their  body
fitness, lost strength, or appetite. Stalk juice is also
known to reduce indigestion or bowel looseness in
animals.  Likewise,  birds  fed  with  the  leaf  extract
reportedly indicated reduced mortality compared to
those that were not fed with the leaf extract (11).
Virtually all parts of the plant possess bioactives of
pharmacological  relevance  in  the  management  of
various disease conditions (4, 17).

4. PHYTOCHEMISTRY

A plethora of  bioactive phytochemicals  have been
identified in various parts of V. amygdalina. Several
studies  have  reported  the  isolation  and
characterization of some bioactive compounds, such
as  flavonoids,  saponins,  alkaloids,  tannins,
phenolics,  terpenes,  steroidal  glycosides,
triterpenoids,  and  several  types  of  sesquiterpene
lactones  (18-22).  Some  of  the  isolated  and
characterized  bioactive  compounds  are  shown
(Figure  2).  Sesquiterpene  lactones,  including
vernodalol,  vernolepin,  vernodalinol,  vernomygdin,
hydroxyvernolide,  and  vernolide,  have  been
identified  in  the  plant  (21,  23-25).  In  addition,
various vernoniosides and steroidal glucosides have
also been identified as major types of compounds in
plants (26, 20). In fact, V. amygdalina is well known
for  its  bitter  taste  due  to  the  presence  of
vernoniosides  A1,  A2,  A3,  and  A4.  However,
vernoniosides B1, B2, and B3, which were equally
present,  are not characterized by any bitter  taste
(27).  Recently,  stigmastane-type steroid saponins,
including  vernoniamyosides  A-D,  vernonioside  B,
and  vernoamyoside  D,  were  reportedly  in  V.
amygdalina (28).  Vernoamyosides  A-D  and

stigmastane-type steroid  saponins  have also  been
characterized  as  compounds  isolated  from  the
leaves of V. amygdalina (20).

Other steroidal saponins have been identified in the
plant,  with  flavonoids,  tannins,  saponins,  and
triterpenoids  in  the  plant  reported  to  possess
antioxidant and hypolipidaemic effects (10, 29-31).
Igile et al. (1994) (32) accounted for the presence
of  the  flavonoids;  luteolin,  luteolin  7-О-β-
glucuronide,  and  luteolin  7-О-β-glucoside  in  the
leaves  of  V.  amygdalina.  Other  researchers  have
also  affirmed  the  presence  of  flavonoids  like
luteolin, etc, in the plant (33-35).

Other  phytochemicals  present  in  the  leaves  of  V.
amygdalina include  terpenes,  coumarins,  phenolic
acids,  lignans,  xanthones,  phytate,  alkaloids,
saponins, tannins, oxalate, cardiac glycosides, and
anthraquinones without cyanogenic glycosides (34,
36-39). Isorhamnetin, a flavonoid and tricosane, a
hydrocarbon, were obtained in flower extracts of V.
amygdalina (9,  40).  Likewise,  the  presence  of
bioactive peptides called edotides in the leaves of V.
amygdalina  has  also  been  reported  (12,  41).
Recently,  compounds (Figure 2) that included 4α-
hydroxy-n-pentadecanoic  acid,  10-geranilanyl-O-β-
D-xyloside,  11α-hydroxyus-5,12-dien-28-oic  acid-
3α,25-olide, 1-heneicosenol-O-β-D-glucopyranoside,
glucuronolactone,  and  vernoniaolideglucoside  were
reportedly isolated from the stem bark of the plant
(42,43).  The  phytochemicals  of  the  plant  are
reportedly responsible for corrosion inhibition when
applied to metals (44) and as antifungal agents (45)
on surfaces. Among other phytochemicals, saponins
and  glycosides  in  the  leaf  are  responsible  for
bitterness  (46).  Phenolic  compounds  identified  in
the plant can be grouped into flavonoids, tannins,
and  caffeoyl  quinic  acid  (47).  Other  compounds,
including phytol, stigmastadienol, α-tocopherol, and
decanamide, have also been detected in the plant
(48). Tannins, glycosides, and saponins have been
obtained  as  the  primary  phytochemicals  from the
root and stem bark extracts of V. amygdalina (45).
A  summary  of  the  phytochemicals  present  in  V.
amygdalina is iterated (Table 2).

Table 2: Phytochemical constituents of V. amygdalina and their bioactivities.
Compounds  in  V.
amygdalina

Class  of
compound

Part  of  the
plant

Uses References

Vernolide Sesquiterpene
lactone

Aerial
part/root/pith/lea
f

Antimicrobial,
antioxidant,
antitumor,
antiplasmodial,
antischistosomal,
antibacterial

(25,49)
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Compounds  in  V.
amygdalina

Class  of
compound

Part  of  the
plant

Uses References

Vernodalol Sesquiterpene
lactone

Aerial
part/root/pith/lea
f

Antimicrobial,
antioxidant,
antitumoral,
antiplasmodial,
antischistosomal,
antibacterial

(21,50)

Vernodalin Sesquiterpene
lactone

Aerial
parts/root/leaf

Antitumor,
insecticidal,
antileishmanial

(24,51-53)

Vernomygdin Sesquiterpene
lactone

Aerial part Anticancer (21, 52, 54)

Vernodalinol Sesquiterpene
lactone

parts/root/pith Anticancer (21, 52, 54)

Epivernodalol Sesquiterpene
lactone

Aerial parts Anticancer (21, 52, 54)

Vernolepin Sesquiterpene
lactone

Aerial
parts/root/pith

Antiplatelet,
anticancer,
antibacterial

(24, 55, 56)

Vernomenin Sesquiterpene
lactone

Aerial
parts/root/pith

Anticancer,
antibacterial

(51)

11,13-
Dihydrovernodalin

Sesquiterpene
lactone

Aerial
parts/root/pith

Insecticidal (53)

Hydroxyvernolide Sesquiterpene
lactone

Aerial
parts/root/pith

Antiplasmodial,
antitumor,
antischistosmal,
antileishmanial,
antiprotozoal

(57,58)

3’Deoxyvernodalol Sesquiterpene
lactone

Aerial
parts/root/pith

Anti-inflammatory
and antioxidant

(49)

Luteolin Flavonoid Leaf/whole plant Anticancer,
antioxidant

(33, 34, 43, 59)

Luteolin  7-O-β-
glucoroniside

Flavonoid Leaf/whole plant Antioxidant (33, 34, 43)

Luteolin  7-O-β-
glucoside

Flavonoid Leaf/whole plant Antioxidant (33, 34, 43)

Isorhamnetin Flavonoid Flower Antioxidant  and
antibacterial

(40)

Vemonioside A1 Steroid
Glucoside

Leaf/stem/pith/
Root

Antiplasmodial,
antischistosomal

(51, 57, 60)

Vemonioside A2 Steroid
Glucoside

Leaf/stem/pith/
Root

Antiplasmodial,
antischistosomal

(51, 57, 60)

Vemonioside A3 Steroid
Glucoside

Leaf/stem/pith/
Root

Antiplasmodial,
antischistosomal

(51, 57, 60)

Vemonioside A4 Steroid
Glucoside

Leaf/stem/pith/
Root

Antiplasmodial,
antischistosomal

(57, 60)

Vemonioside B1 Steroid
Glucoside

Leaf/stem/pith/
Root

Antiplasmodial,
antischistosomal

(51, 57, 60)

Vemonioside B2 Steroid
Glucoside

Leaf/stem/pith/
Root

Antiplasmodial,
antischistosomal,
antitumor

(51, 57, 60)

Vemonioside B3 Steroid
Glucoside

Leaf/stem/pith/
Root

Antiplasmodial,
antischistosomal

(57, 60)

Vemonioside D1 Steroid
Glucoside

Leaf/stem/pith/
Root

Antiplasmodial,
antischistosomal

(57, 60)

Vemonioside D2 Steroid Leaf/stem/pith/ Antiplasmodial, (57, 60)
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Compounds  in  V.
amygdalina

Class  of
compound

Part  of  the
plant

Uses References

Glucoside Root antischistosomal
Vemonioside E Steroid

Glucoside
Leaf/stem/pith/
Root

Antiplasmodial,
antischistosomal

(57, 60)

Vernoamyosides A Steroid
saponins

Leaf Anti-inflammatory (20)

Vernoamyosides B Steroid
saponins

Leaf Anti-inflammatory (20)

Vernoamyosides C Steroid
saponins

Leaf Anti-inflammatory (20)

Vernoamyosides D Steroid
saponins

Leaf Anti-inflammatory,
antitumor

(20, 28)

Vernoniamyoside A Steroid
saponins

Leaf Antitumor (28)

Vernoniamyoside B Steroid
saponins

Leaf Antitumor (28)

Vernoniamyoside C Steroid
saponins

Leaf Antitumor (28)

Vernoniamyoside D Steroid
saponins

Leaf Antitumor (28)

Edotides Peptides Leaf/root (41,61)
4α-Hydroxy-n-
pentacanoic acid

Hydroxy  fatty
acid

Stem bark Anti-plasmodial (42)

10-geranilanyl-O-β-D-
xyloside

Terpene
glycoside

Stem bark Anti-plasmodial (42)

11α-Hydroxyus-5,12-
dien-28-oic  acid-
3α,25-olide

Steroid Stem bark Anti-plasmodial (42)

1-Heneicosenol-O-β-
D-glucopyranoside

Fatty  acid
glycoside

Stem bark Anti-plasmodial (42)

Vernoniaolideglucosid
e

Fatty-keto
glycoside

Stem bark Anti-plasmodial (42)

Glucoronolactone Lactone Stem bark Anti-plasmodial (42)
Others Terpenes,

coumarins,
phenolic  acid,
lignans,
xanthones,  and
anthraquinones

Leaf (34)

5. ESSENTIAL OIL FROM V. amygdalina

Essential  oil  obtained  from  the  leaves  of  V.
amygdalina via  hydrodistillation  contained
eucalyptol  (1,8-cineol,  25%),  β-pinene  (14.5%),
and  myrtenal  (6.5%)  as  the  major  constituents,
along  with  other  minor  constituents.  α-muurolol
(45.7%) was the major essential oil extracted from
the  aerial  part  (62,  63).  Twenty-two  percent
palmitic acid, 21.5% α-linoleic acid (Omega-3) and
15.8% linoleic acid (Omega-6) were the main fatty

acids obtained from the hexane/isopropanol extract
of V. amygdalina leaves (64). Furthermore, another
report of the composition of the essential oil of the
plant indicated that the major constituents include
α-muurolol (45.7%), thymol (27.0 %), phytol (15.7
%),  o-cymene  (12.7  %),  β-selinene  (8.1  %),  γ-
terpinene  (4.4  %),  β-caryophyllene  (3.9  %),  and
apiole (3.8 %) (65). While more than 40 compounds
have been identified in the essential oil of the plant,
the main constituent of oils from the plant obtained
in Nigeria was α-muurolol (45.7%) (63). 
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Figure 2: Structures of some phytochemicals isolated from V. amygdalina.

6.  PHARMACOLOGICAL  ACTIVITIES  OF  V.
amygdalina

The  pharmacological  properties  of  V.  amygdalina
have  been  investigated  to  validate  the  wide
traditional uses of the plant as a therapeutic agent.
Several studies have indicated that  V. amygdalina
possesses  anticancer,  antidiabetic,  antimalarial,
anti-inflammatory,  cathartic,  hepatoprotective,
antimicrobial,  antioxidant,  chemoprotective  and
cytotoxic,  analgesic,  anthelmintic,  antipyretic,
hypolipidemic,  hemolytic,  antimutagenic,
antileishmanial,  spermatogenic,  antiplatelet  and
abortifacient  activities  (12,  66-68).  The  bioactive
compounds in the plants could act independently or
in  synergy  with  each  other  to  exert  the
pharmacological  activities  of  interest  or  otherwise
(43).

6.1. Antioxidant Activity
Since  many  synthetic  antioxidants,  such  as
butylated  hydroxytoluene  (BHT)  and  butylated
hydroxyanisole  (BHA),  are  suspected  to  be
tumorigenic  (69,  70),  plant  sources  have  been
viable sources of antioxidants (70-75). The health-
promoting activity of V. amygdalina is linked to the
antioxidant capacity of flavonoids and luteoin. It has
been reported that V. amygdalina glucosides luteolin
7-O-β-glucuroniside  and  luteolin  7-O-β-glucoside
possess significant antioxidant activities. Luteolin is
reported  as  a  strong  antioxidant  compound  (32,
76).  Studies  have revealed that  the aqueous and
ethanol extracts of the plants’ leaves, at about 200
mg/kg  dosage,  exhibit  antioxidant  properties,
including  scavenging  free  radicals,  inhibiting  the
bleaching  of  β-carotene,  and  ameliorating  serum
malondialdehyde  in  both  in  vitro  and  rat  models
(38, 77-81).

6.2. Antidiabetic Activity
The aqueous extract of the leaves of V. amygdalina
at  about  80  mg/kg  dosage  has  been  reported  to
have significantly  lower blood sugar (82-84).  This
claim was corroborated by many other reports from
similar  research  on  the  plant  that  used  various
standards and  in vivo assays (85-91). The sugar-
lowering potential of the plant was observed to be
independant of the mode of extract administration
(92).  Furthermore,  the  administration  of  the
combined  extracts  of  V.  amygdalina  and
Azadirachta indica A. luss. was reported to produce
synergistic  effects  that  attenuated  blood  glucose
levels,  regardlessof  the  diabetic  status  of  test
animals (rats) (93).

The  fermented  extract  of  the  plant  exhibited
significant antihyperglycemic potency in a rat model
(94).  The  effect  was  further  enhanced  with  the
incorporation  of  Ocimum  grastissimum  L. leaf
extract,  suggesting  that  the  potential  of  V.
amygdalina leaf  extract  to  inhibit  diabetes
progression could be synergistically improved with
selected plant extracts.

Erukainure  et al. (2018) examined the potential of
V. amygdalina leaf infusion to inhibit α-glucosidase
and  intestinal  glucose  absorption  (95).  This
inhibition was demonstrated as a potent antidiabetic
mechanism,  attenuating  the  breakdown of  dietary
carbohydrates and  slowing the postprandial rise in
blood glucose levels. The leaf infusion consequently
stimulated  muscular  glucose  absorption  and
conversion  both  in  the  absence  and  presence  of
insulin  (95).  This  underscores  the  importance  of
glucose  uptake  and  utilization  by  the  muscles,  a
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major  mechanism shared  with  many  conventional
antidiabetic drugs, such as metformin.

6.3 Anti-inflammatory Potential
V. amygdalina has also been reported to have anti-
inflammatory  activities  in vitro and  in  vivo.  A
stigmastane-type  steroidal  saponin,  isolated  from
the leaves and stem barks of the genus, exhibited
anti-inflammatory  activity  (96,  97).  The
coadministration of  V. amygdalina and  Azadirachta
indica extracts on normal and diabetic rats yielded a
positive  anti-inflammatory  response  (98).  The
aqueous extract of V. amygdalina leaves reportedly
inhibited carrageenan-induced rat paw edema and
xylene-induced ear edema in treated animals (99).
Likewise,  100  µg/mL  ethanolic  extract  of  V.
amygdalina  exacerbated  polymorphonuclear  and
mononuclear  cell  activities  without  impairing
structural  cell  integrity  (100).  Young and old  leaf
extracts  of  the  plant  reportedly  exhibited  anti-
inflammatory  potential  in  a  carrageenan-induced
inflammation model in rats (101). The leaf extract
reportedly  repressed  inflammatory  potentials
through reductions in leucocyte migration and lipid
peroxidation in a mouse model (102). Additionally,
V. amygdalina leaf  extract,  which  contained
compounds including vernonioside D, caffeoyl-quinic
acids, luteolin, flavanone-O-rutinoside, and apigenin
derivative,  suppressed  inflammation,  collagenases,
pain,  and  cartilage  degradation  while  improving
cartilage  matrix  synthesis  when  examined  in
cartilage  explant  assays  and  a  postmenopausal
osteoarthritis  (OA)  animal  model  (103).
Furthermore, vernonioside V from the leaf  extract
strongly  attenuated  the  secretion  of  inflammatory
cytokines, including IL-6, IL-8 and TNFα, at a low
dose (104).

6.4 Anticancer, Antiproliferative, and Cytotoxic
Activities of V. amygdalina
The  cytotoxicity  and  anticancer  activity  of  V.
amygdalina have  been  widely  investigated  (105,
106). It was further reported that the aqueous leaf
extracts of the plant induced cell  death in human
hepatoblastoma (HBL), human breast tumors (MCF-
7), and urinary bladder carcinoma (UBC) cell lines
via  a  pathway  that  involved  a  reduction  in  the
extracellular signal, among others (105). Similarly,
peptides  from  plant  leaves  have  been  shown  to
exert anticancer activity, activating protein kinases
(42, 107).

Other  studies  have  shown  the  potency  of  plant
extracts against cells, including MCF-7, BT-549, and
human  breast  cancer  cells  (108-111).
Vernoniamyosides  A  and  B  and  vernonioside  B2

isolated  from  leaves  of  V.  amygdalina exhibited
strong cytotoxicity towards BT-549 cell lines, while
vernoniamyoside  C,  vernoniamyoside  D,  and
vernoamyoside  D  exhibited  different  levels  of
cytotoxic activities on HeLa, MCF-7, and MDA-MB-
231  cells  (20).  The  ethyl  acetate  extract  of  the
leaves exhibited anticancer  activity  on 4T1 breast
cancer  cells  via  the  induction  of  apoptosis,
facilitated cell accumulation in G2/M phases of the
cell  cycle,  and  attenuated  the  secretion  of  mTOR
and  PI3K  (112).  The  cytotoxicity  and

antiproliferative potential of the plant continued to
be explored (113).

6.5  Neuroprotective  Properties  of  V.
amygdalina
Neurodegenerative  diseases  such  as  Alzheimer’s
and Parkinson’s diseases are of major public health
concern globally. These diseases are associated with
neuronal  death  and  have  tremendous  effects  on
movement,  speech,  intelligence,  sleep,  memory,
and appetite (114). The neuroprotective role of  V.
amygdalina has  been  reported  in  several  studies
(54,  115).  It  was also reported that  the aqueous
leaf extract of V. amygdalina improved learning and
memory  in  rats  by  modulating  cholinergic
neurotransmission  (115).  The  leaves  were
demonstrated  (116)  to  exert  protective  effects
against  neurodegeneration  in  the  rat  brain  by
modulating the activities of Na+/K+ ATPase, ecto-5′-
nucleotidase,  monoamine  oxidase  (MAO),
acetylcholinesterase,  butyrylcholinesterase,  and
oxidative  stress.  The  methanolic  extract  of  the
leaves has been reported to protect against gamma
radiation  in  the  brain  by  improving  antioxidant
status and tissue morphology in the brains of rats
exposed to gamma rays (54). It was demonstrated
that  leaf  infusions  stimulate  glucose  uptake  and
utilization  in  isolated  brains  (117).  The
neuroprotective potential of alkaloid-rich leaf extract
has been reported in transgenic fruit fly (Drosophila
melanogaster)  model  and  scopolamine-induced
amnesia rats (118).

6.6 Antibacterial and Anti-fungal Properties of
V. amygdalina
Extensive  investigation,  particularly  on  the  stem
bark  and  leaf  extracts  of  V.  amygdalina, adds
credibility to the folkloric claim of the antibacterial
and antifungal potencies of the plant (119, 120). In
a  study,  ethanolic  and  aqueous  extracts  of  V.
amygdalina  leaves  exhibited  significant  MIC
inhibitions on  Streptococcus mutans  at 25 and 55
mg/mL,  respectively. Ethanolic  and  aqueous
extracts  of  V.  amygdalina parts  (leaf,  bark,  root,
and honey) exhibited significant in vitro antibacterial
and  antifungal  effects  against  various  human
pathogens,  including  Pseudomonas  aeruginosa,
Staphylococcus aureus, Candida albicans, Klebsiella
pneumoniae, Bacillus subtilis, Aspergillus niger, and
Escherichia coli (17).

In addition, the stem bark or wood of V. amygdalina
has been recommended for use as a chewing stick
due to the confirmed activities of the extract against
a  broad  spectrum  of  human  pathogenic  bacteria
(121). The recommendation is in tandem with the
documented  traditional  use  of  the  plant  as  a
chewing  stick  for  maintaining  clean  and  healthy
teeth. The antidermatophytic and antimycoplasmal
properties of V. amygdalina have also been reported
(122, 123).

6.7 Antiviral Activities
Antiviral activities are not common properties of the
family. However, a few antiviral studies have been
reported for V. amygdalina. The ethanolic extract of
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the plant’s  leaf  is  reportedly potent  against  some
viral infections, including poliovirus (124).

6.8 Antimalarial Properties
Traditionally,  V.  amygdalina  is  used  for  the
prevention and management of malaria (125-127).
While  in vitro anti-plasmodium activities have been
reported  (128-130,43)  and  in  vivo potential  has
been confirmed (131-133), clinical trials have also
been  reported  in  some  cases  (134,135)  and
reported that the aqueous extract of the leaves of
V. amygdalina inhibited 73% of Plasmodium berghei
in  mice  when given 200 mg/kg daily  for  4  days.
Antihelmintic and antimalarial properties, as well as
anti tumorigenic properties, have also been reported
for extracts from the plant (17).

6.9  Hepato-  and  Nephroprotective  Properties
of V. amygdalina
Aqueous  and  ethanolic  leaf  extracts  of  V.
amygdalina reportedly  protect  against
tetrachloromethane-, alcohol- and aflatoxin-induced
hepatotoxicity,  among  others,  in  mouse  and  rat
models  (78,  136-138).  The extracts  also  had the
potential  to  reverse  hepatic  damage in  rats  (46).
Supplementation of a rat diet with the leaves of V.
amygdalina was  associated  with  no  acute
hepatotoxicity  (139).  However,  a  report  indicated
that the extract could trigger hyponatremia in rats
(89). It was further confirmed that other selected
plant  extracts  co-administered  with  the  V.
amygdalina  extract  reversed  hyponatremia  but
exacerbated  hypophosphatemia,  which  was
diabetes-induced (140). In aspirin-triggered gastric
ulcers in rats, leaf extract was observed to induce
gastroprotection  and  prevent  renal  damage  (141,
142).

7. ZOO-PHARMACOLOGY

In  instances  of  severe  parasitic  infestations,
including  nematodes,  some wild  animals,  such  as
chimpanzees, are known to deliberately ingest the
leaves of  V. amygdalina  for treatment (143, 144).
Pigs and other animals are also fed with the plant to
expel parasites such as helminths (22, 143, 145).
Some experimental research output added credence
to the claim of the use of the leaves of the plant for
the expulsion of parasites in animals (24).

8. PHYTO-COSMECEUTICAL APPLICATIONS

Phyto-cosmetics  are  primarily  plant-derived
products  applied  to  improve  the  external  look,
radiance, beauty, and general health of skin, hair,
and  teeth.  Generally,  phytocosmeceuticals,  as
herbal  products,  contain  bioactive  phytochemicals
that  retard  skin  aging,  acne,  and  skin  wrinkling,
among others  (71,  74,  75,  146,  147).  Prominent
phytochemicals  with  bioactive  properties,  such  as
antioxidant,  anti-inflammatory,  and  antityrosinase
properties, include phenolics, flavonoids, terpenoids,
saponins, and lipids (73, 148-150).  V. amygdalina
has been reported for its cosmetic application due to
the presence of a great variety of phytochemicals,
including phenolics  and saponins,  that  support  its
usage  in  the  preparation  of  traditional  cosmetics,

astringents,  emollients,  skin  moisturizers,
photoprotection,  or  excipients  in  cosmetic
preparations (151).

The leaf extract of V. amygdalina is used in Eastern
Cameroon for the preparation of hair cream (151).
Additionally, in the southwestern part of Nigeria, the
leaves  are  said  to  be  used  as  body  cream after
being dried,  crushed into fine powder,  and mixed
with  oil  of  choice  (146).  As  a  result  of  its
antimicrobial  potency,  the  stem  and  root  are
chewed in Nigeria for oral hygiene and prevention of
dental decay (152). It was reported that the use of
the chewing stick made from V. amygdalina resulted
in  fewer  incidences  of  oral  lesions  compared  to
those who used toothbrushes (153).

9. OXYTOCIC POTENTIAL OF V. amygdalina

Traditionally,  V. amygdalina aqueous leaf extract is
used  in  child  delivery  to  enhance  uterine  dilation
and  motility  (154).  Hence,  some  studies  have
confirmed the oxytocic  potential  in animal models
(155, 156). The administration of the plant extract
reportedly  enhanced  uterine  motility  and  initiated
contraction  in  rabbits,  thereby  confirming  the
oxytocic  capability.  Furthermore,  V.  amygdalina
aqueous  extract  improved  milk  production  while
enhancing uterine contraction in  an animal  model
(157).  The  results  obtained  add  credence  to
oxytocic potency, as acclaimed by local midwives.

10.  TOXICOLOGICAL  EVALUATIONS  OF  V.
amygdalina

The toxicity of the various parts of  V. amygdalina
has been severely investigated (158). The toxicity of
the plant has been reported by various authors. The
acetone extract reportedly showed toxicity only at
higher dosages with an LD50 of 824.6 mg/kg, while
the methanol extract did not show any toxicity up to
2000 mg/kg in albino mice (159). The essential oils
of  the  plant  exerted  a  good  measure  of  toxicity
against  Sitophilus zeamais Motschulsky (160). The
polar  extract  of  the  plant  attenuated  Cd-induced
hepatic injury in a wistar rat model (161).

10.1. In silico Toxicological Evaluation
The safety of plants in folk medicine is often based
on  the  toxicity  profile  of  the  phytochemical
compounds in the plant. In order to predict toxicity,
various  in silico approaches  exist.  Here,  we
performed  in silico toxicity  evaluations  of  the
compounds using the ProTox-II and SuperCYPsPred
platforms  developed  at  Charite,  University  of
Medicine.  These  computational  platforms
incorporate  molecular  similarity,  fragment
propensities, most frequent features, and machine-
learning  algorithms  to  predict  46  endpoints
(models) in total. Various toxicity endpoints, such as
acute  toxicity,  hepatotoxicity,  cytotoxicity,
carcinogenicity,  mutagenicity,  immunotoxicity,
adverse  outcome  (Tox21)  pathways,  toxicity
targets, and cytochrome inhibition prediction of five
major CYP isoforms, 3A4, 2C19, 2C9, 2D6, and 1A2,
were identified. Based on these predictions (Table
3), the compounds were found to be safe (inactive
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for  toxicity  endpoints)  and  had  no  relevant
interactions with cytochromes. Table 3 reports the
acute  toxicity  class  profiles  of  these  compounds.
The ProTox-II acute toxicity prediction classes are
defined  according  to  the  globally  harmonized
system of  classification  and labelling  of  chemicals
(GHS). LD50 values are given in [mg/kg]:

Class I: fatal if swallowed (LD50 ≤ 5); Class II: fatal
if  swallowed (5  < LD50 ≤  50);  Class  III:  toxic  if
swallowed (50 < LD50 ≤ 300); Class IV: harmful if
swallowed (300 < LD50 ≤ 2000); Class V: may be
harmful if swallowed (2000 < LD50 ≤ 5000); Class
VI: nontoxic (LD50 > 5000).

Table 3: Acute toxicity class (predicted LD50 oral in rat) analysis of the compounds using ProTox-II
computational platform.

Name ProTox-Acute
Toxicity class

Prediction score (%) Predicted  LD50

value (mg/kg)

Vernolide 3 75.0 100

Vernodalol 4 69.80 1335

Vernolepin 3 68.07 150

Vernomenin 3 69.36 150

11,13-
Dihydrovernodalin

4 69.46 452

Hydroxyvernolide 2 69.26 7

3’Deoxyvernodalol NA NA NA

Luteolin 5 70.95 3919

Luteolin 7-O-β- glucoroniside NA NA NA

Luteolin 7-O-β-glucoside 5 70.97 5000

Isorhamnetin 5 70.67 5000

Vemonioside A1 5 69.26 4000

Vemonioside A2 5 69.26 4000

Vemonioside A3 5 69.26 4000

Vemonioside A4 3 69.71 52

Vemonioside B1 5 69.26 4000

Vemonioside B2 6 70.01 8000

Vemonioside B3 5 69.26 4000

Vemonioside D1 6 69.26 8000

Vemonioside D2 5 78.00 3220

 Vemonioside E 6 79.55 8000

Vernoamyosides A 4 73.34 1500

Vernoamyosides B 5 77.75 3220

Vernoamyosides C 3 73.43 53

Vernoamyosides D 3 71.77 52

Vernoniamyoside A 5 77.08 4000
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Vernoniamyoside B 6 76.68 8000

Vernoniamyoside C NA NA NA

Vernoniamyoside D 4 75.36 4000

Edotides NA NA NA

NA: Not available.

From  the  data  obtained  (Table  3),  all  the
compounds except hydroxyvernolide were classified
into classes III to VI, implying that most compounds
were  saved  at  50  <  LD50 ≤  5000.  These  results
apparently showed the relative safety of the plant
when  consumed  at  moderate  doses.
Hydroxyvernolide, a sesquiterpene lactone obtained
from the aerial part of V. amygdalina and from the
leaf of Vernonia cinerascens Sch.Bip., is reported to
possess  antitumor,  antitrypanosomal,
antiprotozoan,  antileishmanial,  and  antiplasmodial
activities (57, 58,162).

11. OTHER APPLICATIONS

It  is  apparent that numerous  in  vitro and  in  vivo
have been done on the plant. V.  amygdalina  leaf
extract was reported to exhibit strong antidiarrheal
activity  in  a  diarrheal  model  that  was  castor  oil-
induced. It was found to delay the onset of diarrhea
and  attenuate  the  frequency  of  stools  and  the
weight  of  feces  at  400  mg/kg  bw  (163).  Other
authors  have  also  investigated  the  potential  of
various extracts of V. amygdalina to inhibit diarrhea
(164).  The plant  is  also  reported for  its  cathartic
(165), antitrypanosomal and antileishmanial (166),
antiplaque  (167),  antinociceptive  (102),
antiphlogistic  (99),  antileukemia  (106)  and
antiquorum sensing activities (168).

12. CONCLUSION

V.  amygdalina  is  obviously  a  multimedicinal  plant
with high nutritional and pharmacological value. The
plant  is  greatly  endowed  with  important
phytoconstituents  that  could  be  a  source  of  lead
candidates  for  drug  development  in  the
pharmaceutical  industry.  Plants  that  are  used  as
vegetables  in  many  climes  hold  potential  for  the
ready and affordable management and prevention
of  chronic  diseases  such  as  diabetes  and  other
cardiovascular-related  diseases.  The  renowned
activities  of  the  plant,  which  include  antioxidant,
anti-inflammatory,  anticancer,  and  antidiabetic
activities,  cannot  be  overemphasized.  The  high
safety threshold of the plant makes it a candidate
for  further  exploration.  The  underexplored  parts,
which  include  the  root  and  flowers,  need  more
scientific investigation.
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Abstract: The first attempts at the synthesis of an indium corrole compound were synthesized in the late 
80s, but it has not been possible to obtain and characterize such complex completely, and the indium part of 
metallocorrole’s periodic table remained unfilled. In this work, an efficient insertion of indium into the 

5,10,15-tris(pentafluorophenyl)corrole was achieved. The obtained 5,10,15-tris(pentafluorophenyl)corrolato 
indium(III) derivatives has been successfully characterized by relevant analytical techniques and some 
photophysical and electrochemical features were studied and investigated for the first time. As a novel 
research, 19F-19F COSY NMR technique was employed for the first time in corrole chemistry and the obtained 
results were further compared to the geometry-optimized molecular structure via density functional theory 
(DFT) calculations. 
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1. INTRODUCTION 
 
Corroles are ring-contracted porphyrin derivatives, 
with a conjugated 18π-electron aromatic ring system 
carrying one direct pyrrole–pyrrole linkage. Many 

metal complexes of corrole ligands have been 

successfully synthesized in the last decades, and 
their molecular as well as electrochemical and 
photophysical properties have been investigated (1). 
 
The coordination chemistry behavior of corrole is 
quite different from the corresponding porphyrin 
derivatives (Figure 1) and most of these variations 

can be related to the ligand charge, being while 
porphyrins are dianionic species, free-base corrole 
molecules are trianionic ligands, and to the 
contracted size and electron-rich character of the 
corrole ring. These features have important 
consequences for the stability and chemical 
properties of the corresponding metalated corrole 

derivatives (1). 

 
 
For example, the coordinated central ions of 
metallocorroles are better stabilized in their high-
valent oxidation states, due to the triply negative 

charge of the fully deprotonated ligand core. The 

available size of the metal-binding cavity is a second 
important criterion of distinction between corrole and 
porphyrin molecules, which leads to modified 
coordination chemistry (2). 
 
In many cases, the contracted core and the electron 
distribution of the trianionic corrole ligand joined with 

the positive charge of the coordinated metal cation 
may induce a ligand-to-metal type re-distribution of 
electron density, which is characteristic for the non-
innocent behavior of corrole as a ligand. This feature 
has caused a difficult elucidation of the dominant 
electronic structure of various metal complexes of 
corrole (2). 
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Figure 1: The basic molecular structures of 5,10,15-triphenylcorrole (left) and 5,10,15,20-

tetraphenylporphyrin (right). 

 
The characterization of different types of main group 
and transition metal corrole complexes has been 
reported, and their diverse properties have been 
investigated by many specialized research groups 

active in the field (2,3). 
 
These efforts also include several examples of group 
13 elements (B, Al, and Ga), which are already very 
well characterized. The corresponding corrole 
complexes of the heavier elements of this main group 

of the periodic table, however, are still mainly 
unexplored. Although first systematic attempts to 
synthesize such compounds started quite early in the 
field (4), a detailed characterization of an indium 

corrole molecule has not been published in the 
literature so far. We herein wish to report our recent 
progress in this direction. 

 
2. EXPERIMENTAL 
 
5,10,15-Tris(pentafluorophenyl)corrole as free base 
ligand molecule was synthesized from the 
condensation reaction between 2,3,4,5,6-penta 
fluorobenzaldehyde and freshly distilled pyrrole in 

acidic media and the obtained free-base corrole 
ligand was purified according to the published 
procedure (5). 
 
Indium(III) chloride was purchased from ABCR 
Chemie, Germany. All NMR solvents were purchased 

from ARMAR Isotopes, Germany. Other solvents, 
chemicals and supplements were purchased from 
VWR, Finland and Magasin EPFL, Switzerland. 
Commercially available reagents were used without 
further purifications. 
 
The obtained indium corrole species were 

characterized by UV-vis (Specord plus, Analytik 
Jena), MS (Q-TOF, Bruker and Orbitrap, Exploris), CV 
(Gamry 600+ Potentiostat/Galvanostat), IR (Vertex 
70 FTIR-ATR, Bruker), Fluorescence (FLS1000 
spectrofluorometer, Edinburgh Instruments) and 
NMR (400 MHz, Bruker) techniques. Full details are 
given in the supporting information. 

 

 
 

2.1. Synthesis of bis(d5-pyridine)-5,10,15-
tris(pentafluorophenyl)corrolatoindium(III) 
To a solution of 5,10,15-tris(pentafluorophenyl) 
corrole (51 mg, 64 μmol, 1 eq) in d5-pyridine (15 

mL), an excess amount of indium(III) chloride was 
added and the reaction mixture was refluxed under 
Ar atmosphere. The reaction was monitored by UV-
vis spectroscopy. Once metalation completed as no 
further spectral change observed, the reaction 
mixture was cooled down to room temperature and 

the reaction mixture was purified by microcolumn 
chromatography using silica gel and d5-pyridine as 
an eluent to give bis(d5-pyridine)-5,10,15-tris 
(pentafluorophenyl)corrolatoindium(III) as a dark 

green solution. The obtained indium corrole molecule 
was characterized by various analytical techniques. 
 
1H-NMR (400 MHz, 278 K, d5-py, ppm): δ= 9.12-8.99 
(m, 5H), 8.97-8.82 (m, 3H); 19F NMR (376 MHz, 278 
K, d5-py, ppm): δ= -137.4-139 (m, 6F, o-Ar-F), -
153-156.2 (m, 3F, p-Ar-F), -163.2-164.2 (m, 6F, m-

Ar-F); UV/Vis (pyridine, nm,  (mol−1dm3cm−1)): 

λmax= 411 (39700), 433 (174000), 516 (6740), 544 
(9300), 585 (16000), 610 (19700); fluorescence 

(pyridine): λex= 410 nm; λem= 617, 669.5 nm; MS: 
m/z calcd for [M-(d5-py)+H]+: 993.0357, found: 
993.0366; m/z calcd. for [M+H]+: 1077.1093, 
found: 1077.1112; FTIR (d5-py): ν˜= 1790 (s) cm 
(In-N=C). 
 

2.2. Synthesis of 5,10,15-tris(pentafluoro- 

phenyl)corrolatoindium(III) 
Previously obtained solution of bis(d5-pyridine)-
5,10,15-tris(pentafluorophenyl)corrolatoindium(III) 
in d5-pyridine was slowly evaporated in a two-necked 
round bottom flask under reduced pressure at room 
temperature, then d-chloroform was added via the 

septum to give 5,10,15-tris(pentafluorophenyl) 
corrolatoindium(III) as a dark green solution. The 
obtained indium corrole molecule was characterized 
by various analytical techniques. 
 
1H-NMR (400 MHz, 278 K, d3-AcN, ppm): δ= 8.87 (s, 
2H), 8.73 (s, 2H), 8.56 (s, 2H), 8.44 (s, 2H); 19F NMR 

(278 MHz, 263 K, d3-AcN, ppm): δ= (m, 6F, Ar-F); 

UV/Vis (acetonitrile, nm,  (mol−1dm3cm−1)): λmax= 

411 (178500), 549 (39400), 600 (37100), 656 
(28800), 708 (22600); fluorescence (acetonitrile): 

 

NHN

NH NH

NNH

N NH



Tuna A et al. JOTCSA. 2024; 11(2): 803-812  RESEARCH ARTICLE 

805 

λex= 410 nm; λem= 617, 661.5, 718 nm; MS: m/z 
calcd for [M+H]+: 908.9621, found: 908.9417. 
 

2.3. NMR Measurements 
The 1D- and 2D-NMR experiments were performed 
using AVANCE 400 MHz Bruker NMR spectrometers 
equipped with relevant (cryo) probes. D5-pyridine 

(d5-py) or d3-acetonitrile (d3-AcN) were used as the 
solvent and relevant corrole compounds were 
dissolved in 300-500 µL of the solvent and placed in 
a high accuracy 500 mm (7-inch) NMR tubes with 
PTFE septum. The NMR spectra were observed in 
various temperatures from 253 K to 298 K in order 

to study kinetic peak resolutions. At the end, we only 
report the NMR spectra were observed at around 278 
K (approximately 5°C). 
 
The 19F-19F COSY experiments were performed using 

AVANCE-III-HD 400 MHz Bruker NMR spectrometer 
equipped with a BBO2: BB {1H} 5mm (ATMA) 

(Z136881/10) probe. D5-pyridine or d3-acetonitrile 
were used as the solvent, and 5,10,15-
tris(pentafluorophenyl)corrole and/or relevant 
indium corrole complexes were dissolved in 400 µL 
of the solvent and placed in a high accuracy 500 mm 
(7-inch) NMR tubes with PTFE septum. 
 

The resulting spectra were processed using TOPSPIN 
(Bruker) software. The FID was Fourier transformed 
using relevant commands and window functions, and 
the resulting spectrum was phase-corrected, 
baseline-corrected, and referenced to the d-TFA and 
CFCl3 resonances. The 19F-19F COSY spectrum was 

analyzed to determine the correlations between 
different sets of fluorine nuclei in the sample. The 
chemical shifts and coupling constants were 
measured, and the resulting data were used to 
determine the molecular structure and aid in the 
characterization of the compound. 
 

2.4. Photophysical Measurements 
The UV-Vis measurements were performed in a 
quartz fluorescence cuvette at room temperature in 
pyridine or chloroform. Steady-state fluorescence 
intensity (365 nm or 410 nm) and excitation (at 650 
nm) measurements were performed using FLS1000 
spectrofluorometer (Edinburgh Instruments) with an 

excitation source of a pulsed (µsec) Xe-arc lamp at 
ambient temperature with a same cuvette in pyridine 

or chloroform. The emission spectra were set to limit 
at 850 nm due to the saturation of the detector (no 
peak formation). The obtained photophysical data 
were evaluated and visualized over Origin and 

Microsoft Excel. 
 
2.5. Electrochemical Measurements 
The cyclic voltammetry experiments were performed 
in Gamry 600+ Potentiostat/Galvanostat using a 
four-hole-three-electrode glass cell (24 mm x 62 
mm, 10 mL). Cyclic voltammograms were obtained 

at room temperature under Ar atmosphere (10 
minutes of purging) using with 3 mm glassy carbon 
as working electrode, Pt wire as counter (auxiliary) 
electrode and Ag wire dipped in 100 mM AgNO3 (in 

anhydrous pyridine) as reference electrode, together 
with 100 mM tetrabutylammonium perchlorate 

(TBAP) as supporting electrolyte and ferrocene (Fc) 
as an internal standard. The data were analyzed over 
Echem Analyst (Gamry) software. 

 
2.6. Computational Methods 
The DFT calculations were performed with the 
Gaussian 16 using the hybrid functional B3LYP along 

with the basis set of LANL2DZ as well as fine 
integration grids and tight SCF and geometry 
optimization criteria were used throughout with the 
implicit effects from pyridine taken into account (6–
9). TD-NMR values were calculated using the method 
implemented in the Gaussian 16 and GaussView 6.0 

software was used for the visualization (10). For 
more details on the DFT calculations please see the 
supporting information. 
 
3. RESULTS AND DISCUSSION 

 
The 5,10,15-tris(pentafluorophenyl)corrolatoindium 

(III) and a corresponding bis(d5-pyridine) 
coordinated complex were successfully synthesized 
and characterized with different spectroscopic 
techniques (Scheme 1). 
 
The synthetic methodologies were modified 
systematically and, the preparation strategy was 

optimized and repeated several times to study the 
influence of different reaction conditions with 
variations in solvents, reagents, optimal 
temperature, and reaction time. 
 
In contrast to our initial assumptions derived from 

the well-known properties of aluminum- and gallium-
corrole complexes (11), it turned out that the 
corresponding indium compound could be obtained 
and characterized without the attachment of 
additional axial ligands such as pyridine. 
 
Our experimental studies and analytical results 

revealed that 5,10,15-tris(pentafluorophenyl) 
corrolatoindium(III) exists as either in a six-
coordinate pyramidal with two d5-pyridine units on 
the same side or four-coordinate parent complex in 
non-coordinating solvents such as chloroform and 
that it is metastable under certain conditions, as 
could be clearly demonstrated by MS and NMR 

techniques.  
 

Such structural motif seems to be quite common for 
heavier main group element corrolato complexes 
with tricationic central ions, as already observed with 
bismuth as the central metal, where a four-

coordinate species was isolated and crystallized (12). 
Although different crystallization techniques (solvent 
diffusion, under oil treatment, slow solvent 
evaporation, etc.) were also tried out several times 
in the case of the indium corrolato complex, 
unfortunately, no successful formation of a sample 
suitable for single crystal diffraction was achieved up 

to now. The solidified and dried green compound 
showed decomposition to give a mixture of white 
indium oxide/hydroxide and green residue as free 
base corrole ligand in the presence of air. However, 

it was possible to characterize 5,10,15-tris 
(pentafluorophenyl)corrolatoindium(III) in solution.
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Scheme 1: The syntheses of indium corrole molecules; bis(d5-pyridine)-5,10,15-

tris(pentafluorophenyl)corrolatoindium(III) (top, i: InCl3 in d5-pyridine) and 5,10,15-
tris(pentafluorophenyl)corrolatoindium(III) (bottom, ii: vacuum at r.t.) 

 
Metalation of the free-base corrole with an excess of 
indium salts was performed in pyridine solution. As 
soon as 5,10,15-tris(pentafluorophenyl)corrole was 

dissolved in pyridine, we observed a deprotonation 
of the free-base corrole ligand indicated by the 

absorption spectroscopic signature of the 
corresponding corrolato anion. This observation was 
further corroborated by analyzing the 1H-NMR 
spectra in d5-pyridine, where the characteristic 

signals of the inner protons experiencing a strong 
shielding effect of the macrocyclic aromatic ring 
current of the corrole core were disappearing. A 
similar phenomenon in porphyrin chemistry can be 

also seen in the course of porphyrinato anion 
formation under alkaline conditions (13,14). 
 

For our present study of new indium compounds with 
a fluorinated macrocyclic ligand system, we 

introduced a relevant 19F-19F COSY NMR technique, 
which to the best of our knowledge was not used 
before for any corrole complex in accordance to 
today’s known literature. With this technique, we 

characterized both our free-base corrole ligand of 
5,10,15-tris(pentafluorophenyl)corrole and its two 
new indium complexes to understand and analyze 
the correlations between all F atoms (Figure 2).

 
 
 

 
 
 
 

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
Figure 2: The 19F-19F COSY NMR spectrum of bis(d5-pyridine)-5,10,15-

tris(pentafluorophenyl)corrolatoindium(III) in d5-pyridine. 
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After insertion of indium, the 1H-NMR and 19F-NMR 
peaks of the axially coordinated d5-pyridine complex 
of the 5,10,15-tris(penta-fluorophenyl)corrolato 

indium(III) molecule formed were unequally 
distributed indicating a top-sitting complex structure 
where two d5-pyridine molecules were actually 
placed on the same side. However, when losing both 

axial d5-pyridine ligands, in deuterated chloroform a 
1H-NMR spectrum of 5,10,15-tris(pentafluorophenyl) 
corrolatoindium(III) was obtained, indicating a more 
symmetrical structure resembling the one of 
5,10,15-tris(pentafluorophenyl)corrolatobismuth 
(III). 

 
The possible exploitation of the In-NMR technique for 
the characterization of the corrole complex has been 
considered. However, indium has naturally abundant 
two NMR active nuclei, 113In and 115In which both 

present a quadrupolar (with 9/2 spin) behavior. In 
most cases, NMR measurements yield in very broad 

signals which give an increased signal width over the 
chemical shift range even if the molecules have 
highly symmetric chemical environments. All these 
properties limit to study the chemical environment of 
indium as giving too broad signals and requiring very 
long measurement times together with very fast 
relaxation times (μs) which are not suitable for 

indium peak observation by an In-NMR spectroscopy 
(15,16). 
 
Considering all experimental and instrumental 
parameters, it was concluded that the use of In-NMR 
technique is not applicable for our molecular system 

due to molecular asymmetry. In order to understand 
the effect of this asymmetry, we did run 19F-19F COSY 
NMR spectroscopy measurements and found that the 

geminal pyridine molecules were localized on the 
same side and as a result the asymmetry was 
increased to be yielded in the formation of unequal F 

peaks as well as having different atomic interactions 
between the F atoms of meso-aryl units and D atoms 
of axially coordinated pyridine molecules. 
 

In the same group elements, as Al and Ga corrole 
complexes, this phenomenon occurs somewhat two 
pyridine molecules are positioned axially but in 
opposite directions such one is up and one is down. 
This situation can be associated with the size of the 
ionic diameter. In rare cases, axial units can be 

positioned in the same direction which can be also 
exemplified by obtaining some tantalum, tungsten, 
molybdenum, uranium, and thorium corrole 
molecules in a monomeric or dimeric form(s) (17–
19). 

 
During the prediction, if two pyridine molecules were 

positioned relative to their surroundings (above and 
below), a symmetrical structure would emerge as 
they would interact equally with the F atoms of the 
corrole ligand and the pyrrole H in the beta position. 
A similar interaction was also observed in the 1H-NMR 
spectrum, where H peaks interacted to different 
degrees with pyridine molecules in the same 

direction (geminal). However, all H and F atoms of 
the formed indium corrole structure with two axial 
pyridine ligands were distributed unequally, which 
indicates that an asymmetric molecule as we 
deceived was present. This situation was further 
simulated geometry-optimization molecular 

structure via density functional theory (DFT) 
calculations (Figure 3).

 

 
Figure 3: The DFT optimized molecular structure of bis(pyridine)-5,10,15-

tris(pentafluorophenyl)corrolatoindium(III) in pyridine. 
 
Considering the structure of geminal two pyridine-
coordinated indium corrole, the optimized distance 
between the closest F and the D atom of the one 

pyridine units of two geminal pyridine is 
approximately 3.231 Å, while this distance with the 
H atom in the beta position is approximately 4.029 
Å. 
 

As a result, 19F-19F COSY experiment is more 

favorable than 1H-1H COSY experiment due to the 

considered bond lengths where D atoms of axial 
pyridine ligand(s) have more impact on F atoms on 
meso positions. 

 
The DFT-assisted obtained 19F-NMR spectrum also 
showed very similar images that F atoms interacted 
differently in the same ring which cause different 
peak formations in the obtained both experimental 

and theoretical spectrum (Figure 4).
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Figure 4: The DFT 19F-NMR spectrum of the optimized molecular structure of bis(pyridine)-5,10,15-
tris(pentafluorophenyl)corrolatoindium(III) in pyridine (top) and experimental 19F-NMR spectrum of bis(d5-

pyridine)-5,10,15-tris(pentafluorophenyl)corrolatoindium(III) in d5-pyridine (bottom). 
 
As it can be easily seen that the similarity between 
DFT and experimental 19F-NMR spectra of two 
pyridine coordinated 5,10,15-tris(pentafluorophenyl) 

corrolatoindium(III) structure in pyridine, two 
pyridine units are coordinated on the same side 
instead of axially to create unsymmetrical 
interactions through meso-substituted aryl-fluorine 
atoms as well as they are yielded in more peak 
formations. 

A preliminary study of indium corrole luminescence 
spectra could also be carried out. The emission 
properties of bis(d5-pyridine)-5,10,15-tris 

(pentafluorophenyl)corrolatoindium(III) in pyridine 
solution at room temperature are shown (Figure 5), 
together with the corresponding excitation spectrum. 
 
 

 
Figure 5: Absorbance (green), excitation (red), and fluorescence (blue) spectra of bis(d5-pyridine)-

5,10,15-tris(pentafluorophenyl)corrolatoindium(III) in pyridine. 
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All luminescence features reported here were 
checked for authenticity by analyzing the 
corresponding excitation spectra of Figure 5 above. 

Remarkably, in addition to the expected Soret- and 

Q-band patterns of the indium corrole complex, the 
fluorescence excitation spectrum shows an additional 
shoulder at around 482 nm, which is not dominant in 

the absorption spectrum below (Figure 6).
 

 
Figure 6: UV-Vis spectra of the 5,10,15-tris(pentafluorophenyl)corrolato anion (red) and of bis(d5-

pyridine)-5,10,15 tris(pentafluorophenyl)corrolato indium(III) (green) in pyridine. 

 
The indium corrole complex displays a normal-type 
ligand-centered fluorescence arising from the lowest 
π-π* excited singlet state with a quantum yield of φ 
= 0.25 and electronic energy level of E0-0 (S1)= 2.06 
eV. 

 
At the same time, the Stokes-shift of the 
fluorescence band is calculated to be found around 
200 cm-1 in d5-pyridine. Due to the general reactivity 
trends in the main group 13 element series with an 
increasing oxidation power of the heavier trivalent 
cations, it can be rationalized that this unique feature 

of In(III)-corrole might indicate the presence of a 
low-lying ligand-to-metal charge transfer (LMCT) 

excited state level in the visible spectral region, 
which is not accessible in the case of the related 
Al(III)- and Ga(III)-corrole derivatives. 
 
Although more detailed studies will be necessary to 

finally corroborate such a tentative assignment, the 
currently available luminescence results seem to 
indicate the accessibility of lower oxidation states of 
the central metal. Therefore, a reversible metal 
centered two-electron photoredox chemistry, as 
typical for heavier main group element derivatives 

containing tetrapyrrole ligands might also be 
expected in the case of indium corrole complexes 
(12,20,21). 
 
 

To explore the possibility of reaching lower oxidation 
states at the central metal, the new compounds were 
investigated by cyclic voltammetry. All 
electrochemical experiments were carried out in Ar-
purged anhydrous pyridine and performed versus 

Ag/AgNO3 in the presence of TBAP as a supporting 
electrolyte. In contrast to more common solvents 
usually preferred for cyclovoltammetry studies, 
pyridine is limited to a rather narrow potential 
window (22), but had to be chosen in our case due 
to the much better stability of the indium complexes 
in this solvent as we obtained the mass spectra of 

mono- and di-pyridine coordinated indium corrole 
complexes. 

 
For the indium corrole complex carrying axial 
pyridine, except from axial ligand reduction, only one 
irreversible cathodic peak at -1.51 V was obtained. 
Interestingly, this peak shifted to -1.42 V after 

addition of ferrocene as an internal standard, while 
at the same time a pseudo-reversible electron 
transfer behavior occurred. This might indicate an 
unexplored switch in electron transfer pathways via 
interaction of the corrole complex with ferrocene. 
The first oxidation of the indium corrole complex in 

pyridine solution occurs at an anodic peak potential 
around 0.6 V. All cyclovoltammetric waves were 
compared with the literature data available for the Al 
and Ga complexes of 5,10,15-tris(pentafluoro 
phenyl)corrole, respectively (Table 1). 
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Table 1: Comparison of redox potentials of the tris(pentafluorophenyl)corrole complexes of Al, Ga, and In. 
 

Al Ga In 

2nd Oxidation - 1.14 V* - 

1st Oxidation 0.55 V* 0.68 V* ~ 0.6** 

1st Reduction - 0.88 V* - 0.81 V* - 0.78 V** 

2nd Reduction -1.58 V* -1.55 V* -1.51 V** (-1.42 V***) 

(*: in dichloromethane (22), **: in pyridine versus Ag/AgNO3 in pyridine, ***: after ferrocene addition in 
pyridine versus Ag/AgNO3 in pyridine. 

 
From the first oxidation peak and the data given in 
Table 1, an approximately calculated HOMO-LUMO 

gap of ~2.1 V can be derived, which is in good 
agreement with our spectroscopic results and the 
electrochemical data of other group 13 

metallocorrole complexes such as 5,10,15-tris 
(pentafluorophenyl)corrolatoaluminum(III) (23). 
 
Along with the photophysical data obtained, the 

redox properties of the indium corrole complex in the 
first excited singlet state can also be estimated. A 
clear trend can be observed for all known values in 
the series Al, Ga and In, where the indium corrole 
derivative is the one which is easier to reduce and 
harder to oxidize (22,23). This can also be seen from 

the possible oxidation states of the metal center, 
indium can have In(I), In(II), and In(III) oxidation 
states but for gallium and aluminum, these are quite 
exceptional in special conditions. 
 

In our attempts to characterize the onset of the ring-
centered reductions of the indium corrole system by 

measuring further into the cathodic region of the 
given solvent window, we observed very interesting 
results indicating the accessibility of metal-centered 
electron transfer steps. 
 
According to the literature on main group element 
tetrapyrroles, the first electrochemical reduction 

should occur at the macrocyclic ligand system to 

from an In(III)-corrole -radical anion. These species 

may then interconvert into a redox-isomeric In(II)-
corrole complex with an open-shell s1-electronic 
configuration at the central metal, thus forming a 
short-lived radical intermediate. In general, such 
types of In(II) complexes can be stabilized by an 

intermolecular disproportionation process or undergo 
dimerization, however, we did not observe any 
dimerization in our studies. In addition, a further 
In(II)/In(I) reduction may easily occur by capturing 
an electron in follow-up chemical steps due to the 
close redox potentials. This finally leads to a low-

valent diamagnetic complex with an In(I) oxidation 
state and a “carbene-analogous” s2-electron 
configuration at the central metal (24–26). 
 
In our preliminary studies, unfortunately, the 
electron transfer steps following the first metal-
centered redox process in solution were not fully 

reversible and resulted in demetallation of the indium 
corrole complex and we observed cyclic 

voltammograms indicating some deposition of 
elemental indium on the working electrode (25). This 
lack of stability in the low-valent form is probably due 

to the fact that In(I) becomes too large for the 
corrole ligand system and no longer fits well into the 

macrocyclic core. The indium redox behaviors were 
also compared to the standard electrode potential 
values (27). It should also be outlined here that more 

comprehensive electro-chemical investigations 
necessary were not yet within the scope of our 
present study. 
 

Moreover, we are planning to further explore the 
very interesting metal-centered redox processes not 
accessible with the lighter group 13 central metals, 
and to study the potential presence of low-lying 
charge transfer (CT) excited states that could be 
populated by visible light excitation. These efforts are 

mainly motivated by the importance of controlled 
formation of low-valent indium complexes and to 
study the potential of driving In(I)/In(III) 
interconversion processes as a further example main 
group element related two-electron redox chemistry. 

This might become quite useful for the 
(photo)catalysis of multielectron conversions with 

carbon-based substrates (e.g. CO2 reduction, C-C 
coupling etc.) and interesting other applications in 
the future. 
 
4. CONCLUSIONS 
 
As a result, two new 5,10,15-tris(pentafluorophenyl) 

corrolatoindium(III) complexes were successfully 
synthesized and characterized their structures and 
basic properties by several analytical techniques. The 
synthetic approach was refined several times to 
optimize the minimum conditions for successful 
indium corrole formation. 

 

In addition to one-dimensional 1H- and 19F-NMR 
techniques, 19F-19F COSY NMR technique was 
employed for the first time in corrole chemistry. 
Thus, we were able to better understand the 
characteristic peaks and to compare our new indium 
corrole complexes with the free-base corrole ligand 

in different deuterated solvents. By means of NMR-
spectroscopy, we could characterize the formation of 
a pyramidal top-sitting indium corrole complex in d5-
pyridine which gives several and different proton and 
fluorine peaks in accordance the atomic interactions. 
 
Our ESI-MS results also showed the presence of one 

and two axially linked d5-pyridine units to the indium 
corrole. Once we removed these pyridines under 

reduced pressure, we also observed 5,10,15-
tris(pentafluorophenyl)corrolatoindium(III) as a 
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four-coordinate species and it showed different 
analytical responses that its pyridine derivatives. 
 

Cyclic voltammetry technique was attempted in 
order to understand redox behavior of the formed 
indium corrole molecule in pyridine. Unfortunately, 
we observed immediate decomposition of indium 

corrole molecules in dichloromethane, benzonitrile, 
acetonitrile, tetrahydrofuran, and toluene. Although 
the bis(d5-pyridine)-5,10,15-tris(pentafluorophenyl) 
corrolatoindium(III) and 5,10,15-tris(pentafluoro 
phenyl)corrolatoindium(III) complexes are readily 
soluble in chloroform, unfortunately it did not allow 

us to perform any further electrochemical 
measurements. 
 
To increase our knowledge on group 13 
metallocorroles, we also have aimed to synthesize a 

series of different other indium complexes. The 
formation of some new indium corrole complexes had 

been just and recently confirmed by some 
preliminary spectroscopic data. We are currently 
conducting our experimental and theoretical studies 
for further investigations, however in this study, we 
report successful synthesis and characterization of 
two new indium corrole molecules together with DFT-
assisted calculations. 
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Abstract: This study reports the synthesis of copolymers that contain thermally responsive polymers, 
namely poly(N-isopropylacrylamide) (PNIPAM) and poly(2-ethyl-2-oxazoline) (PEOX), as well as 
biodegradable side groups that are water-soluble and capable of hydrogen bonding. The assay aims to 
produce heat-responsive PNIPAM and PEOX polymers with di-carboxylic acid (DCA) controlled structuring of 
the resulting pH-sensitive nano-structured polymers. These will be used as a template in the synthesis of 
inorganic materials. The study demonstrated the impact of pH, salt concentration, and temperature on the 
polymer/DCA. This fragment describes the functional groups of the thermosensitive polymers PNIPAM and 
PEOX. These polymers have carboxylic acid functional groups at both ends, are water soluble, and are 

capable of hydrogen bonding. The structure of these polymers can be recognized with small molecules of 
DCA in an aqueous solution at different pH, salt concentrations, and temperatures with H-bonds. 
Additionally, these polymers can be used as templates to synthesize hollow silica polymers. The synthesized 
monomers and polymers were structurally characterized using Fourier transform infrared 
spectrophotometer (FT-IR). The resulting structured polymers were identified by scanning electron 

microscopy and atomic force microscopy (SEM, AFM). UV-VIS spectrophotometer and Differential Scanning 
Calorimetry (DSC) were used to determine the Lower Critical Solution temperature of the polymers.  
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1. INTRODUCTION 
 

Smart polymeric materials, also known as stimuli-
responsive polymers, have emerged as a dynamic 
and innovative class of materials that can adapt 
their physical and chemical properties in response to 
external stimuli and have vast potential for 
technological applications (1). The remarkable 
feature of these systems is that they respond 

dramatically (solubility, shape, volume, surface 
properties, etc.) to slight changes in the 
surrounding environment, such as temperature, pH, 
ionic power, electrical potential, and light (2). This 
distinguishing feature of materials lies in rapid and 
drastic changes in structures and physical properties 

and their reversal. For some applications, a physical 
stimulus such as temperature is preferred to 

increase the number of degenerations. It offers 
high-potential applications such as thermo-reactive 

block copolymers, temperature sensors, thermo-
responsive gels, actuators, and suspending agents 
for distribution systems (3,4). 
 
The thermal sensitivity of these materials is usually 
based on a sharp change in solubility. On heating or 
cooling, that is, the lower critical solution 

temperature (LCST) (5) or upper critical solution 
temperature (UCST), two distinct phase transition 
phenomena observed in certain polymer solutions 
(6). They refer to specific temperature points at 
which significant changes in the solution's properties 
occur. These phase transitions can be finely tuned 

by adjusting factors such as polymer chemistry, 
molecular weight, and the nature of the solvent. The 
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LCST and UCST properties of polymer solutions 

have found applications in a variety of fields, 

including drug delivery (7), thermoresponsive 
materials (8), and biomaterials (9), where precise 
control over phase behavior is essential for specific 
functions and applications.  
 

PNIPAM and PEOX are well-known polymers 
exhibiting LCST behavior in aqueous solutions (10). 
LCST behavior is characterized by a phase transition 
from a soluble, single-phase state to a phase-
separated state as the temperature of the solution 
is increased. PNIPAM's LCST behavior has been 
extensively studied and is widely used in various 

applications, including drug delivery systems (7), 
temperature-responsive hydrogels (11), and a 
model system for understanding LCST behavior in 
polymers.  PEOX is less commonly studied than 

PNIPAM but has potential applications in drug 
delivery, responsive materials, and other areas (12) 
where LCST behavior can be advantageous.  It's 

worth noting that the LCST behavior of these 
polymers can be influenced by factors such as 
polymer molecular weight, concentration, and the 
presence of additives or salts in the solution. 
 
Polymers with carboxyl groups (-COOH) and 

polymers with amide groups (-CONH-) both engage 
in hydrogen bonding (H-bonding) interactions, but 
their H-bonding behaviors differ due to variations in 
their chemical structures (13). Carboxyl groups 
possess dual functionality, serving as both H-bond 
donors (via the -OH group) and acceptors (via the 
carbonyl oxygen, C=O). This dual nature results in 

the formation of strong H-bonds, contributing to the 
high-water solubility and ionization behavior of 
carboxyl-containing polymers. In contrast, amide 
groups contain both H-bond donor (-NH) and 
acceptor (C=O) sites, facilitating moderately strong 
H-bonds. These interactions play a role in the 
structural stability and biological compatibility of 

polymers featuring amide groups, such as 
poly(lactic-co-glycolic acid) (PLGA), which is widely 
employed in drug delivery and tissue engineering 
applications. In summary, while carboxyl groups 
form robust H-bonds, amide groups form 
moderately strong H-bonds, each imparting unique 

properties and applications to the respective 
polymers. The layer-by-layer (LbL) film formation 
method separates the aqueous solution of the 
polymer with amide groups from the aqueous 

solution of the polymer with carboxyl groups and 
alternately solid surface It provides relatively more 
regular layer-to-layer film formation on solid 

surfaces by allowing it to be adsorbed on them, but 
these films do not form spontaneous (ordered) 
nanostructures because the polymers adsorbed on 
the surfaces are kinetically trapped and their 
mobility is limited (14). However, water-soluble 
polymers can be made with weak physical 
interactions in dilute solutions. It is known that 

amide groups can form H-bond with carboxyl groups 
in aqueous solutions (15). In light of the information 
that this interaction can be successfully used in 
layer-by-layer pH-sensitive film formation and the 

water-soluble polymers can be made with weak 

physical interactions in dilute solutions (16). 

PNIPAM and PEOX polymers were chosen as the 
model system. PNIPAM and PEOX are heat-reactive 
polymers that exhibit subcritical solution behavior. 
PNIPAM is highly soluble in water, and the solution 
appears clear and homogeneous. Above the LCST 

(above approximately 32°C), the polymer 
undergoes a phase transition, becoming increasingly 
insoluble in water. This results in the formation of 
polymer-rich aggregates or a separate polymer-rich 
phase, leading to cloudiness or phase separation in 
the solution. Similar to PNIPAM, PEOX exhibits LCST 
behavior in aqueous solutions. Below the LCST, 

PEOX is soluble in water, and the solution is clear. 
Above the LCST (above approximately 61°C), PEOX 
undergoes a phase transition, leading to reduced 
solubility and phase separation. both polymers are 

completely dissolved in water under LCST, and 
polymer chain conformations can be controlled 
between the two expanded and contracted 

endpoints (17). On the LCST, the polymer chains 
are in the form of globules. As a result of breaking 
the H-bonds formed with water on the LCST, phase 
separation is observed, and the solution becomes 
cloudy. Poly(2-ethyl-2-oxazoline) self-assembles in 
a phase-decomposed solution on LCST and forms 

copolymer (18). When looking at the structuring of 
PEOX in aqueous solutions, it has been shown that 
crystalline PEOX polymers were formed on LCST. 
The basic mechanism in the formation of these 
crystalline polymers is the orientation of the amid 
dipoles in the PEOX chains as a result of strong 
dipolar interactions. PNIPAM is stable in aqueous 

solution above and below the LCST and is not 
structured (19,20).  
 
Maleic acid, a dicarboxylic organic acid, possesses 
several properties that make it of interest in 
applications involving LCST behavior and responsive 
polymers. The pKa1 and pKa2 values of maleic acid 

are important in understanding its behavior in LCST 
systems, especially when it influences the pH of the 
solution and thereby impacts the LCST of responsive 
polymers. maleic acid has two pK, which are pKa1 
(the first ionization constant), which was 
approximately 1.9, and pKa2 (the second ionization 

constant), which was approximately 6.3. These pKa 
values indicate the pH levels at which specific 
ionization states of maleic acid occur. The first pKa 
(pKa1) corresponds to the ionization of the first 

carboxyl group (-COOH) in maleic acid, resulting in 
the formation of the maleate anion (-COO-). The 
second pKa (pKa2) represents the ionization of the 

second carboxyl group in maleic acid, leading to the 
formation of the dihydrogen maleate anion (-HCOO-
). In LCST systems, maleic acid can be added to 
solutions to adjust the pH, and this adjustment can 
influence the LCST behavior of responsive polymers 
like PNIPAM and PEOX. Depending on the pH of the 
solution, the ionization states of maleic acid can 

vary, which, in turn, can affect the interactions 
between maleic acid and the polymers, leading to 
alterations in the LCST. By knowing the pKa1 and 
pKa2 values of maleic acid, researchers can control 
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and tailor the pH conditions in LCST systems, 

allowing for precise manipulation of the LCST 

behavior of responsive polymers, which is 
particularly useful in applications such as drug 
delivery systems and responsive materials. Figure 1 

shows the H-bonds maleic acid will make with 

thermally reactive polymers in the range pKa1 <pH 

<pKa2. 
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Figure 1: H-bonds of maleic acid with thermally reactive polymers in the range pKa1 <pH <pKa2: a) 
PNIPAM, b) PEOX. 

 

Both polymers have amide (= N-C = O) functional 
groups. It is well-known and widely studied that 
amide groups make H-bonds with carboxylic acid (-
COOH) groups (21). In the amide group, both 
carbonyl (-C = O) and nitrogen (N) groups can be 
H-accepting (H-acceptor) H-bonds. Secondary 

amine-NH groups in PNIPAM are also H-donors. 
PEOX has tertiary amine -N = groups, no H-donor (-
CH3 and = CH2 do not act as H-donors in aqueous 
solution). Intermolecular and intramolecular H-
bonds are formed due to the co-presence of H-
acceptor and H-donor groups in PNIPAM. These H-
bonds are the reason for the hysteresis observed in 

the thermal reaction transition around the LCST in 
PNIPAM aqueous solutions (22). Working together 
on the self-assembly of PNIPAM and PEOX with 
DCAs and comparing the results with each other will 
enable us to understand the effects of different 
polymer chemical structures and different thermal 
response behaviors (having different LCST) on self-

assembly in aqueous solutions. 
 
Poly(N-isopropylacrylamide) (PNIPAM), poly(2-
ethyl-2-oxazoline) (PEOX), and maleic acid are 
substances that have garnered significant scientific 
interest due to their pivotal roles in lower critical 

solution temperature (LCST) behavior, which 
triggers remarkable phase transitions in response to 
environmental changes. LCST represents a critical 

point at which these polymers switch from being 
soluble to forming aggregates or phase-separated 
structures, rendering them invaluable in applications 
requiring precise control over responses to factors 

like temperature and pH. Understanding the 
interplay between these compounds and their 
influence on LCST is paramount, as it underpins 
innovations in drug delivery systems, responsive 
materials, and a myriad of fields where controlled 
phase transitions are crucial for functionality and 
performance. 

 
This study aimed to synthesize copolymers 
containing thermally responsive polymers ((poly (N-
isopropylacrylamide) (PNIPAM) and poly (2-ethyl-2-

oxazoline) (PEOX)) and biodegradable side groups 
which are water soluble and capable of hydrogen 
bonding for using biomedical applications.  
 
2. EXPERIMENTAL SECTION 
 

2.1. Materials and Equipment  
NIPAM (≥97%, 113.16 g/mol), PEOX (MW: 200.000 
g/mol), maleic acid (≥99%, HPLC, 116.07 g/mol), 
Potassium persulfate (ACS reagent, ≥99.0%, 
270.32 g/mol), Sodium iodide (ACS reagent, 
≥99.0%, 149.89 g/mol), Sodium chloride (ACS 
reagent, ≥99.0%, 58.44 g/mol), Sodium sulfate 

(ACS reagent, ≥99.0%, anhydrous, granular, 
142.04 g/mol) and Sodium carbonate (ACS reagent 
powder, ≥99.5%, 105.99 g/mol) were purchased 
from Sigma Aldrich. All chemicals were used without 
purification.  
 
Perkin Elmer model Fourier Transform Infrared 

Spectrophotometer (FT-IR), Leo EV40 SEM, Park 
Systems XE-100E label AFM, Shimadzu UV-1601 
model UV-VIS spectrophotometer, and Shimadzu 
DSC-60 model Differential Scanning Calorimetry 
were used. 
 

2.2. Synthesis of Poly (N-isopropylacrylamide) 
(PNIPAM) 
To synthesize 0.02 mol PNIPAM, 2.5 g of NIPAM was 

placed in a tube, and 31.25 mL of distilled water 
was added to it. NIPAM was mixed with a magnetic 
stirrer at room temperature until completely 
dissolved. Then, 0.125 g of Potassium persulfate 

initiator was added, the tube was placed in the oil 
bath, and it was kept in the oil bath and magnetic 
stirrer for 2 hours at a constant temperature (70 
°C) for the polymerization to occur. In this way, 
PNIPAM polymer is obtained. 
 
2.3. Characterization 

Perkin Elmer model FT-IR was used for the 
structural characterization of the synthesized 
monomers and polymers. During these analyses, 
FT-IR measurements were made in the 400-4000 
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cm-1 wave number range and with an ATR surface 

scanning system. Leo EV40 SEM device was used 

for surface properties to magnify the image.  Park 
Systems XE-100E brand AFM was used to determine 
the surface topography of the polymers obtained. 
Shimadzu UV-1601 brand UV-vis spectrophotometer 
and Shimadzu DSC-60 brand Differential Scanning 

Calorimeter were used to determine the subcritical 
solution temperature of the polymers. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Self-assembly of PNIPAM and PEOX 
Polymers with Dicarboxylic Acid Solution 

Figure 2 illustrates the different amounts of 0.02 
mol PNIPAM (a: 2 mg, b: 4 mg, c: 6 mg, d: 8 mg, 
e: 10 mg) in 0.8M maleic acid solution at different 
pH (2, 4, 6, 8, 10) configuration. The structuring of 

PNIPAM and PEOX polymers in aqueous solution was 

carried out through H-bonds with maleic acid. To do 

this, we either use the polymer chain in the range 

pKa1 <pH <pKa2 as described above, and the chain 
of electrostatic interactions is stretched, or we need 
to find the pH where the pH is less than pKa1 and 
the corresponding pH where a carboxylic acid is 
protonated. Maleic acid solutions were prepared at 

different pH (2, 4, 6, 8, 10) values and were used 
for this. A constant amount of this solution was put 
into the tube. PNIPAM maleic acid structuring was 
examined by adding different amounts of 0,02 mol 
PNIPAM (2-10 mg). Figure 2 shows no structuring at 
pH 2 and pH 4, while self-assembly takes place at 
pH 6, pH 8, and pH 10. As the polymer amount 

increases, the structuring between the polymer and 
DCA increases even more. As seen in Figure 2, the 
most suitable maleic acid pH for the structuring of 
PNIPAM has been determined as pH 6. 

 

 
 

Figure 2: Structuring of a specific amount of PNIPAM polymers (a: 2 mg, b: 4 mg, c: 6 mg, d: 8 mg, e: 10 

mg) in maleic acid solution with varying pH values (2, 4, 6, 8, 10). 
 

PEOX polymer was analyzed by combining solutions 
of maleic acid at varying pH values. ıt was 
demonstrated in Figure 3 shows the configuration of 
the PEOX polymer in the maleic acid solution at 

three different pH values (a: 6, b: 8, c: 10). As a 
result of the experiments, we see that the 
structuring of PEOX in maleic acid started at pH 8. 
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Figure 3: Structuring of the PEOX polymer in maleic acid solution at different pH (a: 6, b: 8, c: 10). 

 
 

3.2. Self-assembly of Maleic Acid and PEOX 
and PNIPAM Mix 
The structuring of PEOX and PNIPAM polymers in 

maleic acid was examined separately. 
Copolymerization of NIPAM with special pH value-
responsive and strong hydrophilic ability of PEOX 
results in dual pH and temperature-stimuli-

responsive hydrogels. The determined LCST values 
of the copolymer obtained from different ratios of 
PEOX and PNIPAM in maleic acid solution are given 

in Table 1. Table 1 can be used to determine the 
optimal gel ratio and temperature for in vivo 
research or biomedical applications. 

 
Table 1: Gel ratio of PEOX - PNIPAM blend. 

 

Blend % (V/V) LCST (°C) 

1.PEOX-PNIPAM 90-10 32 

2.PEOX-PNIPAM 80-20 32 
3.PEOX-PNIPAM 70-30 34 

4.PEOX-PNIPAM 60-40 35 
5.PEOX-PNIPAM 50-50 35 
6.PEOX-PNIPAM 40-60 36 
7.PEOX-PNIPAM 30-70 36 

8.PEOX-PNIPAM 20-80 37 
9.PEOX-PNIPAM 10-90 40 

 
 

Figure 4 shows the structuring of the blend of PEOX 

and PNIPAM in maleic acid solution at different pH 
(a) pH:5, b) pH:5.3, c) pH:5.6, d) pH:5.8, e) pH:6, 

f) pH:8, g) pH:10). The structuring of PEOX and 

PNIPAM blend in maleic acid solution at different pH 
starts at approximately pH 5.8. 

 

 
 

Figure 4: Maleic acid structuring of PEOX and PNIPAM blend at different pH;  
 a) pH:5, b) pH:5.3, c) pH:5.6, d) pH:5.8, e) pH:6, f) pH:8, g) pH:10). 
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3.3. Determination of Sub-Critical Solution 

Temperature of PNIPAM and PEOX Polymers 

"Smart" materials, in other words, materials that 
can react to stimuli, represent one of the darkest 
classes of materials (23). There are two basic types 
of thermo-reactive polymers; The first presents the 
LCST, while the second presents the UCST (24). For 

example, a polymer solution below MAP is a clear, 
homogeneous solution; A polymer solution above 

LCST looks cloudy (also known as LCST's cloud 

point). Figure 5 a show a 32 ° C LCST of PNIPAM. 

This temperature is close to body temperature. This 
proximity is a very useful temperature for 
biomedical applications. Figure 5 b shows a 61 ° C 
LCST of PEOX. Figure 5 c shows the LCST behavior 
of the PEOX-PNIPAM blend against temperature. 

LCST temperature of 20-80% PEOX-PNIPAM blend 
was determined as 37 ° C.  

 

 
 

Figure 5: LCST behavior with temperature a) PNIPAM's, b) PEOX, and c) PEOX-PNIPAM blend. 

 
3.4. Characterization 
Figure 6a show the FT-IR spectrum of PNIPAM. 3292 
cm-1 (secondary amide NH stretch) (25), 2970 cm-1 
(-CH3 asymmetric stretch) (26), 1650 cm-1 
(secondary amide C = O stretch, amide bond) (27) 
and 1550 cm-1 O stretch, amide II bond). Figure 6b 

shows the FT-IR spectrum for PNIPAM-DCA 
configuration. Considering the polymeric structures 
made with DCA, the peak changes occurring - C = O 
peaks are seen in 1660-1735 cm-1. N-H peak is seen 

in 3292 cm-1 (28) and the aliphatic C-H strain peak 
is seen in 2850-2950 cm-1. Possible peaks for these 
polymers, which are made with a hydrogen bond, 
are seen where expected. In these structures where 
structural change is observed, the structures formed 
due to hydrogen bonding are seen around 2300 cm-

1. The peaks of different shapes of hydrogen bonds 
indicate that the embodiment is in different shapes 
and some regions within the polymeric chain. 



Yilmaz Erdogan P et al. JOTCSA. 2024;11(2):813-824.       RESEARCH ARTICLE 
 

819 
 

4000 3500 3000 2500 2000 1500 1000 500

30

40

50

60

70

80

90

100
%

 T

Wavenumbers (cm-1)

a)

4000 3500 3000 2500 2000 1500 1000 500

30

40

50

60

70

80

90

100

%
 T

Wavenumbers (cm-1)

b)

 
 

Figure 6: FT-IR spectrum of a) PNIPAM and b) Self-assembly of PNIPAM-DCA. 

 
Figure 7 shows the UV-VIS graphic for PNIPAM. As a 
result of the studies, the LCST UV-VIS 
spectrophotometer measurement technique is 
determined for PNIPAM. For PNIPAM, LCST is 
available at 32 °C. Figure 7 b shows the DSC results 

for PNIPAM. For PNIPAM, LCST is measured this 
time with the DSC technique. For PNIPAM, LCST 
also supports literature and the UV-VIS 
spectrophotometer measurement technique, which 
is determined to be 32 °C (29). 
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Figure 7: a) UV-VIS and b) DSC thermogram of PNIPAM structure 
 
Figure 8 shows AFM images at different 

magnifications for PNIPAM-DCA configuration. When 
AFM images of the gel structures obtained in the 
studies are examined, it is thought that possible 

configurations are caused by interactions such as 
van der Waals forces, electrostatic interactions, 
entropic forces, steric forces, and external volume 

repulsion (30). The stability of the colloidal system 

is used in the sense of suspending the particles in 
the solution, that is, suspending. Stability decreases 
with aggregation and precipitation phenomenon. 

These facts are disclosed due to the tendency to 
reduce surface energy. Reduced surface tension 
ensures colloidal particles are stable. 
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Figure 8: AFM images for PNIPAM-DCA configuration. 
 
Clumping is actually the sum of the forces of 
attraction between the particles. If the gravitational 
forces, for example, van der Waals, are greater than 

the thrust forces, the particles come together to 
clump together. Electrostatic and steric settling 
prevents the agglomeration and collapse of the 

particle. Therefore, it is understood that possible 
interactions arise from these forces. AFM images are 
capable of supporting this. The initial structure and 

possible pore diameters change after the interaction 
process, and the formation of nanostructures are 
given in AFM images (31). 

 

 
 

Figure 9: SEM images of self-assembly of PNIPAM-DCA (20.00 KX magnification). 
 
Figure 9 shows SEM images in different 

magnifications for PNIPAM-DCA structuring. When 

SEM images are examined, it is seen that PNIPAM 

structures with DCA functionality are constructed in 
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the form of bars and there are gaps in the 

intermediate segments. When the results of SEM 

structural analysis are interpreted as equivalent to 
AFM images, the effect of the constructions on the 
morphology is understood. Among the polymeric 
embodiments, the regional hydrogen bond shows 
that the structure interacts with the overlap and 

ball. Globule formations can be converted back to 
the old heap by changing the environment 

variables. The most important evidence of this 

transformation is that the structural dissolution 

event and the clarification and collapse, i.e. self-
structuring, are reversible. It is clearly seen that 
when the high magnifications of the building are 
reached, their surfaces have a clear gap. All these 
properties prove that the synthesized structures 

have porous morphology. 
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Figure 10: FT-IR spectrum of a) PEOX b) Self-configuration of PEOX-DCA. 

 
Figure 10a show the FT-IR spectrum of the PEOX 
structure. At 2820-3100 cm-1 we see the peak 
caused by the aliphatic C-H groups in the structure, 
at 1620 cm-1 we see the carbonyl stress peak 
vibration. In addition, the C-C tensile peak at 1370 

cm-1 and aliphatic CH2 vibration peak from CH2 

groups are seen at 1180 cm-1 (32). All these 
structures are compatible with the literature, and 
the desired PEOX structure has been reached. 

Figure 10 b shows the FT-IR spectrum for the PEOX-
DCA configuration. In this structure, we also see 
carbonyl stress vibrations caused by DCA attached 
to the structure. The secondary carbonyl peak at 
1520 cm-1 was included in the spectrum (33). In 

addition, the characteristic structure of the C-H 

tension peak in the structure has changed, and this 
change proves that DCA is connected to the 
structure. 
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Figure 11: DSC thermogram for PEOX. 
 
Figure 11 shows the DSC thermogram for PEOX. 
The LCST of the PEOX structure was determined as 
61.78 oC. The behavior of the building against 

temperature is reversible. Figure 12 shows the 
different magnification AFM images of the polymers 

obtained by connecting DCA to the PEOX structure. 
Homogeneous and smooth porosity was determined 
in the structure at different magnifications. The 

gaps in Figure 12 show us that DCA and PEOX form 
a very regular structure.   



Yilmaz Erdogan P et al. JOTCSA. 2024;11(2):813-824.       RESEARCH ARTICLE 
 

822 
 

 

 
 

Figure 12: AFM images for PEOX-DCA structuring. 
 
The FT-IR spectrum of the PEOX-PNIPAM blend is 
presented in Figure 13a. The FT-IR spectrum of the 
DCA configuration of the PEOX-PNIPAM blend is 
presented in Figure 13b. The spectrum shows that 
the most significant change is the carbonyl peak at 

1520 cm-1, originating from the DCA structure. 

Additionally, there are carbonyl tensile vibrations at 
1620 cm-1 from PNIPAM and at 1630-1620 cm-1 
from the PEOX structure (34). It is important to 
note that all three carbonyl peaks are desired to 
coexist in the structure. 
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Figure 13: FT-IR spectrum of a) PEOX-PNIPAM blend, b) PEOX-PNIPAM-DCA structuring. 

 
Figure 14 displays the AFM images for the DCA 
configuration of the PEOX – PNIPAM blend. The 
clusters on the surface and the rough surface image 

indicate that DCA is connected to the PEOX-PNIPAM 
structure, as shown in the AFM images. 
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Figure 14: AFM images of PEOX – PNIPAM blend DCA structuring. 
 
 

4. CONCLUSION 
 
After synthesizing PNIPAM and conducting structural 

characterization, the LCST value was determined 
using DSC and UV-VIS. The structuring of PNIPAM 
with maleic acid (DCA) was then examined. PNIPAM 
and PEOX polymers were blended in specific 
proportions, and their LCST behaviors were 
systematically analyzed. It was discovered that 
changes greatly influenced the LCST behavior of the 

blend in hydrophobicity. The addition of PEOX to 

PNIPAM increased the LCST value. The repeating 
units of PNIPAM have both hydrophobic and 
hydrophilic parts. At low temperatures, strong 
hydrogen bonds form between hydrophilic groups in 
the polymer and water molecules, which counteract 
the unwanted free energy caused by the interaction 

of hydrophobic groups with water molecules. This 
allows the polymer to dissolve well in water. As the 
temperature increases, hydrophobic interactions 
between hydrophobic side groups become stronger 
while hydrogen bonding weakens. At temperatures 
above the LCST, interactions between hydrophobic 

groups dominate. Entropy-induced failure and phase 
separation are observed in polymer chains. The 
decrease in the movement of the polymer chains is 
compensated for by the increase in entropy 

resulting from the separation of the polymer from a 
high order around its hydrophobic groups. 
Therefore, increasing or decreasing the hydrophilic 

content of PNIPAM results in an increase or 
decrease in the LCST value, respectively. It is 
important to understand that the LCST is dependent 
on both the salt concentration and the molecular 
mechanisms that cause this behavior. This 
understanding is crucial for adjusting the LCST as 
desired for various applications. The present study 

examined the structures of PNIPAM, PEOX, and 
PEOX-PNIPAM blends with maleic acid and 
determined their pH sensitivity. 
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Abstract: Calcium oxide (CaO) holds significant importance as a catalyst and effective chemisorbent for 
hazardous gases. This study presents the synthesis of CaO nanoparticles (NPs) using the hydrothermal 
technique with snail shells' calcium carbonate (CaCO3) as the starting material. The hydrothermal method 

offers several advantages over alternative approaches for producing metal oxide NPs, including its simplicity, 

cost-effectiveness, and ability to operate at low temperatures and pressures. By utilizing waste materials like 
snail shells as a precursor, the entire process becomes more economical, environmentally friendly, and 
sustainable. The synthesized NPs were analyzed using various techniques, including Fourier transform 
infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), scanning electron microscope (SEM), 
transmission electron microscope (TEM), the Barrett-Joyner-Halenda (BJH) model for pore structure 

quantification, Brunauer-Emmett-Teller (BET) for surface area calculation, and thermo gravimetric analysis 
(TGA/DTA-DSC). XRD analysis confirmed that the size of the synthesized CaO NPs was 43.14 nm, determined 
using the Debye-Scherrer equation. The transmission electron microscopy (TEM) image provided valuable 
insight into the morphology of the nano-catalyst. The analysis revealed that the nano-catalyst displayed a 
spherical shape, with an average particle size measuring 50 nanometers. The FTIR and XRD results 
unequivocally demonstrated the successful conversion of calcium carbonate (CaCO3) derived from snail shells 
into calcium oxide (CaO). TGA exhibited a significant weight loss peak at 700 °C, indicating the transformation 

of CaCO3 into CaO. The DTA-DSC curve exhibited sharp endothermic peaks at 700 °C, suggesting a 
decomposition reaction and the formation of a new compound. SEM images displayed porous, rough, and 
fragile surfaces that became agglomerated at higher temperatures. In other words, the FE-SEM images of 
NPs illustrated that the particles were predominantly spherical in morphology. Hence, waste snail shells hold 

promise as a valuable source of calcium for various applications in different fields. 
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1. INTRODUCTION 
 
The escalating volume of solid waste presents a 
significant obstacle to establishing a sustainable 

world. Inadequate waste management practices lead 
to issues concerning public health and the 
environment (1). A substantial quantity of solid 
waste, encompassing municipal, industrial, and 
hazardous waste, is generated globally. Among these 
waste products are snail shells, which contribute to 

environmental degradation and originate from 
households and restaurants. Snail shells 
predominantly consist of natural calcium carbonate 
with limited permeability (1). However, these 
unwanted materials can be changed to high-quality 
by-products. Snail shells can serve as a spring of 

calcium carbonate (CaCO3) for various applications 

(2). Unfortunately, the prevailing method of 
managing waste snail shells involves landfilling, 
which gives rise to environmental problems. The 
biodegradation process in landfills, including those 
that handle food waste, often results in the emission 
of unpleasant odors. Additionally, the presence of 
membranes in landfills attracts worms and insects. 

However, utilizing snail shells can offer several 
benefits, not only in terms of addressing 
environmental concerns but also by helping to free 
up valuable landfill space. The development of 
nanoparticles has garnered increased awareness due 
to their superior effectiveness in enhanced surface 

area. Indeed, scientists have confirmed that 
nanotechnology has brought about a significant 
revolution in the field of science. The application of 

nanotechnology at the nanoscale has indeed 
unlocked new possibilities and advancements across 
various scientific disciplines. This progress can be 
primarily attributed to the unique properties 

exhibited by nanoparticles (NPs). These properties 
include an increased surface-to-volume ratio, 
particle size, charge, shape, and magnetic 
properties, which differ from their bulk counterparts. 
Such distinct characteristics of nanoparticles have 
paved the way for innovative research and 
applications in fields such as medicine, electronics, 

materials science, and more, where NPs demonstrate 
enhanced chemical effectiveness and feasibility at 
lower temperatures (3). The realm of 
nanotechnology has made significant strides (4), 
with NPs finding applications in optical and catalytic 

domains (3). 

 
In general, materials that have at least one 
geometrical dimension ranging from 1- 100 nm are 
typically categorized as nanomaterials (5). 
Nanocatalysts play a crucial role in various industries 
because their characteristics are enhanced when 
they exist in nanosized form. This enhancement is 

attributed to the larger surface-to-volume ratio of 
smaller catalysts. Increased pore size and the 
presence of a vast surface area in nanocatalysts 
result in a higher number of active sites. As a result, 
this leads to enhanced catalytic activity and 
selectivity, along with a longer lifespan and a reduced 
amount of energy needed to initiate chemical 

reactions (6). Furthermore, the utilization of 
nanocatalysts enables the execution of processes 
under mild reaction conditions (7). 
Calcium oxide is a type of oxide belonging to the 

group of alkali-earth metals that holds significant 
potential in various applications. One of its notable 
advantages is its easy and cost-effective production 
as nanoparticles (NPs) (4). Calcium oxide 
nanoparticles (CaO NPs) have been effectively 
employed as catalysts in numerous reactions (3). 

Additionally, calcium oxide (CaO) finds applications 
as a pellet for CO2 capture and kinetic analysis, as a 
remediation agent for toxic waste, as an additive in 
refractory and paint industries, as an antimicrobial 
agent, as a facilitator for drug delivery, and finding 
applications in diverse biomedical fields. (8). Its 

excellent speed and impressive ability to trap carbon 

dioxide, coupled with its cost-effectiveness and 
efficiency even in situations with low CO2 levels, 
make it a highly promising candidate for carbon 
capture (9). Furthermore, it can be utilized for the 
desulfurization of flue gas and as an emission control 
to combat pollution, as well as for the purification of 
hot gases. However, it is important to note that CaO 

is susceptible to air instability and gradually reverts 
to CaCO3 when cooled to room temperature (8). 
 
The synthesis procedures for calcium oxide 
nanoparticles (NPs) vary, and the process that yields 
the optimum performance in terms of surface area is 

always preferred (1). There exist numerous 
techniques for the production of CaO nanoparticles, 
encompassing sol-gel, thermal decomposition, 

hydrothermal technique, combustion method, co-
precipitation technique, biogenic method, 
precipitation method, two-step thermal 
decomposition technique, one-step multi-component 

synthesis, and microwave synthesis (8). These 
methods offer the opportunity to customize the 
physical and chemical properties of nano-CaO, such 
as its morphology, specific surface area, and 
capturing efficiency, under specific synthesis 
conditions (8). However, most of these methods 
have limitations such as the use of organic solvents 

(10), high temperatures, lengthy processing times, 
and complex equipment (10). Typically, CaO 
nanoparticles are produced by thermally treating 
precursors like Ca(OH)2 or CaCO3 (10). In the 
synthesis of catalysts through thermal hydration-

dehydration, three factors significantly impact the 

catalytic performance of CaO catalyst: hydration 
duration, recalcination temperature, and 
recalcination duration. The basicity of the CaO 
catalyst, which is directly related to the length of its 
hydration process (11), can be utilized to estimate 
its catalytic performance. The objective of this 
research is to develop calcium oxide (CaO) 

nanoparticles with high surface area and small 
particle size using snail shell as a precursor through 
the hydrothermal method (calcination-hydration-
dehydration), to obtain a highly active 
heterogeneous nanocatalyst. The synthesized 
particles were characterized using scanning electron 
microscopy (SEM), X-ray diffraction (XRD), and 
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transmission electron microscopy (TEM), as well as 

BET (Brunauer-Emmett-Teller) and 
thermogravimetric-differential scanning calorimetry 
(TG-DSC) techniques to determine their suitability 
for industrial applications. 

 
2. EXPERIMENTAL SECTION 
 
2.1. Materials and Methods 
The snail shells were obtained from a nearby 
restaurant and market, specifically from a dealer who 

specializes in snail shells. For the experiments, 
deionized water (H2O) was utilized with a remarkable 
purity level of 99%. Furthermore, all the chemicals 
employed in the experiments were of analytical 
grade. 
 

2.2. Synthesis of Calcium Oxide Nanoparticles 

(CaO NPs) 
The synthesis of calcium oxide nanoparticles (CaO 
NPs) involved the preparation of a highly active CaO 
catalyst through a series of steps including 
calcination, hydration, and dehydration using snail 
shells. To begin, the snail shells were thoroughly 
washed to remove any unwanted materials adhering 

to their surface. They were then rinsed with distilled 
water. The washed shells were dried in a hot air oven 
at a temperature of 110℃ for a duration of 12 hours. 

After drying, the shells were crushed into smaller 
pieces using a blender, ensuring they could pass 
through a 60um sieve. Subsequently, the crushed 
shells were calcined in a muffle furnace under static 

air conditions at a temperature of 900℃ for a period 

of 3 hours. This process aimed to transform the 

calcium species within the shells into CaO particles. 
 
The CaO derived from the shells was then subjected 
to refluxing in water at a temperature of 80℃. The 

mixture was stirred for 2 hours using a magnetic 
stirrer set at 350 rpm and allowed to settle for 12 

hours. The resulting whitish product was ground, 
filtered, and subsequently dried in a hot air oven 
overnight at a temperature of 120℃. To convert the 

hydroxide form of the product into its oxide form, the 
solid product underwent dehydration through 
recalcination at a temperature of 700℃ for a duration 

of 3 hours. This process yielded a finely powdered 
white catalyst of nano CaO. To ensure the stability of 

the obtained product, it was stored in a desiccator to 
prevent reactions with carbon dioxide and humidity 

in the air before use. Finally, the samples were 
subjected to characterization to analyze their 
properties. 
 

2.3. Characterization of The Synthesized 
Nanoparticles (NPs) 
For this study, several scientific techniques were 
employed. Fourier-transform infrared spectroscopy 
(FTIR), thermogravimetric analysis (TGA-DTG-DSC), 
X-ray diffraction (XRD), Brunauer-Emmett-Teller 

(BET/BJH), scanning electron microscope (SEM), and 

transmission electron microscope (TEM) were 
utilized. To conduct crystal structural analysis, X-ray 
diffraction (XRD) was employed. The diffraction 
angles (2θ) used ranged from 10 to 90 degrees. Cu 

Kα radiation (λ = 1.5406 Å) was used as the source 
of radiation for this analysis. To examine the size, 
shape, and surface morphology of the nanoparticle, 
a field emission scanning electron microscope (FE-
SEM) with a coater (Quorum Q150T ES/10 mA, 120 
s Pt coating) was used. The accelerating voltage for 

this microscope was set at 10 kV. To determine the 
different functional groups present in the synthesized 
nanoparticle, FTIR spectroscopy (FT-IR) (6700 FTIR) 
was employed. The specific surface area, pore size, 
and pore volume of the nanocatalyst were measured 
using N2 adsorption/desorption isotherm. This 

analysis was performed using a BET surface area 

analyzer (Micromeritics ASAP 2020V1.05 software). 
Powder X-ray diffraction (XRD) was carried out using 
a Rigaku MiniFlex-300/600 to determine the catalytic 
phases. The diffractogram was developed within a 2θ 
range of 10ᴼ-80ᴼ with a scan rate of 10ᴼ/min. The 
obtained XRD data was compared with the database 

of the 'Joint Committee on Powder Diffraction 
Standards' (JCPDS) to confirm the exact catalyst 
phase. Finally, the chemical analysis of the 
synthesized CaO nanoparticle was performed using 
an X-ray fluorescence spectrometer (Shimadzu, 
Japan). 

 
3. RESULTS AND DISCUSSION 
 
3.1. Fourier Transform Infrared Analysis (FTIR) 

of CaONPs 
Figure 1 illustrates the results of the Fourier 
Transform Infrared (FTIR) analysis conducted on 

calcium oxide (CaO) nanoparticles. The spectra 
revealed several absorption bands at specific 
wavenumbers: 3716.2, 2512.2, 2113.4, 1982.9, 
1897.2, 1796.6, 1394.0, 872.2, 711.9, and 663.5 
cm-1. The sharp absorption band observed at 2512.2 
cm-1 can be attributed to the stretching vibrations of 
hydroxyl (O-H) groups. This band is a result of the 

formation of calcium hydroxide (Ca(OH)2) through 
the hydration process of CaO (12). Furthermore, the 
broad peak at 2113.4 cm-1 indicates the presence of 
physically adsorbed water molecules attached to the 
nanoparticles, as it signifies the -OH stretching 
vibrations (13). Additionally, absorption bands at 

1982.9 and 1796.6 cm-1 correspond to the 
absorption of CO2 on the nanoparticle's surface and 
the stretching vibrations of the Ca-OH bonds, 
respectively (14). The most prominent peaks 
observed at 1394.0, 872.2, and 711.9 cm-1 confirm 
the presence of calcium oxide nanoparticles, as they 
are assigned to the vibrations of the Ca-O bonds (12, 

14).
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Figure 1: Fourier Transform Infrared analysis (FTIR) of CaONPs. 

 
3.2. X-ray Fluorescence (XRF) Analysis 

The chemical makeup of the CaO NPs in this 
investigation can be found in Table 1. The primary 

constituents of the catalyst include oxygen (O), 
calcium (Ca), aluminum (Al), titanium (Ti), and 
magnesium (Mg). Additionally, it comprises various 
metallic oxides, namely silicon dioxide (SiO2), 
vanadium pentoxide (V2O5), chromium trioxide 
(Cr2O3), manganese oxide (MnO), iron oxide (Fe2O3), 

cobalt oxide (Co3O4), nickel oxide (NiO), copper 

oxide (CuO), niobium oxide (Nb2O3), tungsten 

trioxide (WO3), diphosphorus pentoxide (P2O5), 
sulfur trioxide (SO3), calcium oxide (CaO), 

magnesium oxide (MgO), potassium oxide (K2O), 
barium oxide (BaO), aluminum oxide (Al2O3), 
tantalum pentoxide (Ta2O5), titanium dioxide (TiO2), 
zinc oxide (ZnO), silver oxide (Ag2O), chlorine (Cl), 
zirconium dioxide (ZrO2), and tin dioxide (SnO2). 
These components are also believed to serve as the 

primary active sites of the catalyst (15).
 

Table 1: X-ray fluorescence (XRF) of synthesized CaONPs. 

Elements Weight/Concentration (wt%) 

O 29.113 

Mg 0.000 

Al 1.872 

Si 0.087 

P 0.000 

S 0.091 

Cl 0.256 

K 0.057 

Ca 67.178 

Ti 0.021 

V 0.013 

Cr 0.001 

Mn 0.014 

Fe 0.072 

Co 0.051 

Ni 0.028 

Cu 0.044 

Zn 0.006 

Zr 0.073 

Nb 0.291 

Ag 0.000 

Sn 0.571 

Ba 0.052 

Ta 0.063 

W 0.046 

Total 100.00 

 
3.3. Brunauer-Emmett-Teller-BET-(Textural 

Properties Analysis)/Barrett-Joyner-Halenda 

(BJH) Method 
The results obtained from the BET and BJH analyses 
of the artificially produced nano-CaO revealed that it 
had a surface area of 5.11 square meters per gram, 
an average pore diameter of 1.1 nanometers, and a 
pore volume of 0.002556 cubic centimeters per 
gram. On the other hand, the reported average pore 

diameter of the nanoparticles (NPs) ranged from 
greater than 2 nanometers to 50 nanometers, 
indicating the presence of both microspores and 
active sites on the external surface of the nano-CaO 
catalyst. It is worth noting that the total surface area 

often plays a crucial role in determining the catalytic 
performance of a catalyst. Therefore, in this study, 

we measured the surface areas of the synthesized 

catalysts to understand the impact of the total 
surface area on the catalytic reaction. Figure 2 
displays the BET plot of the synthesized CaO NPs, 
while Figures 3(a) and 3(b) represent the nitrogen 
adsorption-desorption isotherms and pore 
distribution of the synthesized CaO NPs, respectively. 
The NPs exhibited a characteristic type III isotherm 

with a hysteresis loop of H3 type, indicative of a 
micro-porous structure. This implies that the 
prepared NPs possess a micro-porous structure, 
which further supports the presence of microspores 
on the catalyst's surface.
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Figure 2: BET plot of CaO NPs. 

 
 

 
Figure 3: (a): N2 adsorption-desorption isotherm of CaO NPs, (b): Barrett-Joyner-Halenda (BJH) pore size 

and pore volume distribution (desorption isotherm) of CaO NPs. 
 

3.4. X-ray Diffraction (XRD) Analysis 

X-ray diffraction analysis (XRD) was employed for 
the characterization of the catalysts (16). As the 
samples were in the form of polycrystalline powder, 
the XRD analysis focused on identifying specific 
lattice planes that generated peaks at corresponding 
angular positions, known as 2θ, as determined by 

Bragg's law (16). The 2θ peaks observed for CaO 
nanoparticles were found at angles of 23.09°, 
29.44°, 31.45°, 36.06°, 39.44°, 43.19°, 47.53°, 
48.53°, 56.20°, 57.41°, 58.12°, 60.67°, 61.44°, 
63.16°, 64.70°, 65.64°, 69.16°, 70.28°, 72.92°, 
76.29°, 77.16°, 81.53°, 83.75°, and 84.90°. These 
peaks displayed a significant resemblance to the 

standard ICDD (The International Centre for 
Diffraction Data) file for CaO (JCPDS: 00-005-0586), 

with corresponding values of (h k l) as (0 1 2), (1 0 
4), (0 0 6), (1 1 0), (1 1 3), (2 0 2), (0 1 8), (1 1 6), 
(2 1 1), (1 2 2), (1 0 1), (2 1 4), (1 1 9), (1 2 5), (3 
0 0), (0 0 1), (2 1 7), (0 2 1), (1 2 8), (2 2 0), (1 1 

1), (2 1 1), (1 3 4), and (2 2 6), respectively. These 

planes corresponded to the calcite phase and were 
observed in the nano CaO catalyst prepared through 
thermal-hydration-dehydration treatment. The XRD 
pattern confirmed the formation of calcium oxide in 
the cubic phase (17, 18), which aligned with the 
findings of previous studies (19, 20). The average 

crystallite sizes (D) were determined using the full 
width at half maximum (FWHM) of the XRD peaks, 
following Debye-Scherrer's equation: D = Kλ/(β 
cosθ), where β represents the full width at half 
maximum (FWHM) in radians and θ is the position of 
the maximum diffraction peak (incident angle of the 
X-ray). The shape factor, K, typically around 0.9, was 

also considered. In this study, the X-ray wavelength 
(λ) used was 1.5406 Å for Cu Kα. Applying Debye-

Scherrer's equation, the average crystallite size of 
the CaO nanoparticles was calculated to be 43.14 
nm, while the particle size of the synthesized 
nanoparticles ranged from 20.07 to 70.25 nm.

 

          

(a) (b) 
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Figure 4: XRD pattern of synthesized CaO NPs. 

 
 

Table 2: Peak angles and their corresponding (h k l) planes, peak height, full width at half maximum, d-
spacing, relative intensity, and crystallite sizes of CaO NPs. 

Peak 

number 

Peak 
Pos.(2ꝋo) 

Miller 
indices 
(h k l) 

Peak-
Height 
(cts) 

FWHM 
(2ꝋo) 

d-spacing 

(Å) 

Rel. Int. 

(%) 

D *.  

nm 

Average D 

(nm) 

1 23.0923 (0 1 2) 223.73 0.1476 3.85166 6.97 56.10 

43.14 2 29.4474 (1 0 4) 3209.89 0.1476 3.03329 100.00 56.10 

3 31.4552 (0 0 6) 137.26 0.1476 2.84411 4.28 56.16 

4 36.0610 (1 1 0) 387.89 0.1771 2.49073 12.08 46.92  

5 39.4463 (1 1 3) 366.73 0.1771 2.28442 11.42 46.92  

6 43.1931 (2 0 2) 239.36 0.2066 2.09455 7.46 41.16  

7 47.5289 (0 1 8) 416.78 0.1476 1.91310 12.98 56.23  

8 48.5328 (1 1 6) 322.68 0.1476 1.87585 10.05 56.10  

9 56.6280 (2 1 1) 32.08 0.1771 1.62541 1.00 46.86  

10 57.4113 (1 2 2) 80.52 0.1771 1.60508 2.51 46.84  

11 58.1288 (1 0 1) 19.56 0.2362 1.58697 0.61 35.13  

12 60.6790 (2 1 4) 57.46 0.1181 1.52624 1.79 70.25  

13 61.4462 (1 1 9) 32.39 0.1771 1.50901 1.01 46.87  

14 63.1679 (1 2 5) 13.66 0.3542 1.47196 0.43 23.41  

15 64.7045 (3 0 0) 56.14 0.1181 1.44067 1.75 70.25  

16 65.6424 (0 0 1) 63.44 0.1476 1.42234 1.98 56.21  

17 69.1648 (2 1 7) 9.16 0.3542 1.35826 0.29 23.42  

18 70.2817 (0 2 1) 19.50 0.3542 1.33939 0.61 23.42  

19 72.9271 (1 2 8) 22.30 0.3542 1.29719 0.69 23.42  

20 76.2934 (2 2 0) 10.16 0.2362 1.24812 0.32 35.12  

21 77.1636 (1 1 1) 21.77 0.4133 1.23621 0.68 20.07  

22 81.5328 (2 1 1) 18.18 0.1771 1.18065 0.57 46.87  

23 83.7588 (1 3 4) 20.64 0.2952 1.15485 0.64 28.10  

24 84.9228 (2 2 6) 8.15 0.3542 1.14197 0.25 23.42  

* D: The crystallite size (nm) 
 
3.5. Scanning Electron Microscopy (SEM) 
Analysis 

The image displayed in Figure 5 illustrates the 
physical appearance of the CaO nanoparticles that 
were synthesized. The scanning electron microscopy 
(SEM) image reveals that the particles have an 
irregular shape with a rough surface and fractured 
texture. Additionally, the particles tend to have a 

spherical shape and possess a porous structure with 
numerous cavities, similar to a porous material. This 

porous structure is believed to contribute to the 
increased presence of basic sites on the catalyst, as 
mentioned in reference (21). The porosity observed 
in the CaO nanoparticles is attributed to the release 
of a significant amount of gaseous water molecules 
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during the decomposition of CaCO3.H2O, as reported 
in reference (12).
 

 

 

Figure 5: Scanning electron microscope of synthesized CaO NPs. 

 
3.6. High-Resolution Transmission Electron 
Microscopy (HRTEM) 
The high-resolution transmission electron 
microscope (HR-TEM) is a valuable technique for 
determining the characteristics of particles, such as 

their morphology, phase, and structural properties. 
It also provides crystallographic information. 
Additionally, HR-TEM is useful for identifying the 

mesoporous structure of nanoparticles. Figure 6 
illustrates the HRTEM image of CaO nanoparticles. 
 
Upon analyzing the high-resolution TEM micrograph 

(Figure 6), it was discovered that the CaO 

nanoparticles exhibited a particulate morphology, 
with particle sizes smaller than 50 nm. Notably, the 
nano-CaO particles tended to agglomerate, forming 
larger and spherical particles, as depicted in Figure 
6. The particle size observed using TEM corresponds 

well with the average crystallite size estimated by X-
ray diffraction (XRD). This finding aligns with the 
results reported by (22). 

 
Furthermore, the presence of crystallites contributes 
to an increase in the surface area, thereby enhancing 
the interaction between reactants and the catalyst 

surface.
 
 

 

Figure 6: HRTEM image of CaO NPs. 

 
3.7. Thermogravimetric Analysis (TGA)/ 
Differential Thermal Analysis (DTA/DSC) 
The synthesized calcium oxide nanoparticles (CaO 
NPs) were subjected to thermal gravimetric analysis 
(TGA) and differential thermal analysis 
(DTA)/differential scanning calorimetry (DSC) to 

comprehend the influence of elevated temperatures 
on their thermal ability to withstand heat, as well as 
to identify the thermal transitions occurring during 

the process. Figure 7 presents the TGA/DTA-DSC 
curve of the CaO NPs. The TGA curve demonstrates 
a significant weight loss of the catalyst 
(approximately 43%) at higher temperatures (700 
°C). The weight reduction can be ascribed to the 
disintegration of carbonic material, resulting in the 

formation of carbon monoxide (CO) and carbon 
dioxide (CO2), as well as the elimination of water 
from calcium hydroxide (Ca(OH)2) and the 
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decomposition of calcium carbonate (CaCO3) (12). 
Furthermore, the DTA/DSC curve supports these 
findings by revealing sharp endothermic peaks within 

the temperature range of 700-800 °C. These peaks 
indicate decomposition reactions and the formation 

of new compounds. Therefore, the TGA/DTA-DSC 
results conclusively confirm that a high temperature 
is necessary for the calcination process of CaO 

nanoparticles.

 

 
Figure 7: TGA/DTA-DSC of CaO NPs. 

 
3.8. X-ray Photoelectron Spectroscopy (XPS) 
Analysis of CaONPs 
A comprehensive examination using X-ray 
photoelectron spectroscopy (XPS) was conducted to 

ascertain the chemical composition and bonding 
state of the CaO nanoparticle catalysts. The XPS full 
survey spectrum, displayed in Figure 8, provides 
insights into the presence of oxygen (O), calcium 

(Ca), and carbon (C) on the catalyst's surface. By 
deconvoluting the C 1s spectra, two distinct peaks 

were observed at 284.36eV and 289.31eV binding 

energy, with a full width at half maximum (FWHM) of 
2.7eV. These peaks indicate the existence of metal 
carbonates, specifically C-C and C=O bonds. The O1s 
spectrum shows a peak at 530.95 eV, suggesting the 

presence of metal oxide. Furthermore, the 
deconvoluted Ca2p spectrum exhibits peaks at 
346.28 eV and 350.12 eV, indicating the occurrence 
of calcium oxide (CaO) and calcium carbonate 

(CaCO3), respectively. Detailed information about 
the XPS survey peaks can be found in Table 3.

 
 

Table 3: XPS survey Peaks of CaO NPs. 

 Name 
Peak Binding 

Energy (eV) 
FWHM eV Area (P) CPS.eV Atomic % 

CaO NPs 

O1s 530.95 2.76 1814758.72 47.19 

C1s 284.36, 289.14 2.7 617465.92 38.83 

Ca2p 346.28, 350.12 2.72 1273838.92 13.97 

 

CaO-NP

Exo Up
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Figure 8: XPS full survey spectrum of CaO NPs. 

 
4. CONCLUSION 
 
In conclusion, this research demonstrates that 

calcium oxide (CaO) nanoparticles can be 
successfully produced using the hydrothermal 
method with calcium carbonate (CaCO3) as a 
precursor. The process involves heating the CaCO3 at 
a temperature of 900 °C for 3 hours and then 
recalcining it at 700 °C for another 3 hours. The 

resulting CaO nanoparticles exhibit a nearly spherical 
morphology, as observed through scanning electron 

microscopy (SEM) images. 
 
Furthermore, the BET (Brunauer-Emmett-Teller) 
analysis reveals that the prepared nanoparticles 
possess micropore range porosity. This indicates 

their potential for various applications. X-ray 
diffraction investigations validate the polycrystalline 
characteristic of the CaO nanoparticles. The 
proposed method is both simple and convenient, 
eliminating the need for organic solvents, expensive 
raw materials, or complex equipment. As a result, it 
offers an economical approach to synthesizing 

calcium oxide particles on a large scale, utilizing snail 
shells as a sustainable source of calcium carbonate. 
The findings of this research highlight the promising 
capabilities of CaO nanoparticles in serving as 

effective drug carriers, given their bioactive and 
biocompatible properties. Furthermore, the particle 

surfaces exhibit micropores with a surface area of 
5.11 m2/g, an average pore diameter of 1.1 nm, and 
a pore volume of 0.00255 cm3/g. These 
characteristics further enhance the nanoparticles' 
potential for various applications.  
 
In addition, this research contributes to the 

conversion of agricultural waste into valuable 
resources. The hydrothermal treatment of snail 
shells, combined with the synthesized catalyst, 
results in the formation of calcium oxide (CaO). This 
not only provides a sustainable solution for waste 
management but also presents an opportunity for 
resource utilization. 

 
In summary, this study demonstrates the successful 
production of CaO nanoparticles using a 

hydrothermal method. The nanoparticles exhibit 
desirable properties, making them suitable for 
various applications, including drug delivery. 
Furthermore, the incorporation of snail shells as a 
primary resource aids in the promotion of sustainable 
agricultural waste management. 
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Copper Oxide Nano Biochar from Spent Coffee Grounds for Phosphate 
Removal and its Application as an Antibacterially Active Entity 
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Abstract: From the viewpoint of both eutrophication and sustainable use of phosphate, the removal and 
recovery of phosphate from wastewater are important. Adsorption is seen as a viable alternative for 
effective phosphate removal, even at low concentrations. It is very simple to operate and cheaper. 
Among the various adsorbents tested, biomass-derived nanomaterials, such as nanobiochar, have shown 
promising efficiency. However, the use of pristine biochar is often less effective and difficult to recycle. In 

the present study, copper oxide-modified nanobiochar from spent coffee grounds is presented as an 
effective phosphate adsorbent. The adsorbent was prepared by the acid digestion of spent coffee 
grounds, followed by the co-precipitation of copper metal. The developed adsorbent was characterized by 
BET, FTIR, and XRD. Batch mode adsorption studies were conducted to assess the adsorption efficiency 
of the developed adsorbent and to investigate the effect of pH, initial concentration, contact time, and 
adsorbent dose. It was observed that acidic conditions favored the adsorption of phosphate, with 
maximum adsorption efficiency (93%) at pH 3. The maximum equilibrium phosphate adsorption capacity 

in this study was 50.2 mg/g at 25 oC, pH 3, a phosphate concentration of 20 mg/L, and an adsorbent 
dose of 35 mg/mL. The batch experimental data fit the Freundlich isotherm with regression (R2 = 0.991), 
which signifies that the surface of the adsorbent is heterogeneous. Adsorption kinetic data were best 
fitted with the pseudo-second-order kinetic model (R2 = 0.996), indicating that the adsorption process 
was dominated by chemisorption. The copper oxide nanoparticles and Cu/NBC showed relatively higher 

zone inhibition in gram-positive bacteria than in gram-negative bacteria at similar concentrations. This 
might be due to the higher activity of the nanoparticle extract on gram-positive bacteria, as most 

nanoparticle extracts were more active in gram-positive bacteria. This difference may be explained by the 
difference in the structure of the cell wall in gram-positive bacteria, which consists of a single layer, and 
in gram-negative bacteria, which has a multi-layered structure and is quite complex. In the majority of 
test bacteria, Cu/NBC showed better activity. The higher activity of this nanomaterial might be associated 
with the number of bioactive metabolites and their synergetic activities. 
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1. INTRODUCTION 

 
Phosphorus is necessary for the growth of plants 
and is essential for all living things. Rock 
phosphate is a finite resource that is tapped into 

for fertilizer production, food production, and 
contemporary farming (1). Phosphate accumulates 
in water systems due to industrial and agricultural 
discharge. They can result in the phosphate 
enrichment of water bodies, which is occurring 
worldwide and is known as eutrophication (2). 
Hence, from the viewpoint of both eutrophication 

and sustainable use of phosphate, the removal and 
recovery of phosphate from wastewater, manure, 
and sludge are important (3). 
 

To date, many different methodologies have been 
mapped out for the mitigation of aqueous 
phosphates, such as anion exchange (4), chemical 
precipitation, adsorption, etc. Chemical 
precipitation is the most commonly used 
technique; however, it is limited by the generation 

of large amounts of sludge; the separation of 
chemically bonded phosphate can be difficult and 
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costly; and it is unsuitable for small-scale plants 

(5). Adsorption is considered a promising 

alternative for the effective removal and recovery 
of phosphate, even at low concentrations (6). 
Hence, the design of an effective adsorbent with 
economic feasibility is very important. Various 
adsorbents, such as polymers (7), metal 

oxides/hydroxides (8), and biomass-derived 
adsorbents such as activated carbon and biochar 
(9), have been studied, and promising results have 
been reported. 
 
The material mentioned in the above paragraph 
requires expensive raw materials for their 

preparation and difficulty in their operation. 
Therefore, establishing an economical adsorbent is 
imperative (10). In contrast, biochar, which is a 
carbon-rich biomass source formed by 

thermochemical conversation has elicited much 
attention due to its kindness to the environment 
and economics. For the present study, coffee 

grounds were selected as sources of biomass. 
However, most of the biochar has a low adsorption 
capacity for phosphate because of its anion-
dominated surface. Hence, it's important to modify 
the biochar by converting macrobiochar to 
nanobiochar with size reduction followed by co-

precipitation of cationic metals, such as Fe2+/Fe3+, 
Mg2+, and Mg/Al, on the nanobiochar to enhance 
its affinity towards phosphate. Compared to 
pristine nanobiochar (NBC), metal-modified 
nanobiochar has the maximum phosphate 
adsorption capacity because the surface of the 
adsorbent becomes cations-dominated, which 

makes it suitable for upcoming phosphate. So in 

this study, copper oxide modifies the surface of 
nanobiochar made from coffee grounds.  
 
Copper oxide nanoparticles and copper oxide 
nanoparticle nanobiochar (Cu/NBC) show strong 
antibacterial properties against pathogens. It can 

inhibit the growth of these microorganisms due to 
the damage they cause to the membrane of 
bacterial cells (11, 12). The application of 
nanomaterials as new antimicrobials should 
provide new modes of action and/or different 
cellular targets compared with existing antibiotics, 

which somehow promote multiple drug-resistant 
microbes (12). To the best of our knowledge, this 
is the first adsorbent reported by combining the 
nano-scale feature of biochar with copper metal 

modification. 
 
The main objective of this study is to develop 

copper-modified nanobiochar from spent coffee 

grounds for phosphate recovery, and its 

antibacterial activity. 

 
2. EXPERIMENTAL  

 
2.1. Chemicals and Materials 
Analytical-grade chemicals and reagents were all 
employed in this research project without further 
purification. Ammonium molybdate tetrahydrate 

(CAS 12054-85-2), (NH4)6Mo7O24⋅4H2O 99%), 

copper nitrate hexahydrate (CAS 13478-38-1), 
(Cu(NO3)2⋅6H2O, 99%), potassium dihydrogen 

phosphate (CAS 7778-77-0), (KH2PO4, 98%), 
antimony potassium tartrate (CAS 28300-74-5), 
(C8H4K2O12Sb2⋅3H2O, 99.5%), were purchased 

from Research Lab Fine Chemicals, Mumbai, India. 
Mueller-Hinton Agar (CAS 9002-18-0, MHA) and 

Dimethyl Sulfoxide (CAS 67-68-5, Hi-Media 

Laboratories Pvt. Ltd., India) 
 
Characterization was performed by Brunauer − 
Emmett − Teller (BET) (SA-9600, USA), a Fourier 
transform infrared spectrometer (FT-IR, iS50ABX 
Thermo Scientific, Germany), an X-ray diffraction 

spectrometer (XRD-700 X-RAY, Germany), and a 
UV-Vis spectrophotometer (Biochrom, UK). 
 
 2.2. Preparation of Copper Oxide Nano 
Biochar 
First, spent coffee grounds from nearby coffee 
shops were gathered, cleaned, and oven-dried. At 

various temperatures (250, 350, and 450 oC), the 
cleaned spent coffee grounds were treated to 
gradual pyrolysis in a muffle furnace. To create 

uniform-sized particles, the obtained biochar was 
mashed in a mortar and pestle and sieved using a 
150.0 m mesh (5, 13). The size of the biochar 

particles was reduced by acid digestion in a 
hydrothermal autoclave reactor. The process was 
typically allowed to finish in a fume hood after 1.0 
g of the resulting biochar was put into a 
hydrothermal autoclave reactor holding 60.0 mL of 
concentrated HNO3 and H2SO4 (1:3 ratio). Finally, 
the product was collected, filtered, washed, and 

stored for further experiments (1,5). The co-
precipitation of metal ions allowed for the 
modification of nanobiochar. Typically, 200.0 mL of 
solutions containing CuSO4·6H2O (0.2 M) in a 2:1 
ratio were added to 0.4 g of nanobiochar. After 
that, 1.0 M NaOH was added drop by drop while 
being stirred rapidly for 1 hr. After allowing the 

reaction mixture to sit for 24 hrs, the precipitate 
was ultimately removed, cleaned, and kept for 
later investigations as shown in Figure 1(13). 
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Figure 1: The schematic representation of the preparation of Cu/NBC. 
 
2.3. Adsorption study 
In batch-mode adsorption studies, the material 
capacity for phosphate adsorption was evaluated. 
In a series of batch mode tests, factors affecting 

the efficiency of the adsorption, such as pH (3–12) 
and a dose of adsorbent (15–35 mg), were 
investigated using the one factor-at–a-time 
approach. Quantification of the residual phosphate 
concentration was measured by the ascorbic acid 
method (Method, 1978) using a calibration curve 
from phosphate external standards (1, 11, 12, 14). 

The removal efficiency and the amount of 
phosphate adsorbed were determined by using 

equations (1) and (2), respectively. 
 
% removal  =   Co − Cf

Co
*100 

(Eq. 1) 

Adsorption 
capacity  = 

Co − Cf

V
m

 
(Eq. 2) 

 

Where Co and Cf are the initial and final phosphate 
concentrations, qt is the amount of phosphate 
adsorbed at time t, V is the volume solution, and 
m is the mass of the adsorbent used. The 
adsorption isotherm was done by fitting the 
equilibrium data into the linear form of the 
Langmuir (Eq. (3)) and Freundlich (Eq. (4)) 

isotherm models. 
 

𝑞𝑒= 𝑞𝑚𝑘𝑙𝑐𝑒

1+𝑘𝑙𝐶𝑒
  (Eq. 3) 

 
𝑞𝑒= 𝑘𝑓𝐶𝑒

1

𝑛

   (Eq. 4) 

 
where qe (mg g− 1) and Ce (mg L−1) are equilibrium 
adsorption capacity and equilibrium concentration, 
respectively; 1/n is the intensity of adsorption; Kf 

(mg g−1) (Lmg−1)1/n is the Freundlich adsorption 
constant; qm (mg g−1) is the maximum adsorption 
capacity; and KL (L mg−1) is a Langmuir constant 
(12). Similarly, the kinetics study was done by 
fitting the equilibrium data into pseudo-first (Eq. 

(5)) and second-order (Eq. (6)) kinetic models 
shown below. 
 

𝑞𝑒  =  𝑞𝑒(1-𝑒𝑘1t)   (Eq. 5) 

 

𝑞𝑒= 
𝑘2𝑞𝑒

2

    1+𝑘2𝑞𝑒 𝑡
 t     (Eq. 6) 

 
Where qe and qt (mg g−1) are the amounts of 
phosphate adsorbed at equilibrium and at time t, 
respectively; k1 (min−1), and k2 (g mg−1min−1), are 
the rate constants of the corresponding models. 

 
2.4. Antibacterial analysis of copper-modified 

nano biochar  
2.4.1. Bacterial test organisms and standard 
antibacterial disc 
The standard American Type Cell Culture (ATCC) 
bacterial species of Salmonella typhi, Escherichia 

coli, Staphylococcus aureus, and Streptococcus 
pneumoniae were obtained from the Department 
of Biology at Mizan-Tepi University, Ethiopia. The 
standard antibacterial disc used for the study was 
gentamicin. 
 
2.4.2. Antibacterial activity  

The Mueller-Hinton Agar (MHA) used was made 
according to previously reported literature (15–
17), which called for mixing 38.0 g of powder 
media with 1.0 L of distilled water, sealing the 

mixture in a container, and autoclaving it at 121oC 
for 15 minutes. After that, the media were put on 

sterilized Petri dishes. After the media had 
solidified, 100.0 mL of the working stock culture 
was distributed with a sterile cotton swab, and 
stainless steel cork borer wells were formed in 
each Petri dish. Then different concentrations of 
nano copper oxide particles and nanobiochar (100 
μg/mL, 250 μg/mL, and 500 µg/mL) were 

prepared by dilution of the stock solution in DMSO 
(negative control) and poured into the well using a 
micropipette. The plates were incubated for 24 
hours at 37oC (16, 17). The extracts were tested in 
triplicate, and the findings were shown as the 
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mean standard deviation. The diameter of the zone 

of inhibition was measured in millimeters (mm). 

 
3. RESULT AND DISCUSSION 
 
3.1. Preparation and Characterization of 
Cu/NBC 

The nanobiochar was obtained by first optimizing 
pyrolysis and then acid digestion. Co-precipitation 
modifies it with copper metal. Table 1 represents 
the nitrogen adsorption and desorption isotherms 
of adsorbents at room temperature. As shown in 
the table, the copper modification considerably 
increased the adsorbent's specific surface area. 

Since the specific surface area refers to both the 
total surface pore and external surfaces, the 
obtained result shows that Cu/NBC is more 
favorable for the adsorption process and 

antibacterial. 
 
 

 
 
 

 

Table 1: BET Specific Surface Area of the nano 

biochar from nano biochar and after Cu2+ 
modification. 

 

Adsorbent BET (m2/g) 

NBC 7.09 

Cu2+/NBC 124.9 

 
XRD was used to determine the crystallinity of the 
prepared adsorbent material. The peaks at 32.06°, 

35.69°, 38.996°, and 48.93°, corresponding to 
(110), (002), (111), and (202) planes, can be 
assigned to the monoclinic structure of CuO 
(JCPDS, file no. 801268), respectively, as shown 
in Figure 2.b. The broad peak is centered at 24.5°, 

indicating the amorphous carbon phase in the 
nano-biochar, as shown in Figure 2.a. Hence, the 

XRD study confirms the availability of crystalline 
metallic phases of Cu on the adsorbent. 

 

 
 

Figure 2: XRD peaks of (a), NBC; (b), CuO/NBC. 
 
The surface functional groups involved were 
checked by FTIR (Fig. 3a–c). As seen in Fig. 3a, 
the FTIR spectrum of the NBC consists of 

absorption bands at 1716 cm− 1, 1546 cm− 1, and 
1156 cm− 1 which correspond to C=O, C=C, and C-
O stretching vibrations, respectively. After 
modification, a peak appears at 602 cm− 1 which 

corresponds to the CuO (Fig. 3c). This is in 
agreement with the XRD data and shows that the 
metal is successfully loaded on the NBC surface. 

After adsorption, two new bands appear at 1163 
cm− 1, and 765 cm− 1 which can be assigned P-O 
stretching and P-O-P bending modes, respectively 
(1). 
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Figure 3: FTIR spectra of the adsorbents (a) NBC ; (b)Cu/NBC before adsorption ; (c) Cu/NBC after 

adsorption. 
3.2 Adsorption Studies 

The effect of pH, dose of adsorbent, 
contact time, and initial concentration on 
the adsorption efficiency was 

systematically studied in a batch-mode 
adsorption study by varying one factor at a 
time. The effect of pH on the adsorption of 

phosphate was studied by varying the pH 
of the solution from 3–12 while fixing other 
parameters. As shown in Fig. 4a, the 
phosphate removal efficiency reached its 
maximum (93%) at pH 3. The maximum 
adsorption capacity at pH 3 suggests that, 
in addition to the electrostatic attraction, 

there is precipitation of copper phosphate. 
This is because, for pH less than 2, H3PO4 
and H2PO4

-1 are dominant species that 
trigger the precipitation of copper 
phosphate (18). This trend obtained is in 
agreement with previous studies on 

phosphate removal by Mg/Zr-spent coffee 

nano biochar adsorbents (Sisay et al.). 
Figure 4b shows the percentage of 
phosphate removal at various adsorbent 
doses. As seen in the figure, the percent 
removal increased with the adsorbent dose 
and reached its optimum (96.2%), and 

19.24 mg/L of phosphate adsorbed at 35 

mg of Cu/NBC, indicating that 35 mg of 

Cu/NBC could effectively remove 20 mg/L 
phosphates at pH 3. The increase in 
adsorption efficiency with an adsorbent 

dose can be attributed to the availability of 
additional active sites that could take up 
the phosphate anions. 

 
The effect of contact time on phosphate adsorption 
by Cu/NBC was investigated by varying the contact 
time from 25- 100 minutes in batch mode 
adsorption experiments. As shown in Figure 4.d 
the adsorption process was very fast initially with 
more than 98 % of the adsorbate being removed 

in 25 minutes. The % removal continued to 
increase and started to stabilize after 85 minutes 
of contact time suggesting the attainment of the 
adsorption equilibrium. Thus 85 minutes is the 
optimal time for the study. The effect of initial 
concentration on the adsorption process was 

studied by conducting batch mode experiments at 

different initial concentration levels of phosphate 
(10-50 mg/L) while maintaining the rest three 
parameters constant. As shown in Figure 4.c the 
percent of adsorption was found to decrease with 
an increase in the initial concentration of 
adsorbate. 
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Figure 4: Effect of (a) pH; (b) effect of dose ; (c) initial concentration; and (c) effect of contact 

time  of adsorbent on the adsorption efficiency. 
 
3.2.1 Adsorption isotherm 
The equilibrium data obtained at different 
phosphate concentrations (10–50 mg/L) at a fixed 
mass of adsorbent were fitted into Langmuir and 

Freundlich adsorption isotherm models (equations 

3&4 respectively). As seen in Fig. 5a-b and Table 
2, the Freundlich isotherm model better conforms 
to the equilibrium data (R2 = 0.991).  

 
Table 2: Freundlich and Langmuir Adsorption Parameters for PO4

3- adsorption on Cu/NBC. 

 

Langmuir model Freundlich model 

KL (L/mg) qm(mg/g) R2 KF (mg/g) 

 

N R2 

1.57 142.9 0.984 50.2 1.27 0.991 

 
The above results suggest that the adsorption of 
phosphate on Cu/NBC follows the heterogeneous 
surface and multilayer adsorption process. 
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Figure 5: Phosphate adsorption isotherm of Cu/NBC; (a) Langmuir adsorption ;( b) Freundlich isotherm 

model. 
 
3.2.2. Adsorption kinetics 

As shown in Table 3, and Figure 6 the pseudo-first-
order kinetic model is not applicable, since the 
correlation coefficient (R2 = 0.952) obtained with 

this approximation is relatively low and the 
calculated qe, values did not match the 
experimental qe values well. This is because near 

equilibrium the experimental data deviate notably 

from the previous data obtained during the first 
stage of the experiment(19). The correlation 
coefficient obtained with the pseudo-second-order 

is, however, much higher (0.996), and the 
calculated qe values show a good agreement with 
the experimental qe values as seen in Table 3.  

 
Table 3: Pseudo first order and Pseudo second order parameters for PO4

3- adsorption on Cu/NBC. 

 

Pseudo first order  Pseudo second order 
 

 

qe exp 

(mg/g) 

qe, cal 

(mg/g) 

k1 

(min− 1) 

R2 qe, exp 

(mg/g) 

qe, cal 

(mg/g) 

K2 

(g/mg min) 
 

R2 

26.2 0.06 0.05 0.952 26.2 26.3 0.0987 0.996 

 

The above results suggest that the adsorption 
process was mainly controlled by the chemical 
reaction process due to either the sharing or 
exchange of electrons, rather than mass transfer. 
In this study metallic-modified nanobiochars have 

an abundant active site this is the reason why 
chemisorption is the dominant mechanism. Similar 
results were reported in the study of phosphorus 
removal and recovery in phosphate by Mg/Zr nano 
biochar (1). 

 

 
Figure 6: Adsorption kinetics of phosphate on Cu/NBC: (a) pseudo-first-order model; (b) pseudo-

second-order model. 

 

3.2.3. Comparison of Cu/NBC adsorption capacity 
with adsorbents  
The adsorption capacity (mg/g) of  Cu/NBC found 
in this study was compared with other metal-
modified adsorbents for phosphate removal 

reported by other authors as shown in Table 4. It 
can be seen from the table that the  Cu/NBC has 
by far better adsorption capacity than most of the 
recently reported materials for phosphate 
adsorption. 
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Table 4: The compassion of the adsorption capacity of Cu/NBC with other adsorbents. 

 

S/N Adsorbent Adsorption 

capacity (
𝐦𝐠

𝐠
) 

Reference 

1 Lanthanum-doped silica 47.89 8 

2 Mg-biochar 
 

14.33 20 

3 Mg-Fe layered double 
hydroxides 

 

16.31 21 

4 Ca (OH)2 -biochar 36.74 22 
5 Magnetic Carbon 

Nanofibers 
 

7.26 23 

9 

10 

Mg-Zr NBC 

Cu/NBC 

39.4 

50.2 

1 

This work 

 
 
3.3. Antibacterial Analysis of Copper Oxide 
Nanoparticles and Nano Biochar 
3.3.1. Antibacterial screening results  
In this investigation, the antibacterial activities of 

copper oxide nanoparticles and Cu/NBC were 
evaluated using the agar well diffusion method at a 
concentration of 100, 250, and 500 μg/mL as 
shown in Table 5. The maximum zone of inhibition 
for the Cu/NBC was achieved for S. aureus at 
17.31±0.19 mm at the concentration of 500 

mg/mL, while the minimum antibacterial activity 
for the copper oxide nanoparticles for S. typhi and 
E. coli was obtained at 7.0±0.29 mm and 

7.00±0.40 mm at a concentration of 10 mg/mL 
respectively. 
 
The copper oxide nanoparticles and Cu/NBC have 

shown antibacterial activity based on the different 
concentrations that are explained in different 

literature (20,21). The copper oxide nanoparticles 
and Cu/NBC extract show greater antibacterial 
activity against gram-negative and gram-positive 
bacterial tests. The result is in agreement with the 

findings of,  (20,21) who reported that E.coil and 
S.typhi were present respectively (Fig 7).  
 
The copper oxide nanoparticles and Cu/NBC 
showed relatively higher zone inhibition in gram-
positive bacteria than in gram-negative bacteria at 

similar concentrations. This might be due to the 
higher activity of the nanoparticle extract on gram-
positive bacteria as most nanoparticle extracts 

were more active in gram-positive bacteria. This 
difference may be explained by the difference in 
the structure of the cell wall in gram-positive 
bacteria which consists of a single layer and the 

gram-negative bacteria, which is a multi-layered 
structure and quite complex (15-17).  

 
Table 5:  Antibacterial activities of copper nanoparticles and nano biochar against gram-negative and 

gram-positive bacteria. 
       

Values are expressed as mean ± SD (n = 3). NA = no activity, (+) control (gentamicin), and (-) control = 
negative control (DMSO).  
 
In the majority of test bacteria, the Cu/NBC showed 
better activity. The higher activity of these extracts 
and fractions might be associated with the number 

of bioactive metabolites and their synergetic 
activities. 

Concentration of extracts Zone of inhibition in diameter (mm) 
 

Test bacteria Nanoparticles  100 μg/mL 250 μg/mL 

 

500 μg/mL (+) control (-) 

control 

S. typhi CuO  7.0±0.29 8.19±0.70 10±0.33 15±0.59 NA 
 Cu/NBC 9.21±0.39 11.21±0.29 13.44±0.30 

E. Coli Cu  7.00±0.40 10.41±0.19 12.00±0.11 16.33±0.27 NA 
 Cu/NBC 8.37±0.59 11.01±0.79 12.46±0.45 

S. Aureu Cu  7.91±0.71 11.61±0.21 15.24±0.33 18.71±0.59 NA 

 Cu/NBC 10.25±0.33 13.51±0.35 17.31±0.19 
S. pneumoniae 
 

Cu  7.21±0.45 12.3±0.33 14.19±0.27 19.82±0.47 NA 
Cu/NBC 11.45±0.35 14.21±0.72 17.38±0.56 

https://www.liebertpub.com/doi/full/10.1089/ees.2020.0511
https://www.liebertpub.com/doi/full/10.1089/ees.2020.0511
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Figure 7: Activity of the copper oxide nanoparticles and Cu/NBC extracts against E.coli and E.coli 

respectively. 
 

4. CONCLUSION 

 
In conclusion, Cu-modified NBC from spent coffee 
grounds was prepared by pyrolysis and subsequent 
acid digestion. The acid digestion method is simple 
and nanobiochar of size down to nanoscale. The 
resulting Cu-modified NBC was used as an 

effective adsorbent for phosphate removal and 
subsequent utility as an antibacterial agent. Batch 
mode adsorption studies showed phosphate 
adsorption on Cu/NBC followed pseudo-second-
order kinetic and Freundlich isotherm models. The 
adsorption capacity was calculated to be 50.2 

mg/g at 35 mg of Cu/NBC in 85 min at pH 3. 
Compared with other Cu-based biochar, the 
prepared Cu/NBC offered higher adsorption 
capacity. This is due to the increased effective 

surface area of the nanobiochar than its microsized 
counterparts. Cu/NBC showed better activity in the 
majority of test bacteria. The increased activity of 

this nanoparticle could be attributed to the 
presence of more bioactive metabolites and their 
synergistic effects. 
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Abstract: Nowadays, with excessive use due to rapid population growth, growing industry, and 
technological developments, environmental pollution is also increasing and is reaching a point where it 
threatens the health of humans. The alarming increase in environmental pollution is mostly seen in the 

form of water pollution. Water pollution has reached levels that threaten human health. There are difficulties 
in accessing clean water in many parts of the world as a result of restricting the use of natural water 
resources polluted by both human activities and natural causes. Therefore, intense efforts are made to 
remove especially heavy metals and other harmful substances that pollute water. Among these toxic heavy 
metals threatening the health of humans, arsenic is at the top of the list as the most dangerous one. In 
recent years, many methods and techniques have been developed in addition to classical methods for 
removing pollutants from water. In this study, conventional methods used in the treatment of arsenic-

contaminated waters, the difficulties encountered in the removal process, and the advantages and 
disadvantages of the methods were critically reviewed in the light of current and past information. In 
addition, detailed comparative information is given about nano-sized adsorbents, which is an innovative 
approach used in the adsorption method, one of the arsenic removal methods. 
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1. INTRODUCTION 
 
The presence of arsenic in water sources is a common 
problem in the world. Arsenic is one of the 20 most 
abundant natural elements in the earth's crust. 
Arsenic is an odorless and tasteless semi-metal with 

atomic number 33 and atomic weight 74.91. Arsenic 

is found as a basic component in more than 200 
minerals. Arsenic is mostly found in sulfur and oxides 
of different minerals. Arsenic is found in sulfur 
minerals such as arsenic sulfide or orpiment (As2S3), 
realgar (AsS), arsenopyrite (FeAsS) (1-3). 
 

Arsenic level in water is increasing due to natural and 
anthropogenic reasons. Arsenic pollutes water 
through the erosion and dissolution of rocks, minerals 
and ores in the soil or through natural events such as 
geothermal and volcanic activities. In addition, 
arsenic and its compounds are used in various 

industrial activities such as production of medicines, 
agricultural chemicals, colorants and dyes, soaps, 
ceramic, glass, timber, wood, animal skins, cellulose 

and paper, battery plates, semiconductor production 
and petroleum refining and electroplating processes. 
Even natural events are the most important cause of 
arsenic pollution in water, the discharge of 
wastewater from various industrial enterprises, 
agricultural practices and mining activities into the 

environment without being subjected to adequate 

treatment processes is also a very important factor 
(3). 
 
Arsenic exists in nature as both organic and inorganic 
compounds. Inorganic arsenic compounds are the 
most common. Arsenic is commonly seen in water in 

two oxidation states: arsenite (As3+) and arsenate 
(As5+). In natural waters, under different redox 
conditions, arsenic exists in (3-), (0), (3+) and (5+) 
oxidation stages (1). 
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Figure 1: Arsenic species commonly found in water. 
Figure republished with permission from Ref. (9). 
 
Depending on the pH of the medium, while in 
oxidizing conditions arsenic ions are found in waters 

as arsenate [As(V)] species H3AsO4, H2AsO4
-, HAsO4

2, 
and in reducing conditions it is found as arsenite 
[As(III)] species H3AsO3, H2AsO3

-, HAsO3
2- (1). 

 
Which species of arsenic will be dominant in the 
aquatic medium depends on the pH value and redox 

potential (Eh) of the water. Generally, arsenic is 

present in surface waters in the form of As(V), and 
As(III) is present in groundwater in anaerobic 
conditions with low oxygen content (2). In choosing 
the arsenic removal method, it is very important 
which species of arsenic is in the medium. 
 

Table 1: Different species of Arsenic found in 
aqueous media depending on the pH of the medium. 
Figure reproduced with permission from Ref. (4). 

 

Reaction  pKa 

As (V) 

H2AsO4
- + H+ → H3AsO4 2.24 

H2AsO4
2-+ H+ → H2AsO4

- 6.96 

H2AsO4
3-+ H+ → H2AsO4

2- 11.50 

As (III) 

H2AsO3
- + H+ → H3AsO3 9.22 

H2AsO3
2-+ H+ → H2AsO3

- 12.11 

AsO3
3-+ H+ → HAsO3

2- 13.41 

 
In this graph, also known as the "Pourbaix diagram" 
in Figure 3, the pH value of the solution is given on 

the horizontal axis, and the redox potential (Eh) is 
given in volts on the vertical axis. According to the 
diagram, arsenite is mostly found in groundwater and 
arsenate is found in surface waters (1, 3). 
 

 
Figure 2: Eh-pH diagram of arsenic species in 

water in the As-O2 - H2O system (25 oC temperature 
and 1 bar total pressure). Figure republished with 
permission from Ref. (1). 
 
It is very difficult to remove uncharged arsenite ions 
at the pH levels of drinking water. Arsenate is present 
in water as oxyanions. These oxyanions can be easily 

removed from solution by precipitation, adsorption, 
ion exchange and some other methods. Therefore, in 
order to remove arsenite, it must first be oxidized to 
arsenate. In other words, uncharged arsenite must 
be made charged. Removal of arsenic species from 

solution does not depend only on the oxidation stage 

of arsenic. In addition, it also depends on other 
factors such as the presence of other ions in the 
solution (2, 3). 
 
1.1. Arsenic Pollution and Its Effects on Health 
Arsenic pollution is a major problem in natural water 
resources around the world. High levels of arsenic 

contamination in underground and surface waters 
have been reported in many countries such as the 
United States, Argentina, Bangladesh, China, India, 
Japan, Cambodia, Canada, Mexico, Mongolia, Nepal, 
Pakistan, Chile, Thailand, Taiwan, Turkey, Vietnam 
and New Zealand. Bangladesh and the West Bengal 
region of India are the most populated regions 

exposed to arsenic from groundwater (2). 

 
Although it was used in the past to treat diseases 
such as syphilis and amoebic dysentery, arsenic is 
now listed among the first group of carcinogenic 
compounds by the World Health Organization (WHO) 

and the International Agency for Research on Cancer 
(IARC). Based on research, the World Health 
Organization determined the maximum amount of 
arsenic in drinking water as 10 μg/L in 1993 and 
declared that water containing arsenic above this 
value is toxic (3,4). As(III), one of the most common 
inorganic arsenic species found in water, is the most 

toxic form of arsenic. Arsenite is 60 times more toxic 
than arsenate, and inorganic arsenic is 100 times 
more toxic than organic arsenic. The toxicity level of 
arsenic is listed as "Arsine > arsenite As(III)> 

As

O
–

OH OH
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OH OH
O
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Organic As(III)> arsenate As(V)> organic As (V)> 

arsonium" (3). 

 
 

Figure 3: Human health effects of exposure to arsenic. Figure republished with permission from Ref. (12). 

 
Arsenic is generally taken into the human body 
through drinking water and accumulates in tissues 
over time. Arsenic disrupts the structure of enzymes 
and proteins in the body, renders them dysfunctional, 
and even causes damage to molecules such as DNA 
and RNA in long-term high intakes. The disease 

symptoms that occur when water contaminated with 
arsenic is drunk for several years are called 
arsenicosis. The effects of exposure to arsenic 
through drinking water include various skin lesions, 
neurological effects, hypertension, cardiovascular 
diseases, respiratory disorders, diabetes, edema, 
gangrene, ulcers, skin and other types of cancer, 

miscarriage, stillbirth, premature births, weakness, 
weight loss, lethargy, anemia, and damage to the 
immune system (3-6). 
 

 
Arsenic combines with some enzymes in the body and 

disrupts cellular metabolism. The fact that arsenic 
has a special affinity for sulfur is the main reason why 
it is toxic to the body. Arsenic, by binding to the free 

thiol groups in the protein part of some enzymes, 
inhibits the enzymes and so renders them inoperable 
(3, 7, 8). 

 

 
 

Figure 4: Schematic representation of the complex 
formed by an arsenic atom with 3 -SH thiol 
molecules. Figure republished with permission from 
Ref. (6). 



Karakoç V, Erçağ E. JOTCSA. 2024; 11(2): 845-868.  REVIEW ARTICLE 

848 

 

 
 

Figure 5: Arsenic blocks the enzyme system. Figure 
republished with permission from Ref. (3). 

 
Arsenic shows its effects by causing the cells' 
mitochondrial enzymes to lose their activity. As(III) 

compounds have a high affinity for sulfhydryl groups 
found in proteins and form chelation with these 
groups. As(V) competes with phosphate in cell 
reactions and prevents ATP formation by separating 

oxidative phosphorylation (8-10). 
 
 
 
 
 
 

2. ARSENIC REMOVAL METHODS FROM WATERS 

 
Drinking water is often treated to remove turbidity 

and kill microorganisms. There are many 
technologies developed for the removal of arsenic 
from drinking and groundwater. These technologies 
are used effectively today, with arsenic removal of up 
to 95% in various sizes, from household to classical 

treatment plant scale. The chemical properties and 
composition of arsenic-contaminated water and the 
intended use of the treated water are among the 
factors that determine which technologies should be 
used in purification. Especially when arsenic removal 
is aimed, different processes are applied depending 

on the flow rate and application location. When 
choosing an effective arsenic removal process, pH 
should be taken into account depending on the 
species of arsenic. If As(III) is present in the 
medium, the uncharged As(III) must be oxidized with 

oxidizers such as Cl2, NaOCl, KMnO4, O3 etc. to As(V) 
through a pre-treatment process. Since groundwater 

is generally anaerobic, all arsenic compounds are 
generally found in the As(III) form, depending on the 
conditions of the medium. Since As(III) is uncharged 
at the natural pH level and As(V) is negative at the 
natural pH level, removal of As(V) is easier (4-6, 9). 
 
Technologies traditionally applied to remove arsenic 

species from water are oxidation, coagulation-
flocculation, adsorption, ion exchange and 
membrane techniques. 

 

 
Figure 6: Conventional arsenic removal methods from water. Figure republished with permission from Ref. 
(5). 
 
Coagulation-sedimentation and filtration processes 
are also used for the purpose of remove arsenic at 
the source in high-flow drinking water treatment. For 

small flow rates and points of use, membrane 
purification processes such as adsorption, ion 
exchange, reverse osmosis and nanofiltration can be 
applied. Below, all arsenic removal processes are 
discussed with their positive and negative aspects (2, 
5, 11). 

 

Considering the disadvantages of the processes used 
in arsenic removal, it could be said that an alternative 
arsenic treatment process which has some important 

properties should be developed. The followings could 
be given as an example to these properties; 1) it 
should has high arsenic removal efficiency and high 
effectiveness in removing both species of arsenic, 2) 
it should not require pre-oxidation process and 
additional chemicals, 3) it should not create 

secondary pollutants in the treated water, 4) it should 
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creates less treatment sludge and waste, 5) it should 

has low operation and maintenance-repair costs (12, 
13). 

 
2.1. Overview of Common Arsenic Removal 
Methods as Removal Technologies 
2.1.1. Arsenic removal by coagulation 
The most commonly used methods for removing 

arsenic from drinking water are coagulation-
precipitation and filtration methods. Chemical 
precipitation is the most used method on industrial 
scale because it is highly effective, relatively easy to 
apply and low cost. Arsenic removal by chemical 
precipitation method is based on the principle of 

formation of a poorly soluble common salt. Arsenic 
becomes dissolved in the medium and precipitates by 
adsorption on the surface of metal hydroxides or by 
mixing with the structure during floc formation (14). 
With this type of purification method, in addition to 

arsenate, many solid substances such as turbidity, 
iron, manganese, phosphate and fluoride are also 

removed. The most commonly used coagulants in 
this method include Fe3+ and aluminum salts. 
Additionally, this technique is used in large-scale 
treatment processes such as urban treatment plants 
by adding lime softener (10, 15). The most 
commonly used chemicals are lime (Ca(OH)2), ferric 
chloride (FeCl3.nH2O) and aluminum sulfate 

(Al2(SO4)3.nH2O). It is possible to remove arsenic at 

a rate of 90% with lime, 90% with aluminum sulfate 

and 95% with iron compound (16). 
 

In the chemical precipitation process, heavy metal 
ions are precipitated by converting them into 
insoluble salts with a chemical agent added to the 
medium. By adding coagulant to water, the ability of 
colloidal particles to come together in water is 

increased. With the added coagulants, aluminum or 
iron hydroxide microflocs are rapidly formed. The 
flocs grow until they reach sufficient weight and then 
precipitate. Thus, it is purified from the water 
medium. Gravitational force and friction force are 
effective on the precipitated particles (16, 17). 

 
Studies have been conducted investigating the pH 
effectiveness of different coagulants in arsenic 
removal. However Al2(SO4)3 and FeCl3 exhibited 
equal performance in arsenic removal in waters with 

pH below 7.3, it was observed that FeCl3 was a more 
effective coagulant in waters with pH greater than 

7.3. While aluminum hydroxide is stable in the 
neutral pH range, iron hydroxide is stable in a wider 
pH range. Additionally, since iron hydroxides have a 
high affinity for arsenic, co-precipitation of arsenic 
with iron hydroxide occurs. If As(III) is present in the 
water, first As(III)  is converted to As(V) by oxidation 
and pH adjustment, and then As(V) is removed by 

the coagulation-filtration process (16-18). 

 
Figure 7: A facility where coagulation-sedimentation and filtration processes can be carried out 
simultaneously. Figure republished with permission from Ref. (19). 

 
Coagulation- Filtration process produces sludge (if a 
sedimentation tank is used) and backwash water (if 

a filter is used) as waste. The water content of the 
sludge coming from the sedimentation ponds is quite 
high, so the solids content is quite low (SM < 1%). 
For this reason, it is recommended to increase the 

solids content with sludge thickeners before 
dewatering. The solids content can be increased to 
35-50% with a filter press and 15-30% with a 
centrifuge. Depending on the arsenic content, the 
resulting sludge can be disposed of by dumping it on 
land or by burying it in regular storage facilities. 

Lime-Soda method is a chemical treatment process 
in which coagulation, flocculation and precipitation 
processes are applied. Lime softening is another 
economical, conventional treatment process that is 
effective for arsenic removal. In the lime soda 

softening method, the optimum pH for As(V) and 
As(III) purification is expressed as approximately 

10.5 and 11, respectively. Arsenic a result of the 
lime-soda process, sludge emerges as waste and pH 
adjustment is needed again. Typical sludge 
concentration contains 1-4% arsenic waste (10, 18, 

19). 
 
2.1.2. Oxidation 
The chemical form of arsenic is important in its 
purification. Since arsenic in groundwater is generally 
found in the uncharged As(III) form, it must first be 

converted to As(V) form in order to be effectively 
removed from the water. Arsenic in water is not 
removed by oxidation, but arsenite is oxidized to 
arsenate and removed in subsequent processes 
(chemical precipitation, filtration, membrane 
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processes, etc.). Adding oxidants such as chlorine, 

permanganate, ozone, chlorine dioxide and hydrogen 
peroxide helps to increase the oxidation rate of 

arsenic. Among these, chlorine is a fast and effective 
oxidant for arsenic due to its easy accessibility. 
However, it is known that chlorine may create some 
toxic by-products (trihalides) as a result of its 
reaction with organic substances (18, 19). 

 
When native iron is present in groundwater, oxidation 
and coprecipitation are followed by cost-effective 
filtration that removes waste. In oxidation by co-
precipitation, iron is oxidized from Fe2+ to Fe3+ and 
arsenic is oxidized from As(III) to As(V) and they are 

filtered from water. Iron and arsenic As(III) are 
oxidized, then arsenic As(V) is adsorbed to iron 
hydroxide compounds and retained in the filters. The 
ratio between iron and arsenic should be 20:1 (10, 
12). The appropriate pH range for the retention of 

arsenic compounds with iron is stated as 5.5 – 8.5. 
While oxygen is only sufficient for iron, it cannot 

oxidize arsenic. Ozone (O3) is used for disinfection, 
oxidation, odor and taste removal (10). 
 
2.1.3. Arsenic removal with membrane processes 
Another effective treatment technology used in 
removing arsenic from water is membrane 
technologies. Membrane processes are generally 

used to purify groundwater and drinking water where 
clogging is not observed due to sediment formation. 
In these processes, separation is carried out 
according to the molecular size, shape or charge of 
the substance. For example, if the important criterion 
is the molecule size, while water and other small 

molecules can pass through the membrane, 

molecules and particles larger than water cannot 
pass (10, 17). In porous membranes, the separation 
process is achieved by passing mixture which has 

more than one component through the membrane. 

Membranes are an effective method for arsenic 
treatment. What is expected from the membrane 

process is that even low amounts of arsenic species 
in the water can be eliminated from the water with 
high efficiency. 
 
Such techniques have advantages such as high 

removal efficiency, easy operation, and minimal toxic 
sludge generated during the process. However, the 
initial investment and operating costs are relatively 
high, and high pressure is usually needed to pass 
contaminated water through the membranes. In 
addition, in the membrane process, discharge of 

concentrate, membrane clogging and flux reduction 
are generally inevitable (20-23). 
 
Generally, four different membrane processes are 
applied in water treatment. These are microfiltration 

(MF), ultrafiltration (UF), nanofiltration (NF) and 
reverse osmosis (RO). These processes differ from 

each other due to the difference in pore size. As the 
selectivity of the membrane increases, the pressure 
used in the process also increases. While separation 
is achieved through mechanical sieving at low 
pressure for MF and UF membranes, separation 
occurs by capillary flow or solution diffusion at high 
pressure for NF and RO membranes. UF and MF 

membranes are generally used for particle and 
removal of pathogens. UF membranes can remove 
disinfection by-products to a large extent. MF 
membranes have on average ten times larger pores 
than UF membranes. MF membranes are designed to 
remove micrometer-level contaminants. It has a pore 

structure between 0.05 and 5 micrometers. While UF 

membranes can purify viruses, viruses can pass 
through the pores of MF membranes (22). 

 

 
Figure 8: Membrane technologies. Figure republished with permission from Ref.  (20) 
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Nanofiltration is also a very effective method in 
arsenic purification. However, investment and 

operating costs are high and it generates 
wastewater. Since it can remove all pollutants from 
water at a high rate, it provides quality drinking water 
production. Cellulose (cellulose acetate (CA) or 
cellulose triacetate CTA) membranes are generally 

used in nanofiltration. The largest advantage of these 
membranes is that they are resistant to chlorinated 
water. Despite this, they are adversely affected by 
alcoholic liquids and some bacteria. Membrane 
performance can be increased by appropriate pre-
treatment of raw water with coagulation chemicals, 

pre-filtration and hardness removal methods (19, 
24). 
 
Osmosis; in nature, it occurs by the transfer of water 
from one to the other between two liquids of different 

concentrations, between which there is a semi-
permeable membrane that allows only water to pass 

through and impermeable to other substances, and 
this process continues until balance is achieved on 
both sides. Osmotic pressure occurs with the static 
height difference caused by the volume change in the 
liquids on both sides of the membrane. Reverse 
osmosis, on the other hand, is a membrane 
technology and is the process of passing mineral-rich 

water with reduced minerals to the other side of a 
semi-permeable membrane by using osmotic 
pressure. Many minerals, bacteria and viruses in 
water can be removed with this method up to 99% 
purity. Reverse osmosis is relatively simple compared 
to similar technologies (23, 24). 

 

Factors affecting the performance of the membrane 
process are suspended solids, high molecular weight 
dissolved solids, organic compounds and colloids, 
oxidation species of arsenic and temperature. High 
molecular weight particles in the membrane feed 
water can cause clogging of the membrane. Before 

the membrane process, pre-oxidation of arsenic 
species in the water to be treated will increase the 
treatment efficiency. As(III) compounds are smaller 
than As(V) compounds and pass through the 
membrane more easily than arsenate. Membrane 
technology can also be used as a polishing step after 
other treatment technologies in cases where solids 

are removed from the precipitation process and lower 
arsenic concentrations are required (19, 24). 
 

2.1.4. Arsenic removal by ion exchange 
Ion exchange technology is a physical and chemical 
process in which ions held by electrostatic forces on 

the surface of the resin are replaced by ions with 
similar charge values in the water. It is a method 
based on the principle of keeping the anions and 
cations desired to be purified from wastewater in a 
column filled with a suitable anion and/or cation 
exchanger (19). In ion exchange, arsenic is purified 
by exchanging the ions dissolved in water with an ion 

in the ion exchanger. Ions with a strong bond 
structure are replaced by ions with a weak bond 
structure in the water medium. Resins used in ion 
exchange are resins made from synthetic organic, 
inorganic or natural polymeric materials. There are 
two types of resins: anion and cation resins. Anion 

resins are generally used for chlorine and anionic 
pollutants, while cation resins are used for sodium, 

potassium and cationic pollutants. Mixed resins are 
used in cases where both types of pollutants are 
present. The resin is generally placed in the column, 
and as the arsenic water passes through the column, 
the arsenic ions are replaced by ions such as chloride 

or hydroxide on the resin surface, depending on the 
type of resin used. Anion exchange resins used in the 
removal of arsenic from water are resin systems in 
which As(V) ions are removed by effectively replacing 
the H2AsO4

-, HAsO4
2- and AsO4

3- oxy-anionic species 
of arsenate with the anionic charged functional group 

of the resin. Since arsenite is generally found as a 
neutral molecule, an oxidation step is applied as a 
pre-treatment for using the ion exchange method. 
Common competitive anions such as sulfate, 
phosphate and nitrate are important in the removal 

of Arsenic by ion exchange. Ion exchange resin must 
be regenerated periodically (19, 25). 

 
Various strong base-based ion exchange resins are 
easily available in the market and are used effectively 
to remove arsenate from water. As a result of 
removal, arsenic concentration can be reduced below 
1 μg/L. Although nitrate-selective resins also remove 
arsenic, classical sulfate-selective resins are 

particularly suitable for arsenate removal (25). 
Generally, resins are pretreated with HCl acid to 
generate chloride ions on the surface. These resins 
can also be made ready for use with other anions 
such as bromide or acetate. Chloride is easily 
replaced by As(V). After arsenite is converted to 

As(V), it is eliminated very efficiently with anion 

exchange resins. As the pH of the water medium 
increases from pH 6.5 to pH 8.5, the adsorption 
capacity of the ion exchanger decreases. As(V) 
removal is relatively independent of pH and inlet 
water concentration. On the other hand, among 
anions, especially sulfate has a strong effect. Because 

the ion exchange resin prefers to retain sulfate before 
arsenate. Therefore, it is preferred to have low 
sulfate concentration in raw water (2, 19). 
 
2.1.5. Adsorption 
Adsorption is the process of adhesion of ions, atoms 
or molecules to the surface of a solid material. 

Adsorption processes are one of the most useful 
methods preferred in purification. This method is 
based on the principle of removing ions from the 

water medium by adhering to a solid adsorbent 
surface in water purification processes. In this 
method, the interaction between the adsorbent 

substance and analyte ions is generally reversible (2, 
4, 19). 
 
In adsorption purification technology, adsorbent is 
placed in the column. While water containing arsenic 
passes through the column, the pollutant adsorbed to 
the adsorbent surface with the help of physical and 

chemical forces, thus removing arsenic from the 
water. Arsenic adsorption largely depends on the 
concentration of the system, its pH, and the type of 
absorbent used (12, 19). Many materials are used as 
adsorbents. Many organic or inorganic substances 
can be given as examples of these adsorbents such 
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as activated alumina, activated carbon, granular 

ferric hydroxide, pulp coated with ferric hydroxide, 
sand coated with iron oxide, sand mixed with iron 

fillings, green sand filtration (potassium perman-
ganate coated gluconite), copper-zinc granules, 
zeolite modified with surfactant, dried hyacinth root, 
jute, red ash, fly ash, sawdust, and newspaper pulp. 
Adsorbents used in the adsorption process must be 

stable, economical, regenerable and reusable. The 
surface area of the adsorbent used in adsorption, the 
volume and size distribution of the pores are 
important because they affect the adsorption 
capacity and duration. In addition, the surface 
properties of the adsorbent determine the selectivity 

of adsorption (19, 26, 27). 
 
Adsorption processes are operations with high 
efficiency, low cost, ease of use and simple operation. 
There is no need to add additional reagents to the 

medium. They do not create by-products and 
hazardous waste sludge. One of the important 

advantages of the adsorption method is that the 
working conditions are flexible and can be adjusted 
according to need. The regeneration process of the 
adsorbent is carried out by using appropriate 
desorption agents, thus it is allowed to reuse of the 
adsorbent. The reusability of the adsorbent provides 
a significant economic advantage. Due to all these 

advantages, adsorption is considered the best 
available technology (BAT) by EPA (19, 27, 28). 
 
While technologies of adsorption are less used in 
large-scale classical treatment plants, they are 
frequently used in treatment technologies used 

especially for domestic and smaller population 

settlements. The adsorption method is also applied 
as a final polishing step in classical treatment 
systems (12, 19). 
 
3. NANOADSORBENTS FOR ARSENIC REMOVAL 
FROM WATERS 

 
Advances in nanoscience and nanotechnology have 
enabled the development of various nanomaterials 
for environmental applications and the remediation 
of arsenic-contaminated water. Nanoparticles are 
atomic clusters smaller than 100 nm (29). 
Nanoadsorbents are materials that are used in the 

widely preferred adsorption method in arsenic 
treatment and are promising for future studies with 
their unique physical and chemical properties. 

Properties such as large surface area, high specificity, 
high reactivity and catalytic potential make 
nanoparticles excellent candidates for water 

purification applications (29, 30). The low surface 
area and slow adsorption speed of conventional 
adsorbents limit their application. Due to their high 
surface area, nanoadsorbents allow reaching high 
adsorption capacities in a much shorter time than 
micron-scale adsorbents. Among the nanoad-
sorbents, especially polymeric adsorbents, can be 

used again and again because they enable surface 
modification and can be regenerated. Nanoad-
sorbents have been the most used and researched 
adsorbents in the treatment of arsenic-contaminated 
water in recent years (12, 15, 16, 29, 31). 

There are different methods in the literature for water 

treatment applications of nanoadsorbents. Adsorpti-
on processes with nanoparticles have generally been 

applied in the batch method instead of fixed bed 
column due to the very small size of nanoparticles. 
There are experiments in which the column inlets and 
outlets were closed with glass wool to prevent the 
escape of nanoparticles into the purified water, but 

no effective results were obtained (27, 32). 
 
Another approach to the applicability of nanoad-
sorbents in the removal of arsenic from water is the 
immobilization of nanoadsorbents on appropriate 
supports. This method, which does not require an 

additional separation step, causes a decrease in the 
adsorption ability of the nanoadsorbent. Studies on 
different solid porous materials such as silica, 
carbons, polymers, exchange resins, bentonite, 
kaolinite, zeolites or chitosan beads have been 

reported (33-37). 
 

From studies related to this approach, Savina et al. 
produced polymeric composite materials in which 
iron nanoparticles were embedded in the walls of a 
macroporous polymer. and the study examining their 
efficiency in removing As(III) from aqueous media is 
a good example (38). 
 

Similar to this approach, the study conducted by 
Önnby et al. is a study on arsenic removal from water 
with cryogel columns. In the study where cryogels 
with 3 different properties were synthesized, in the 
first of the prepared cryogel columns, the surface of 
the column was prepared by embedding aluminum 

nanoparticles, the second column was prepared by 

embedding molecularly imprinted polymers, and the 
last column was prepared by functionalizing the 
surface of the cryogel with thiol. The stability of the 
nanoparticles was ensured by embedment into the 
polymeric column, and it was reported that maximum 
adsorption capacities were reached in the pH range 

of 2-8 in the adsorption carried out in both composite 
columns (39, 40). 
 
In another study conducted by Gurbuz et al. on 
arsenic removal with cryogels, they succeeded in 
removing up to 95.4% of arsenic from groundwater 
with the cryogel column they prepared. They 

reported that the poly (HEMA-co-GMA) cryogel hybrid 
column they synthesized adsorbed As(III) 11.44 and 
As(V) 5.79 mg/g at pH: 7, respectively. They 

managed to bring the arsenic level they measured in 
groundwater between 44.96 and 219.04 μg/L to 
drinkable levels by adsorption (100). 

 
A similar study was conducted by Saha and Sarkar. 
In this study, an arsenic adsorbent consisting of 
alumina nanoparticles dispersed in a polymer matrix 
was developed and its arsenic adsorption properties 
were examined. In the study, the arsenic removal 
mechanism with alumina-loaded polymer beads was 

governed by both electrostatic adsorption and 
complexation. When As(V) removal is optimum at pH 
7.2, the free amino group (-NH2) in alumina 
nanoparticle dispersed chitosan-graftpolyacrylamide 
(CTS-g-PA) can exist in equilibrium with the 
protonated amino group in acidic aqueous solution. 
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Therefore, arsenate ions can interact with the 

polymer through electrostatic interactions / comple-
xation (protonated amino group) and hydrogen 

bonds (unprotonated amino group). The positively 
charged Al3+ on the surface of the biosorbent will 
attract the negatively charged HAsO4/H2AsO4 
through electrostatic attraction. The maximum 
adsorption capacity of the nano-alumina loaded CTS-

g-PA adsorbent prepared in batch studies was 
reported as 6.56 mg/g (35). 
 
The most important disadvantages of 
nanoadsorbents are their high production costs, the 
difficult and costly separation of these very small 

adsorbents from the adsorption medium after the 
adsorption process, and their escape back into the 
treated water medium (33, 41, 42). In the current 
literature, there are various methods reported for the 
separation of nanoparticles after the adsorption 

process, such as magnetic separation, filtration and 

centrifugation method (41, 43, 44). Centrifugal 

separation of nanoparticles has been found to be a 
more effective method for non-magnetic nanopar-

ticles due to its high efficiency, scalable production 
ability, lack of nanoparticle aggregation, and high 
density (43). In general, a centrifuge with a speed of 
20,000-50,000 rpm has the capacity to remove 
nanoparticles from water (45-47). 

 
External magnetic field and membrane filtration 
methods are frequently used to separate 
nanoparticles from aqueous solution (30). In 
particular, magnetic nanoadsorbent can be easily 
removed from the adsorption medium by applying a 

high magnetic field from outside. Separation by 
filtration has been done by various researchers using 
a 0.45 µm membrane filter. Considering the size and 
type of membranes, the filtration process has been 
chosen by many researchers to separate 

nanoparticles (48). 
 

 
 

Figure 9: In-situ adsorption and magnetic separation. Figure republished with permission from Ref. (49). 
 

Research has been conducted on in-situ applications 
as well as process applications for arsenic removal 

with nanoparticles. For example, nanoparticles can 
be easily used in sludge reactors to treat 
contaminated soils, sediments, and solid waste. 
Alternatively, nanoparticles can be attached to a solid 

matrix such as activated carbon and/or zeolite for 
improved treatment of water, wastewater, or 
gaseous process streams. Direct subsurface injection 

under gravity-fed or pressurized conditions has been 
shown to effectively transform chlorinated organic 
compounds (49). 
 
However, nanoparticles without a stabilizer or surface 
modifier tend to rapidly aggregate into micron-scale 

or larger aggregates. As a result, the specific surface 
area and arsenic adsorption capacity of the adsorbent 
are greatly reduced. Therefore, to prevent the 
agglomeration of nanoparticles, stabilizers such as 
starch and carboxymethyl cellulose have been found 
to be effective in facilitating the size control of various 
metal and metal oxide-based nanoparticles (50). 

 
4. NEW GENERATION DIFFERENT NANO 

ADSORBENTS FOR ARSENIC REMOVAL 
 
Nanoparticles can generally be classified according to 
their chemical properties as organic (carbon-based), 

inorganic and composite. The most common 
inorganic nanoparticles used in water treatment are 
transition metal and metal oxide-based 

nanoparticles. These generally consist of Fe, Al, Ti, 
Si, Cu, Co, Zr, Ag and Zn and their oxides. Organic 
nanoadsorbents are classified as carbon nanotubes, 
graphene/graphene oxides, dendrimers and poly-
mers due to their different shapes and chemical 
properties (31, 32). In order to benefit from the 

superior properties of inorganic nanoadsorbents such 
as mag-netism, composite nanoadsorbents have 
been syn-thesized through surface functionalization 
processes. For this purpose, composite nanoad-
sorbents have been created by coating metal oxides 
such as Fe3O4 with polymer or by functionalizing them 
with organic molecules such as –NH2, -COOH or -
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SO3H on the surface, and positive results have been 

reported in water purification studies such as arsenic 
removal (33, 34).   

 
These nanoadsorbents, nanospheres, nanotubes, 
nanowires and nanorods, prepared in various forms, 
have larger surface areas and allow high-capacity 
adsorption to remove arsenic ions from water. 

 
According to literature nanoparticles used in water 
treatment should offer a high adsorption capacity and 
the used products should be easily separated from 
water and should not cause any harmful effects on 
the treated water. The fact that adsorbents are rege-

nerable makes the adsorption process economically 
feasible. pH has an important role in the regeneration 
of adsorbents (30-32). 
 
Criteria for ideal nanoadsorbent materials for water 

and wastewater remediation purposes are described 
by many researchers in literature (27-34, 41-47): 

 
1. Nanoadsorbent materials should be non-toxic. 
2. Nanoadsorbent materials should have high adso-
rption capacities and high selectivity to remove low 
concentrations of contaminants. 
3. The surface of nanoadsorbent materials should be 
easily reactivated. So, it must be regenerable.  

4. Nanoadsorbents should be easily separated from 
the adsorption medium and should not cause 
leaching. 
 
4.1. Inorganic Nanoadsorbents 
4.1.1. Metal/Metal Oxides 

Nano-sized metal/metal oxide nanoadsorbents used 

in arsenic removal have attracted attention and have 
become the most studied adsorbents due to reasons 
such as being economical, non-toxic, widely available 
in nature and environmentally friendly. In particular, 
transition metals and their oxides have been widely 
synthesized at nanoscales and studied in water 

treatment processes (32, 43, 51). The magnetic 
properties of metals such as Fe, Co and Ni and their 
oxides make it easier to remove the adsorbent from 
the medium, especially after the adsorption process. 
Iron and iron oxides, which are metal and metal 
oxide-based nanoadsorbents, have been widely used 
in the removal of arsenic and a lot of research has 

been done on them. Especially iron-based adsor-
bents, which are non-toxic, low-cost and easily 
accessible in large quantities, offer promising results 

for arsenic removal from water (43). 
 
Alumina (Al2O3), one of the nano-sized metal oxides 

used to remove arsenic, occurs in natural soils and 
has many structural forms such as α, β, ɤ, ɵ and χ. 
In traditional methods, α-Al2O3 is used as a natural 
adsorbent with greater stability. Alumina, is a popular 
sorbent because it has interesting properties; for 
example thermal conductivity, compressive strength, 

corrosion resistance, and extremely high electrical 
insulation. Aluminum oxides are very important 
adsorbents in arsenic removal due to their various 
nanostructured properties and low cost (31, 32). 
 
Studies in the literature have revealed the 
importance of Al2O3 nanoparticles in the removal of 

arsenic by adsorption. Patra et al. synthesized a 

mesoporous adsorbent by self-assembling Al2O3 
nanoparticles with a maximum size of 10 nm. The 

adsorbent they synthesized had high surface areas 
(231–497 m2/g). They managed to remove arsenic 
with 86% efficiency at pH: 6.0 from solutions with 
100 ppb AsO2 concentration (52). Ghosh et al. 
synthesized Al2O3 nanoparticles for arsenic removal 

from water. In the adsorption experiments carried 
out in the batch system at room temperature, the 
arsenic adsorption capacity from As(III) and As(V) 
solutions at 400 μg/L concentrations with the 
synthesized Al2O3 adsorbate was 693.76 μg/g for the 
As(III) ion and 743.84 μg/g for the As(V)  ion. At 

these rates, removal efficiency of 87.69% and 
93.91% for arsenite and arsenate was obtained at 
pH:6.8 (53). 
 
Another metal oxide that has been studied in the 

removal of arsenic from water is copper oxide (CuO) 
nanoparticles. There are many studies in the 

literature on the removal of arsenic from water with 
copper oxide CuO nanoparticles. Martinson and 
Reddy tried to remove As(III) and As(V) ions from 
groundwater with the CuO nanoparticles. The 
synthesized nanoparticles have a diameter range of 
12–18nm and a surface area of 85m2/g. In the pH 
range of 6 and 10, the maximum adsorption was 26.9 

mg/g for As(III) and 22.6 mg/g for As(V). In studies 
conducted in the presence of competitive ions, the 
sulfate and silicate ions in water did not affect As(V)  
adsorption, but reduced  As(III) adsorption. In 
addition, it was observed that only the phosphate ion 
reduced the adsorption of arsenic (54). Goswami et 

al. measured the surface area of the CuO 

nanoparticles they prepared for arsenic adsorption as 
52.11 m2/g. In their experimental study, with an 
adsorbent dose of 1 g/L from arsenic solution at a 
concentration of 200 ppb, 100% adsorption was 
achieved within 300 min interaction time. at pHs 
where the surface of the adsorbent is deprotonated, 

that is, at basic pHs, while 75% As removal was 
achieved at acidic values below pH:8. In arsenic 
adsorption carried out in the presence of phosphate 
and sulfate ions, it was observed that phosphate ion 
reduced arsenic adsorption by 20% and sulfate ion 
reduced the adsorption of arsenic by 10% (55). 
 

Titanium dioxide (TiO2) nanoparticles have also been 
used as adsorbents in several studies to evaluate the 
adsorption potential for the removal of arsenic from 

drinking water. Due to the low toxicity, chemical 
stability, resistance to corrosion and low cost of 
titanium-based nanoparticles, TiO2 is a widely used 

adsorbent in water or wastewater treatment, as well 
as a semiconductor photocatalyst in UV light or 
sunlight. TiO2 nanoparticles degrade organic 
contaminants and inactivate pathogens (56). 
Jegadeesan et al. investigated the effect of nano-
sized amorphous and crystalline TiO2 nanoparticles 
on the adsorption behavior of As(III) and As(V) ions 

in amorphous or crystalline structure. In experi-
mental studies, samples were centrifuged and filtered 
through 0.45 mm Nylon filters. In experimental 
studies, adsorption reached its maximum value in the 
neutral pH range: 7-8. As a result of X-ray absorption 
spectroscopic analysis, they observed that As(III) ion 
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prefers the amorphous structure over crystal 

surfaces in adsorption. It was determined that As(V) 
ion was adsorbed more on crystal surfaces. It was 

observed that silicate and phosphate ions had a 
negative effect on arsenic adsorption (57). Deng et 
al. investigated arsenic ions adsorption with TiO2 
nanoparticles. H-Fe3O4 microspheres with a hollow 
porous structure were synthesized from Fe3O4 with a 

size of 280 nm. Then, they coated the hollow Fe3O4 
magnetic microspheres they synthesized with TiO2 
and obtained mesopores on the surface. The surface 
area of the synthesized adsorbent was measured as 
179.98 m2/g. In experimental studies, the maximum 
adsorption capacity of the adsorbent was 18.22 mg/g 

for As(III) ion, while As(V) ion was 7.74 mg/g.  
Maximum adsorption values were reached at pH: 3.0 
for the As(V) ion and in the pH:3-10 range for the 
As(III) ion (58). 
 

Zinc oxide nanoparticles are among the metal oxides 
that have been studied in the removal of arsenic from 

water. Singh et al. used ZnO nanoparticles functiona-
lized with acetic acid to remove arsenic from 
contaminated water. They measured the dimensions 
of the synthesized ZnO nanomaterials as a maximum 
60 nm. They observed that nanoparticles prepared 
from zinc acetate removed arsenic from water more 
effectively than those prepared from zinc chloride, 

zinc nitrate, and zinc sulfate. They think that acetate 
ions on the surface of ZnO adsorb arsenic via an oxo-
coordination mechanism. In the experimental 
studies, arsenic adsorption reached a plateau at the 
15th minute and at pH:5.8, and they managed to 
remove 99.92% of the arsenic from the medium by 

adsorption. In addition, in leaching studies, they 

reported that ZnO dissolved at low pH with HCl added 
to the medium and dissolved as AsCl3 (59). 
Additionally, Rehman et al.  carried out studies on the 
removal of arsenic from groundwater with the ZnO 
nanoparticles they synthesized. The size range of the 
synthesized ZnO nanoparticles varies between 3.6 

nm and 12.7 nm. Arsenic adsorption was maximum 
at pH values lower than 5.0 (60). 
 
Zirconium oxide nanoparticles are among the metal 
oxides studied in the literature for arsenic removal. 
Cui et al. synthesized ZrO2 nanospheres with an 
average size of 7 nm and a surface area of 98 m2/g 

and carried out As(III) and As(V) adsorption studies 
in a fixed bed reactor. The synthesized ZrO nanopar-
ticles were treated with powder agar and micron-

sized spheres were obtained. They carried out 
continuous system work using fixed bed columns. 
They interacted the ZrO2 spheres they synthesized, 

which are non-toxic, extremely stable and resistant 
to acid and alkali, with water containing 300 ppb 
arsenic in a fixed bed column system for 10 minutes. 
Thus, they managed to reduce the amount of arsenic 
in the medium below 10 ppb (61). Zheng et al. in 
their As(III) removal studies with zirconia 
nanoparticles synthesized in the 60 – 90 nm size 

range, they managed to adsorb As(III) ions at 1.85 
mmol-As/g in the pH range of 8-9 without pre-
oxidation. In studies investigating the effect of 
competitive ions on adsorption, the presence of 
humic acid or typical anions (e.g., fluoride, silicate, 
phosphate, and sulfate) did not have substantially 

negative effects on As(III) adsorption. However, the 

adsorption of As(III) was inhibited due to the 
presence of bicarbonate ions (62). 

 
Iron-based nanoparticles are the most studied 
metal/oxide nanoadsorbents in arsenic removal 
compared to other metal/oxide nanoparticles. In 
addition to being a suitable adsorbent for arsenic 

removal, nZVI, an iron-based nanoparticle, has 
attracted attention because it is a strong reductant 
and shows promise in the elimination of many 
pollutants. In addition, the fact that iron oxides have 
magnetic properties and can be controlled by an 
external magnetic field has made them among the 

popular nanoadsorbents, and magnetic Fe3O4 has 
become the most studied adsorbent. Due to the 
importance of iron-based nanoadsorbents, they are 
examined under a separate subheading (63). 
 

4.1.1.1 Iron Based Nanoparticles 
Studies conducted in recent years have revealed that 

iron-based adsorbents, which are low-cost and easily 
accessible in large quantities, can be easily used in 
the removal of arsenic from water, as iron does not 
have any known toxicity. Studies in the literature 
have shown that iron-based adsorbents can be 
developed in various ways and can be used with high 
efficiency in removing arsenic species from water 

(30-341.43). Although iron-based nanoadsorbents 
consist of nZVI and iron oxides, in some cases they 
are also prepared from mixtures of iron and different 
metals. Iron-based nanoadsorbents are increasingly 
used to remove both organic and inorganic pollutants 
from water. In addition, iron-based nanoparticles 

especially provide opportunities for in situ treatment 

applications. In addition to the high surface areas of 
iron-based nanoadsorbents and their high affinity for 
arsenic ions, the easy magnetic separation of some 
iron nanoadsorbents such as magnetite (Fe3O4) and 
maghemite (γ-Fe2O3) has made them very popular 
adsorbents in arsenic treatment (64). 

 
The low release of arsenic back into the medium after 
the adsorption process from iron compounds such as 
hematite, goethite, iron oxide coated materials and 
granular ferric hydroxide (GFR) makes them 
important. Except for the PO4

3-, Cl-, NO3
-, SO4

2- and 
CO3

2- ions do not have serious negative effects on the 

arsenic adsorption capacities of iron-based 
adsorbents in arsenic removal studies. Some 
adsorbents, such as ferric hydroxide and zerovalent 

iron, have been produced on an industrial scale as 
commercial adsorbents (63-65). 
 

4.1.1.2. Nanozerovalent iron (nZVI) 
Zero-valent iron (nZVI) is elemental iron that has an 
oxidation state of 0 and is written as Fe0. nZVI 
attracts attention due to its high stability, large 
surface area, non-toxicity, reducing ability and with 
high adsorption capacity. nZVI is prepared by 
reducing iron or iron salts with various reducing 

agents, primarily NaBH4, and using suitable capping 
agents such as organic surfactants and stabilizers. In 
recent years, nZVI, in addition to being an effective 
reductant, has attracted attention for its ability to 
degrade or oxidize other organic pollutants by 
combining with H2O2. nZVI can form soluble Fe(II) 
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ions by reducing dissolved inorganics in water and 

these ions can then be oxidized to Fe(III) ions (66, 
67). 

 
In many studies in the literature, it is seen that nZVI 
is used as a catalyst in the removal of heavy metal 
ions and the oxidation of oxidizable organic and 
inorganic impurities in wastewater. To prevent 

oxidation, nZVI particles are alloyed or doped with 
other metal atoms such as Ag and Cu (63). Alloyed 
metals prevent iron from corroding. Iron nanopar-
ticles can also be stabilized by incorporating them 
into some polymeric matrices. 
 

Recent studies show that nZVI is effective in 
removing arsenic from contaminated water. The 
basis of nZVI's arsenic removal mechanism is the 
corrosion of zero-valent iron in the medium. 
Essentially, in arsenic removal, when oxygenated 

water comes into contact with nZVI, nZVI corrodes 
and provides the formation of various by-products 

such as FeII and FeIII hydroxides, which can oxidize 
and remove arsenic. It is generally accepted that 
arsenic removal by ZVI involves adsorption, 
reduction, surface precipitation, and co-precipitation 
with various iron corrosion products such as 
iron/ferric (hydr)oxides (63, 65, 66). 
 

Aggregation is a major problem of iron-based 
nanoparticles, and to overcome this, various 
polymers (e.g., neutral or charged polysaccharides) 
and other coatings have been used to stabilize nZVI 
particles. nZVI is characterized by a high tendency to 
agglomerate in water, high mobility, lack of stability 

and low reduction specificity, and therefore should be 

used in conjunction with surface stabilizers such as 
chitosan, alginate, activated carbon and other porous 
structures (49, 67). Therefore, Mosaferi et al. carried 
out an adsorption study by stabilizing nZVI with iron 
starch and carboxymethylcellulose for arsenic 
removal. In this study, they prevented agglomeration 

with their application and reported that the 
adsorption capacity increased by 36.5% for As(V) 
and 30% for As(III) (50). Yin et al. they managed to 
remove As(V) by 99.9% and As(III) by more than 
70.9% in groundwater at 100 μg/L arsenic concen-
tration with the 48 ± 9 nm sized nZVI nanoparticles 
they synthesized. In a study investigating the effect 

of common ions on adsorption, they reported that 
phosphate and carbonate ions decreased the 
adsorption efficiency (68). Morgada et al. conducted 

a study to investigate the effect of humic acid and UV 
light on the removal of arsenic from water with 
commercial nZVI (NanoFe1) in the 5-15 nm size 

range and 63 m2/g surface area. From experimental 
studies, they found that nZVI removed arsenic with 
90% efficiency in 150 min of interaction, and humic 
acid reduced arsenic removal by 50% in the dark. In 
studies investigating the effect of UV light, adsorption 
experiments were carried out in the presence and 
absence of humic acid. As a result of the 

experiments, it was observed that UV light doubled 
the adsorption of arsenic and that almost all arsenic 
was removed in a humic acid medium in 4 hours (69). 
 
 
 

4.1.1.3. Magnetic Nanoadsorbents 

Magnetic nanoadsorbents are one of the most 
important advanced nanomaterials that combine the 

superior properties of magnetic separation and 
nanotechnology in removing impurities from water. 
Nanosized magnetic Fe3O4 are an important member 
of magnetic nanoabsorbents. Magnetic separation 
technique is preferred in environmental applications 

because magnetic adsorbents can be easily removed 
from the environment by externally applied magnetic 
field high gradient magnetic separation (HGMS) 
technique at the end of the adsorption process (43, 
64). 
 

In general, magnetic nanoparticles contain elements 
such as iron, nickel and cobalt and their oxides. Iron 
oxide-based nanoadsorbents are basically divided 
into three forms: These are iron nanoparticles such 
as magnetite (Fe3O4), maghemite (c-Fe2O3) and 

hematite (α-Fe2O3). Additionally, these particles are 
environmentally friendly as they are biodegradable 

(70). Besides favorable magnetic properties, low 
toxicity and price, iron oxide nanoparticles exhibit 
high surface/volume ratios and have high adsorption 
capacity for the adsorption of toxic pollutants in water 
purification procedures when associated with their 
surface chemical modification capabilities (71). 
Separation of contaminant-loaded adsorbents from 

water has always been considered a major challenge 
in drinking water treatment processes. Separating 
pollutant-saturated adsorbents from reactors and 
distribution systems is important to prevent 
secondary environmental pollution through the 
disposal of these materials. Magnetite nanoparticles 

are promising adsorbents for the removal of arsenic 

due to their high adsorption capacity and easy 
separation from water under external magnetic field 
(63).  
 
Magnetic nanoparticles have a relatively larger 
surface area, biocompatibility, chemical stability, 

minimal toxicity and easy dispersion ability. 
Therefore, magnetic nanoparticles are more reliable, 
convenient and cost-effective to apply in water 
treatment (43, 72). 
 
Mamindy-Pajany et al. studied arsenate adsorption 
on goethite, hematite and magnetite and found that 

arsenic adsorption was related to the iron content of 
the adsorbents and the adsorption rate increased in 
the order goethite < hematite < magnetite < ZVI. 

Moreover, desorption experiments show that arsenic 
is strongly adsorbed onto hematite and ZVI. They 
reported that among adsorbents, hematite appears 

to be the most suitable for the removal of arsenate 
in the natural medium, as it is effective over wide pH 
and arsenic concentration ranges (70). Mayo et al. 
compared the arsenic ions adsorption capacity of the 
12 nm sized magnetic Fe3O4 nanoparticles they 
synthesized and the commercial 300 nm sized 
magnetic Fe3O4, and observed an approximately 200-

fold increase in the adsorption capacity, depending 
on the size. They carried out the adsorption 
experiments by applying an external magnetic field 
to columns filled with stainless-steel wool. In this 
study, carried out using a high gradient magnetic 
field column separator, 99,2% separation was 
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achieved with 12 nm-sized bare Fe3O4 nanoparticles 

from an As(III) solution at a concentration of 500 
μg/L, while 90.9% of 20 nm-sized and 24.9% of 

As(III) ions were removed with 300 nm-sized 

particles. Under the same conditions, they were able 

to remove As(V) ion as 98.4% with 12 nm particles, 
96.5% with 20 nm particles, and 29.2% with 300 nm 

commercial nanoparticles (73). 
 

 
 

Figure 10: Surface functionalization of the of magnetic nanoparticles using polymers or organic molecules. 

Figure republished with permission from Ref. (43). 
 

According to literature references, various adsorption 
forces such as electrostatic interactions, ion 
exchange and ion association tendencies, and 
complex formations play a role in the arsenic 

adsorption mechanism on the surfaces of oxide forms 
of iron. These properties of adsorbents play an 
important role in the affinity of pollutants to the 
surface of the adsorbent (63, 71-76). 
 

4.1.1.4. Iron oxy-hydroxides 
Many different materials have a high affinity for 

arsenic, but iron oxy-hydroxides are the most 
researched due to their easy accessibility. Commonly 
used iron oxy-hydroxides such as akaganeite (β-
FeOOH), goethite (α-FeOOH), lepidocrosite (γ-
FeOOH) and ferrihydrites (Fe10O14(OH)2) can be 
chemically synthesized by precipitation of Fe(II) or 
Fe(III) salts through hydrolysis and oxidation 

processes (76). 
 
Deliyanni et al. synthesized akaganeite with a 
nanocrystalline hybrid surface, which is an innovative 
adsorbent for the removal of arsenate ions from 
dilute solution. They observed that, unlike 

nanocrystalline akaganeite, the hybrid adsorbent 
prepared using cationic surfactant had a significantly 
higher arsenate adsorption capacity (approximately 
180 mg As(V)/g) than pure akaganeite (approxi-

mately 120 mg As(V)/g) in the pH range of 4-10 (77). 
 
4.1.2. Zeolite nanoadsorbents 
Zeolites are aluminosilicate minerals with a surface 
structure containing numerous electrostatic holes 

occupied by cations and water molecules. Cations 
and water molecules have a significant choice of 

motion, allowing ion exchange and reversible 
dehydration. The normal size of zeolite is micro-
scale, but nanozeolite can be produced in the range 
of 10-500 nm. Nano-scale zeolite has larger adsorp-
tion capacity, higher density of adsorption sites, and 
higher surface area (400-1000 m2/g) than 
conventional zeolite (2, 27). Therefore, nano-zeolite 

has a great affinity and effective property against 
pollutants. It has been known since 1980 that zeolite 
is used together with silver (33). 
 
Zeolites have been used extensively in separation 
and recovery processes for many years due to their 
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highly porous structure. 1A and 2A group metal ions 

can be moved within their frameworks to balance the 
negatively charge between Si(IV) and Al(III). 

However, today, zeolites are used in the form of 
nanoparticles, which are more suitable for adsorption 
since they have a large surface area and therefore 
high adsorption capacity. (78). Attia et al. prepared 
a new zeolite (MNCZ) adsorbent coated with 

magnetic nanoparticle (γ-Fe2O3) to remove arsenic 
ions from aqueous solution. The results showed that 
MNCZ was effective in removing arsenic from 
aqueous solution, and the removal percentage of 
arsenic could reach over 95.6% within 15 min at pH 
2.5. In this study, the adsorption capacity of MNCZ 

particles was reported to be 19.39 mg/g (78). Pizarro 
et al. studied arsenate removal from water with a 
composite adsorbent they synthesized from 50 nm 
magnetic Fe3O4 and zeolite. In this study, in which 
zeolite was used as support material; the maximum 

arsenate adsorption was 5.1 mg/g (37). 
 

4.1.3. Silica-based nanoadsorbent 
Nanosized silica oxides, which constitute another 
group of inorganic nanoadsorbents, have unique 
properties such as large surface area, controllable 
surface properties and well-defined pore size. 
Therefore, it has great potential in water treatment 
processes. In addition, nanosilica is an environ-

mentally friendly adsorbent that has no toxic effects 
on health. In addition, adsorption capacity and 
selectivity can be increased by modification of their 
surfaces with functional groups such as -NH2 and -
SH. (79). Studies have shown that naturally 
occurring adsorbents such as iron-coated sand are 

cost-effective arsenic treatment technologies. 

 
Jamali-Behnam et al. synthesized 100 nm-sized 
magnetic Fe3O4 nanoparticles to remove As(III) and 
coated these magnetic nanoparticles with silica. 
While magnetic nanoparticles tended to aggregate, 
such a behavior was not observed in silica-coated 

ones and they removed more than 99% of arsenic 
from the medium. The maximum adsorption was 
33.36 μg/g for MNPs and 32.10 μg/g for Si-MNPs 
(80). 
 
4.2. Organic (Carbon Based) Nanoadsorbents 
Carbon-based functional materials are among the 

most important nanoadsorbents used in water 
treatment due to their distinctive physical and 
chemical properties and functionalizable surface 

properties. Carbon-based nanoadsorbents enable 
selective adsorption studies because their 
dimensions and surface properties can be adjusted, 

and they attract the attention of researchers due to 
these features. For a long time, research has been 
carried out to obtain various carbon-based 
nanoadsorbents such as graphene, activated carbon, 
carbon nanotubes, carbon-based nanocomposites 
and their derivatives for the removal of various types 
of pollutants from water (30, 31, 79). 

 
Activated carbon is widely used today for the removal 
of metallic impurities. Activated carbons are of great 
interest in the removal of heavy metal ions from 
water due to their large surface area (27). Scientific 
research continues to obtain cheap and effective 

activated carbon from carbon-based materials and to 

use it in removing heavy metals from water. 
However, activated carbon poorly adsorbs arsenic 

species due to its negatively charged surface (81). 
For this reason, composites are prepared. Rodrigez 
et al. tested the ability of activated carbon modified 
with iron hydroxides to adsorb arsenic from water. 
They reported that activated carbon modified with 

FeOOH- which has a surface area of up to 1101 m2 
adsorbed As(V) up to a maximum of 1250 mμg/g in 
the range of pH: 6-8. In the study conducted on 
groundwater samples, they observed that adsorption 
decreased in the presence of  Cl-, SO4

2- and F- ions 
(81). 

 
4.2.1. Carbon Nanotubes 
Carbon nanotubes are carbon nanostructures with a 
cylindrical form. Based on the synthesis process, 
carbon nanotubes are classified as single-walled or 

multi-walled nanotubes. Carbon nanotubes due to 
their cylindrical hollow structure have higher surface 

area, electrical conductivity, high adsorption sites, 
and tunable surface chemistry. Carbon nanotubes are 
divided into two main groups: single-walled 
(SWCNTs) and multi-walled (MWCNTs) (82). 
 
Carbon nanotubes can be applied to determine the 
preliminary concentration and reveal pollutants as it 

can be applied, especially, to remove organic pollu-
tants. The interaction between carbon nanotubes and 
metal cations is achieved through electrostatic 
attraction and chemical bonding. In studies 
conducted in the literature, the mechanism of 
removing oil from wastewater using carbon 

nanotubes has been clearly explained. Although 

carbon nanotubes have significant advantages over 
activated carbon, using them to treat large amounts 
of wastewater on an industrial scale is currently not 
feasible due to high production costs. However, 
carbon nanotube application will be more competitive 
in the short term (2, 31). 

 
Despite these positive properties of carbon 
nanotubes, the adsorption capacity of metal ions 
using raw carbon nanotubes is very low, but their 
adsorption capacity can be significantly increased 
after oxidation of carbon nanotubes using HNO3, 
NaClO and KMnO4 solutions. Carbon nanotubes in 

different forms (single-walled or multi-walled closed 
or open-ended CNTs) have been used for the removal 
of various contaminants (79). The modification 

technique of carbon nanotubes should be selected 
according to the contaminant. Metal oxide-modified 
materials combine the adsorption properties of metal 

oxides and the outstanding properties of carbon 
nanotubes, such as large surface area, evenly 
distributed pores, and the presence of functional 
groups on the surface (83). 
 
The hydrophobic surface properties of carbon 
nanotubes cause stabilization through particle 

aggregation in aqueous solution to prevent decreases 
in surface activity. There are numerous reports 
regarding oxidation and surface modification (2, 27, 
31, 32, 79). In addition to the fact that oxidation and 
surface modification processes provide carbon 
nanotubes with sufficient adsorption sites, carbon 
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nanotubes also serve as a good support material for 

other adsorbents.  
 

Imran Ali carried out As(III) and As(V) removal 
studies with multi-walled carbon nanotubes 
(MWCNTs) that he synthesized with dimensions of 
10–40 nm and a surface area of 9.1 m2/g. He carried 
out adsorption studies at pH: 6.0 at a concentration 

of 40 μg/L and managed to remove As(III) with 91% 
efficiency and As(V) with 92% efficiency. He also 
carried out experimental studies as batch and column 
studies. He carried out experimental studies 

separately as batch and column studies. One of the 

two 25 cm long glass columns, separated by a glass 
filter with 20 μm pore size, was filled with carbon 

nanotubes and the other was filled with river sand 
and treated with arsenic water with the help of a 
peristaltic pump at a flow rate of 45 min per minute. 
In experimental studies, maximum adsorption 
occurred at pH 6.0, 92.0% for As(V) and 91.5% for 

As(III). Additionally, from column studies, the 
capacity of the adsorbent to remove arsenic ions was 
determined as 13.5 μg/g for As(III) and 14.0 μg/g 
for As(V) (84). 

 

 
 

Figure 11: Nanosorbents structures for adsorption processes: (A) dendrimer, (B) zeolite and (C) carbon 

nanotube. Figure republished with permission from Ref. (79). 
 
4.2.2. Graphene/graphene oxide nanomaterials 
 
Graphene (G) and graphene oxide (GO) have 
attracted great attention since the discovery of 
graphene. Graphene and graphene-based nanoad-

sorbents have been prepared and used for the 
removal of pollutants in water, including metal ions 
and organic compounds. Graphene, another member 
of carbon-based nanoadsorbents, has received 
significant attention especially in the field of water 
remediation. Graphite oxides can be easily synthe-

sized on a large scale from low-cost natural graphite. 
Additionally, graphite oxide is much more applicable 
than pure graphite, as hybrid multifunctional 
materials can be synthesized with iron-based nano-
adsorbents (28). 
 
The presence of oxygen-containing functional 

moieties on the surface of graphene oxide provides it 
with a strong hydrophilic structure, and this leads to 
its dispersion in water. Graphene oxide can be used 
effectively in wastewater treatment processes due to 
its high surface area as well as the functional groups 
it has on its surface. These nanoadsorbents are 
preferred in the removal of various pollutants in 

wastewater. Removal of heavy metal ions by 

adsorption occurs through complexation with the 
oxide binding site in graphene (79). Tabatabaiee 
Bafrooee et al. (2021) modified the surface of the 
adsorbent they prepared with EDA by embedding 
magnetic Fe3O4 between the GO layers they 

synthesized to remove As(III) from water. The 
As(III) removal capacity of the functionalized 
magnetic graphene oxide composite adsorbent they 
prepared was 13.3 mg/g. They reported that at 10 
mg/L arsenic concentration, As(III) adsorption 
occurred as 60% in the first 5 minutes, and removal 

occurred with 80% efficiency at pH:8.0 by forming a 
complex on the adsorbent surface (85). 
 
4.2.3. Polymeric nanoadsorbents 
In recent years, polymeric adsorbents have emerged 
as alternatives to traditional adsorbents in terms of 
their large surface area, tunable surface chemistry, 

excellent mechanical properties, adjustability of 
dimensions, applicability under harsh conditions and 
allowing regeneration (86). Polymer-based nanoads-
orbents are preferred for the selective removal of 
impurities due to the hydroxyl, amine, amide and 
carboxyl functional groups on their surfaces. Specific 
interactions between functional groups attached to 

polymeric matrices and the target ion are effective in 
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the adsorption capacity and selectivity of synthetic 

polymers against metal ions (29). In removing 
arsenic from water, the redox structures of these 

materials, their adsorption abilities, and their 
tendency to form complexes and/or precipitate 
against various pollutants should be taken into 
consideration. 
 

The low surface area and slow adsorption rate of 
conventional adsorbents pose a limitation to their 
applications. Meanwhile, metal/metal oxide nanopar-
ticles have large surface area, but lack functional 
groups on their surface to chelate metal ions. The 
development and application of polymer-based 

nanoadsorbents and nanocomposites provide an 
alternative opportunity for effective removal of 
impurities in water (30, 79). As nanoadsorbents, 
polymeric nanoparticles and polymer-supported 
nanocomposites, metal/oxide nanoadsorbents have 

large surface areas and multifunctional groups on the 
surface compared to other adsorbents. 

 
Polymers are also used especially in surface 
modification to obtain selective and higher adsorption 
capacities of magnetic nanoparticles. In addition, 
polymeric coating provides important advantages to 
nanoparticles such as chemical stability, mechanical 
strength and biocompatibility (31, 32). Polymeric 

nanoadsorbents can generally be prepared in the 
form of spheres or membranes. Nanofibrous 
membranes have become preferred in membrane 
systems due to their well-defined porous structures, 
higher permeability, small interfiber pore sizes and 
large surface areas. They have high strength, tunable 

surface functional groups and the ability to be easily 

degraded. These features make them an excellent 
choice among adsorbents. The adsorption process on 
the polymeric membrane surface composed of 
nanofibers involves the retention of metal ions by 
functional groups on the membrane surface and the 
penetration of wastewater through the membrane 

(86). The presence of special functional groups such 
as –NH2, −COOH, -SO3H etc. in polymers can be 
achieved by the use of different monomers or surface 
modification while synthesizing the polymer. These 
groups that the polymer has determine the 
adsorption capacity and selectivity of the 
nanoadsorbent (2, 31, 32). Spherical polymeric 

nanoparticles among polymeric nanoadsorbents can 
be prepared in different forms such as polymer 
nanofibers, polymer nanocrystals and polymer 

nanorods. Polymer-based nanoadsorbents can be 
categorized as biobased or synthetic on the material 
used. Synthetic organic polymers or biopolymers, 

namely cellulose, alginate and chitosan, carrying 
multifunctional groups such as –NH2, -SH, –OH,  
–COOH etc. on the surface, are used to effectively 
adsorb arsenic ions in water (79). 
 
4.2.4. Chitosan nanoadsorbents 
Chitosan is a hydrophilic, biocompatible, non-toxic, 

environmentally friendly polymer that can form 
complexes with metal ions with its amino and 
hydroxyl groups. Adsorption on chitosan occurs not 
only electrostatically with the functional groups on 
the surface, which can be charged depending on the 
pH of the environment, but also by interaction with 

metal ions through chelation. In addition. the 

functionalization process for adsorption efficiency 
and selectivity also stabilizes chitosan in an acidic 

environment and increases its mechanical properties 
(87, 88). 
 
Min et al. synthesized Fe-doped chitosan electro-
spun nanofibers to remove As(V) from water. They 

reported that the maximum As(V) adsorption of the 
chitosan nanofiber they synthesized with a diameter 
of 128 nm to 153 nm was 11.2 mg/g at pH 7.2. In 
their XPS and FTIR analyses, they observed that –
NH, -OH and C-O functional groups in the structure 
of chitosan were effective in As(V) adsorption. 

Additionally, in examining the effect of other ions on 
adsorption, they reported that while arsenic 
adsorption decreased with increasing solution ionic 
strength, Cl− and SO4

2- anions up to 1 mM did not 
affect the adsorption of arsenate, but SiO3

2- and PO4
2- 

ions had a significant negative effect on adsorption 
(89). 

 
4.2.5. Cellulose-based nanoadsorbents 
Dendrimers are organic polymeric adsorbents 
containing high amounts of chelating amine 
functional groups and are a nanomaterial that is 
being researched for metal adsorption. These 
adsorbents provide advantages because they are 

based on natural cellulose, are non-toxic and 
economical (28). 
 
Chaia et al. carried out an arsenic removal study with 
pH-sensitive nanocellulose-based nanoparticles that 
they synthesized by using polyethyleneimine and 

glutaraldehyde as cross-linkers. With the cellulose 

nanoparticles they synthesized, they managed to 
quickly adsorb As(V) ions at a maximum capacity of 
255.19 mg/g in acidic conditions, especially at pH: 
3.0. Then, they could easily regenerate the adsorbent 
using NaOH (90). 
 

4.2.6. Dendrimer nanoadsorbent 
Dendrimers are organic polymeric adsorbents 
containing highly chelating amine functional groups 
and another potential nanomaterial for metal 
adsorption. Typically, dendrimers are symmetrical 
around the core and often have a spherical three-
dimensional morphology. Dendrimers, which have 

repeatedly branched molecules, are considered an 
excellent example for their effectiveness in removing 
organic and inorganic pollutants. The general proper-

ties of dendrimers are determined by the functional 
groups they have on their surface, but there are also 
examples of dendrimers with functionality within the 

structure (28, 31, 91). 
 
Prabu et al. synthesized graphene oxide-
polyamidoamine dendrimer (up to 2nd generation, 
(GO-gen2) adsorbents) by the grafting method to 
remove As(V). They then functionalized the surface 
of the adsorbent with aromatic triazine rings which is 

rich in aromatic nitrogen. They entrapped ZrO in this 
synthesized adsorbent and examined its adsorption 
behavior of AsO3 ion from water. The maximum 
adsorption capacity of the dendrimer composite 
adsorbent in GO sheet form was 1.075 mmol/g for 
AsO3 (91). Yavari et al evaluated the effect of 
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polyamidoamine dendrimer generation 3 (PAMAM 

G3) as an adsorbent in the removal of As(V) from 
aqueous solutions. They carried out their 

experimental studies in the pH range of 2-10 and the 
maximum adsorption was 233.17 mg/g at a 
concentration of 1000 mg/L at pH:7.0. They reported 
that the adsorption mechanism occurs through the 
electrostatic interaction of negatively charged arsenic 

ions with the positively charged dendrimer surface at 
pH = 7.0 (92). 
 
4.3. Composite Nanoadsorbents 
Each of the organic and inorganic adsorbents used in 
the removal of toxic pollutants from water has 

superior properties but also shortcomings. Although 
metal/metal oxide nanoadsorbents are natural and 
inexpensive, they have disadvantages such as 
specificity, stability and aggregation. Despite their 
superior properties such as having different 

functional groups that allow interactions on their 
surfaces and being regenerable, organic adsorbents 

have disadvantages such as being relatively 
expensive to synthesize compared to inorganic ones, 
difficult to remove from adsorption medium and 
costly to use. Researchers have focused on 
developing new composite adsorbents that have the 
superior properties of organic and inorganic 
adsorbents. Researchers have carried out studies to 

develop composite adsorbents with superior 
properties by combining the superior properties of 
carbon-based adsorbents, such as allowing the 
physico-chemical properties of the adsorbent used to 
be modified and maintaining its stability under harsh 
conditions, and the superior properties of magnetic 

adsorbents, such as being easy to separate because 

they are natural, economical and magnetic. In this 
way, the tendency of inorganic adsorbents to form 
aggregates can be prevented. In addition, the 
leakage of metals into the adsorption medium is 
prevented (93). There are studies in the literature to 
remove arsenic from water with various composites 

consisting of carbon nanotubes, graphene oxide, 
activated carbons and iron oxide nanoparticles (41, 
43). In addition to this approach, there are many 
studies on arsenic removal from water with 
composite nanoadsorbents embedded in polymeric 
nanoadsorbents. Composite studies, in particular, 
where magnetic properties are utilized and Fe3O4 

nanoparticles are surface modified with molecules 
having functional groups such as -NH2 -COOH or  
-SO3H, are among the areas where researchers focus 

on (31). 
 
4.3.1. Organic polymer supported nanocomposites 

Magnetic nanoparticles, which are the most common 
inorganic nanoadsorbent used in arsenic treatment, 
can be prepared as composites by coating them with 
polymers, embedding them in the polymeric 
structure, or bonding organic molecules to their 
surfaces. In addition to the important developments 
in the synthesis of magnetic nanoadsorbents, 

preserving their stability by preventing their 
agglomeration and precipitation is also an important 
issue. To overcome these shortcomings, bare 
magnetic nanoparticles can be functionalized with 
different molecules. Surface modification of magnetic 
nanoparticles increases the selectivity and adsorption 

capacity towards certain metal ion, as well as 

increases the stability of magnetic Fe3O4 against 
oxidation (79). 

 
In functionalization, polymeric coating using 
polyethylene glycol (PEG), polyvinyl alcohol (PVA) 
and polyvinylpyrrolidine (PVP), etc., provides 
complex formation, chemical bonding and ligand 

combination in addition to the electrostatic and Van 
der Waals interactions responsible for metal ion 
adsorption on the adsorbent surface of magnetic 
nanoparticles. Thanks to coating polymers, 
agglomeration of magnetic nanoparticles can be 
prevented (41). 

 
This process provides a larger surface area/volume 
ratio and promotes better dispersion of magnetic 
nanoparticles in solution. Functionalization of the 
surfaces of magnetic nanoparticles allows specific 

adsorption of metal ions. In addition to coating 
magnetic nanoparticles with polymers, many studies 

have also been conducted on functionalizing them 
with biological molecules or functional molecules (71-
76). 
 
Polymeric nanocomposites are also categorized in 
terms of the incorporation of inorganic nanoparticles 
into a polymer matrix. Organic polymer-supported 

nanocomposites are formed by preparing organic 
polymers together with inorganic nanoadsorbents 
such as Fe/TiO2/Fe3O4. Polymers covering the 
surfaces of metallic nanoadsorbents can be examined 
under two different groups: synthetic polymer-sup-
ported nanocomposites and biopolymer-supported 

nanocomposites. The first group includes synthetic 

polymers such as polyaniline (PAN), polystyrene, 
polyhydroxybutyrate (PHB), poly(tetrafluoroethy-
lene), polyethylene (PE), and nafion. Biopolymer-
supported nanocomposites are prepared with 
biological polymers such as cellulose, chitosan and 
alginate or resin (31). 

 
Türkmen et al. embedded the nano-sized Fe3O4 

magnetic nanoparticles they synthesized into the 
polymer to remove arsenic. They synthesized 
polymeric nanoparticles with the –SH functional 
group on their surface using the molecular imprinting 
technique. With the nanoparticles they synthesized, 

they managed to adsorb the As(III) ion as 76.83 
mg/g nanoparticles and the As(V) ion as 87.57 mg/g 
nanoparticles at pH: 5.0. It can be seen from SEM 

analysis that the sizes of the magnetic Fe3O4 
containing nanoparticles they synthesized are in the 
range of 30-40 nm (94). 

 
Metal oxide nanoadsorbents have a tendency to 
aggregate, which causes a decrease in their surface 
area and, as a result, a decrease in adsorption 
capacity is observed. However, adsorption capacities 
can be increased by functionalizing them with 
polymers and preparing their composites. However, 

modification of the metal oxide surface contributes to 
both increasing the adsorption capacity of the 
nanoadsorbent and increasing its selectivity. In 
particular, the oxidation tendencies of iron 
nanoparticles can also be controlled by alloying it 
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with another stable metal or coating them with some 

polymers. 
 

Alginate, a biopolymer, has also been applied as a 
biopolymer support in the construction of 
nanocomposites to remove toxic elements from 
water. Haris et al. carried out an As(III) removal 
study with the 12 nm-size bare and alginate 

encapsulated super paramagnetic nanoparticles they 
synthesized. The dimensions of the alginate-coated 
and bare super paramagnetic nanoparticles were 25-
30 nm and the maximum adsorption occurred at 
pH:7.0. They succeeded in removing 90% of arsenic 
from the solution at 6.5 mg/L As(III) concentration 

with bare iron oxide nanoparticles and 99% with 
alginate-coated ones (95). Chitosan nanoparticles 
have faster adsorption rates and higher adsorption 
capacities compared to micro-chitosan materials. 
Abdollahi et al. synthesized chitosan nanoparticles 

containing magnetic Fe3O4 to remove arsenic from 
water. They determined that chitosan-coated nano-

particles were 10 nm in size. They reported that the 
adsorption behavior obeyed the Langmuir adsorption 
isotherm model and reached a maximum of 10.5 
mg/g at pH: 9.0. They also reported that at 10 mg/L 
As(III) concentration, As(III) ion adsorption was 
74.59 mg/g for bare Fe3O4 nanoparticles and 87.46 
mg/g for Chitosan-coated Fe3O4 nanoparticles (96). 

 
 
 
 

4.3.2. Nanoparticles functionalized with 

organic/biomolecules 
Functionalization of magnetic nanoadsorbents with 

organic/biomolecules not only increases the 
adsorption capacity, but also enables their safe and 
environmentally friendly use in the purification 
process of metal ions. Many researchers have 
investigated the use of magnetic nanoadsorbents 

functionalized with biomolecules in the adsorption of 
heavy metals as well as arsenic ions. Functional 
groups on the surfaces of nanoparticles whose 
surfaces are functionalized with organic molecules 
greatly increase the adsorption capacity and also 
provide selectivity to inorganic nanoadsorbents by 

forming complexes with metal ions (31, 41, 42, 97). 
 
Tripathy et al. functionalized the surfaces of the 
Fe3O4 magnetic nanoparticles they synthesized with 
L-cysteine (an amino acid). Thus, they developed a 

dispersible adsorbent that can be collected 
magnetically. Later, they used this adsorbent to 

remove As(III) and As(V) ions from water. They 
reported that the cystein-functionalized mesoporous 
magnetic Fe3O4 nanoparticles they synthesized 
adsorbed 20.0 mg/g As(III)  and 34.0 mg/g As(V) 
ions. In their studies, they managed to adsorb 
approximately 93% of As(III) (at pH: 7.0 and 9.0) 
and 95% of As(V) (at pH: 5:0) onto the surface of 

Fe3O4-cysteine. Functionalizing the surface with L-
cysteine not only increased the dispersibility of Fe3O4 
nanoparticles in aqueous suspensions, but also 
effectively prevented iron ions from leaking into the 
solution (98). 

 

 

 
 

Figure 12: Schematic representation of the arsenic ions adsorption mechanism of Fe3O4 nanoparticles 
functionalized with cysteine. Figure republished with permission from Ref. (98). 

 
5. FACTORS AFFECTING ARSENIC ADSORPTION 
 
The most important parameter in metal adsorption 
studies is the ambient pH. In metal adsorption 
processes, at low pH, electrostatic repulsions 

between protonated functional parts and metal 

cations on the surface of the adsorbents cause a 
decrease in adsorption. In addition, H+ and H3O+ 
ions, which increase in the medium due to the 
decrease in pH, compete with metal cations in 
adsorption. However, at intermediate pH values, the 

amount of adsorption increases due to the decrease 
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in electrostatic repulsion due to deprotonation of 

functional groups. We can state that medium pH is 
suitable for the removal of toxic metal ions because 

in this case the adsorbent surface is deprotonated, 
which causes an increase in negatively charged 
regions. This causes increased electrostatic 
attractions between the adsorbent surface and metal 
cations, leading to an increase in adsorption capacity. 

In basic conditions, hydroxylated complexes of metal 
ions in the medium are formed (42, 74, 93). 
 
The situation here is slightly different in removing 
arsenic from water. In aqueous media, As(III) and 
As(V) ions exist in the form of oxyanions and vary 

depending on the pH of the medium. As the pH of the 
medium increases, the negative charge value of 
As(V) ions in the negatively charged oxyanion form 
increases, but in acidic media, the uncharged As(III) 
form turns into a negatively charged form after pH: 

9.0. At pH values below 9.0, where it is uncharged, 
arsenite ions can be removed from the medium by 

complexing with the adsorbent rather than 
electrostatic interactions (32, 43). 
 
Another parameter that affects adsorption is the dose 
amount of the adsorbent. As the adsorbent dose 
amount of nanoparticles in the medium increases, 
the adsorption capacity increases. However, the high 

amount of adsorbent added to the medium causes 
the nanoadsorbents to form aggregates, which leads 
to a decrease in the surface area and a decrease in 
adsorption, and therefore a decrease in the 
adsorption capacity (43, 79). 
 

Another factor affecting adsorption is metal ion 

concentration. The adsorption rate increases with the 
increase of metal ion concentration to a certain 
degree at the beginning, but more increase causes 
the removal efficiency to decrease. This may be 
because the optimum metal ion concentration must 
be present in the solution for a certain amount of 

adsorbent. The presence of a low concentration of 
metal ions in the medium means fewer metal ions 
available for adsorption, leading to a low removal 
rate, but if the concentration increases, it causes an 
increase in the amount of ions available for 
adsorption and an increase in the interaction with the 
binding sites, resulting in a higher adsorption rate 

(28). 
 
Especially in metal ion adsorption on large scales, the 

contact time between metal ions in solution and 
adsorbents is important and time plays an important 
role in economical wastewater treatment processes. 

Since it is easier for analyte ions to access the active 
areas of nano-sized adsorbents with high surface 
areas, reaching equilibrium in adsorption occurs in a 
shorter time and thus maximum adsorption 
capacities are reached in a short time (32, 75). 
 
Another point that affects the adsorption is the 

temperature of the adsorption medium. Adsorption 
medium temperature is also an important parameter 
in the adsorption process. In general, the increase in 
initial temperature reduces the viscosity of the 
solution, resulting in increased diffusion rate of the 
analyte across the adsorbent surface, leading to 

higher adsorption efficiency. Adsorption phenomenon 

is an exothermic phenomenon and as the 
temperature increases, the kinetic energy of the 

analyte increases and adsorption decreases. The 
change in temperature affects adsorption in two 
different ways, depending on whether the system 
exhibits heat absorption or heat dissipation behavior. 
In an exothermic process, the adsorption capacity 

decreases with increasing temperature, while in an 
endothermic process it increases (72). 
 
Ion diversity in the medium also affects adsorption. 
Especially, depending on the affinity of the functional 
groups on the adsorbent surface to the target metal 

ion, the adsorption of the target ion is affected by the 
presence of competitive ions in the medium. Since 
competing ions in the medium occupy active sites by 
creating chelation on the surface, there is a decrease 
in the adsorption of the target metal ion. In addition, 

for selective adsorption, it is necessary to specifically 
design the adsorbent surface or use selectivity-

oriented techniques such as molecular imprinting 
(29, 94). During arsenic removal processes from 
water, the presence of anions such as PO4

3-, Cl-,  
NO3

-, SO4
2- and CO3

2- ions in the medium affects the 
adsorption of arsenate and arsenite ions, which are 
in the form of negatively charged oxyanions. Studies 
in the literature have reported that especially the 

PO4
3-ion significantly affects adsorption (43, 65). 

 
6. CONCLUSION 
 
In recent years, developments in nanoscience and 
nanotechnology have enabled the development of 

efficient, economical and environmentally friendly 

approaches to environmental remediation. Nowa-
days, nanomaterials as adsorbents with large specific 
surface area, functionalized surfaces for more and 
selective adsorption, and less tendency to 
agglomerate have attracted great attention in the 
decontamination of water. Particularly prepared 

nanocomposites have become promising adsorbents 
for water treatment due to their physicochemical 
properties (34). 
 
Scientists have extensively reported studies on 
various nanostructured materials such as 
metal/metal oxide, carbon-based and composite 

materials used as adsorbents in the removal of heavy 
metal ions. Moreover, recent literature searches 
show that research focuses on surface functio-

nalization and modification of adsorbents for their 
better dispersion and easy separation in the 
adsorption medium. To improve their surface 

properties of nanoadsorbents in the functionalization 
different molecules such as inorganic, organic, 
polymeric, biomolecules, etc. are used (31, 44). 
 
Research and adaptation studies for the treatment of 
arsenic from water continue at both laboratory and 
industrial scales. However, the instability of some 

nanoadsorbents and the difficulty of removing them 
from purified water and regenerating them have 
limited their commercial use. The biggest disad-
vantage of using nanosized adsorbents is the high 
cost (49, 65). In addition to the fact that there are 
difficulties in removing nanoadsorbents from the 
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adsorption medium, another disadvantage is that the 

toxic effects of toxic metal-loaded nanoadsorbents 
remaining in the medium have not been clearly 

elucidated. 
 
Considering the various studies reported so far, it is 
concluded that composite magnetic nanoparticles 
may be a better option for removing arsenic from 

waters. In the selection of nano adsorbents for 
arsenic removal, factors such as adsorption potential, 
high surface area, physical and chemical stability, 
ease of production and applicability, solubility 
product of the adsorbent, easy separation of the 
adsorbent from water, leachability to the water 

medium, its toxic effect, cost and regenerability and 
in-situ applicability should be taken into 
consideration (30, 63, 65, 75, 99). 
 
Although nanoadsorbents have unique properties, 

most of the adsorption studies are at laboratory scale 
and their industrial applications are quite few. 

Laboratory studies by the scientists to develop 
nanoadsorbents with desired properties and suitable 
for use in industrial systems are still continuing. 
Researchers have concerns due to the uncertainties 
about the health problems that nanoadsorbents may 
cause due to problems in their recovery from the 
medium (33). Detailed studies on the design and 

development, surface modification and applications 
of new generation adsorbents are continuing 
intensively, and these adsorbents are promising in 
environmental applications and water treatment. The 
use of nanoparticles for water purification at 
laboratory scale has shown promising results, but 

further improvement of their physicochemical 

properties appears to be needed for full-scale 
application (44, 49). 
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Abstract: In this study, the terpene-like compounds were investigated to explore the possible reactivity 
tendency using DFT/B3LYP/6-311G** level and evaluation of absorption, distribution, and metabolism 
characteristics. The lipophilicity indexes of terpenes revealed that the T1 and T2 molecules were more 
lipophilic than the other molecules, whereas the T5 and T6 molecules were less lipophilic. The water 
solubility scores obtained from ALI and ESOL approaches indicated that T5 and T6 functionalized with the 
-C=O group's most soluble compounds, while T2 was the least soluble among the compounds. Regarding 
absorption, the T5 molecule was determined to be a promising structure among the compounds. Also, all 

compounds' VD (L/kg) values were determined in the optimal range of 0.04-20 L/kg. The terpenes T1-T3 
would exhibit a BBB Penetration at a medium level, while they would not be suitable structures for PPB %. 
The terpenes T4-T6 could be quite promising in distribution except for BBB Penetration. T6 structure was 
determined to be more suitable in terms of metabolism than the other terpenes. NBO analyses revealed 
that cieplak (σ→ σ*) interactions for T1-T4 would lower the stabilization energy, predicted at 7.04 kcal/mol. 
In contrast, the resonance (π→ π*) interaction for T5 was predicted with the energy of 20.26 kcal/mol, 

which was the highest contributed interaction to E(2). FMO analyses indicated that T5 (0.204 au) could 
prefer electron donation more than terpenes, while T4 (0.108 au) would prefer electron donation less. MEP 
plots implied that the surround of the oxygen atom for T3-T6 molecules would be the electron-rich region 

for the electrophiles, whereas the around of the double bonds of T1 and T2 would be possible sites for the 
electrophiles. According to the NPA approach, the atomic charge of the O1 atom of terpenes T4-T6 was 
predicted at -0.76279, -0.55670, and -0.55395, whereas the O28 atom' charge was found to be at -

0.77131, remarkable. The findings from this study are anticipated to provide invaluable insights into the 
relationship between electronic structure, ADM properties, and toxicity. This could potentially guide the 
future discovery, development, and refinement of terpene-based therapeutics. 
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1. INTRODUCTION  
 
Terpenes and terpenoids are a broad and diverse 
class of naturally occurring organic compounds pro-
duced by a wide variety of plants, fungi, and bacte-
ria (1-3). Due to their strong odors, they play a crit-

ical role in plant biology, especially in defense mech-
anisms against herbivores and in plant-to-plant and 
plant-to-environment interactions (4). Further-
more, they have been found to possess a broad 
range of biological activities (5), including anti-in-
flammatory (6), antiviral (7), antibacterial (8), and 
anticancer (9,10). Thus, the application of terpenes 

is extensive and extends to fields like pharmaceuti-
cals, food additives (11,12), cosmetics (13,14), and 
even biofuels (15,16). In this regard, Pahima et al. 
(16) presented a model that combined theoretical 
and statistical approaches to calculate the thermo-
dynamic properties of terpenes, a promising biofuel. 

It accurately computes key properties using ad-
vanced computational methods, offering a cost-ef-
fective strategy for identifying potential petroleum 
substitutes without expensive experiments. In this 
regard, coumarin and its nitrile-modified derivative 
have been investigated by using electrochemical 
tools and DFT computations to explore the possible 

https://doi.org/10.18596/jotcsa.1311965
mailto:goncagul.serdaroglu@gmail.com
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inhibition potency on mild steel surfaces (17). Fur-

thermore, the key interactions between purine me-
tabolism products and DNA have also been investi-
gated by using electrochemical techniques and DFT 
computational tools (18). Recently, the highly se-
lective fluorescent ligand 3-(1H-benzimidazol-2-

yl)quinolin-2(1H)-one monohydrate has been de-
signed and explored in terms of sequential sensing 
of Cu(II) and HS- ions in the solution (19). In recent 
work, Maspero and co-workers have reported a 
novel strategy to explore the possible enhancement 
of fluorescence characteristics of the biocompatible 

difluoro boron-functionalized biindolediketonates: 
they have also performed TD-B3LYP-D3 computa-
tions to characterize the s0→ s1 transition (20). Car-
vomenthene, Limonene, 4-Terpinenol, α-terpineol, 
and Carvone are also key members of the terpene 
family, characterized by unique structures, all of 

which are constructed from isoprene units and re-
flecting the inherent structural design of terpenes 
(21). Namely, limonene, a monocyclic monoter-
pene, is one of the most common terpenes. It is 
known for its citrusy aroma and is a principal con-
stituent in citrus peel oils (22). 4-Terpinenol, α-ter-
pineol, and carvomenthene, like limonene, are mon-

oterpenes with distinctive structural arrangements 
and biochemical characteristics. Conversely, car-
vone is a monoterpene ketone, presenting as two 

mirror-image forms or enantiomers, each with a dis-

tinct minty or caraway aroma (23). 
 
To understand the biological activity and physico-
chemical properties of terpenes (Scheme 1), it's im-
portant to delve into their structural composition 

and molecular behavior. In this regard, computa-
tional chemistry, specifically Density Functional 
Theory (DFT), has shown promising results. DFT has 
been extensively used to study terpenes' molecular 
geometries, electronic structures, and reaction 
mechanisms (24-26). Such theoretical studies aid in 

revealing the fundamental structure-activity rela-
tionships, paving the way for the development of 
new applications and fine-tuning existing uses of 
these fascinating molecules. In a recent work on 
carvone, Yankova et al. focused on the electronic 
properties and chemical activity of carvone by using 

a B3LYP level with a 6-311++G(2d,2p) basis set; 

they performed the NBO, FMO, and MEP studies as 
well as the Hirshfeld surface (27). Also, Mekkaoui 
and co-workers (28) synthesized the optically active 
limonaketone with a 92% yield, a high-value mon-
oterpene, from natural and inexpensive limonene 
and explored the chemoselectivity in the Zinc-deox-
ygenation reaction and its corresponding mechanis-

tic pathway using density functional theory (DFT) 
calculations at the M06–2X/6–311G(d,p) (LANL2DZ 
for Zinc) level. 

 

 
Scheme 1: The chemical structures of terpenes: The abbreviations and common names are as follows 

T1: 4-isopropyl-1-methylcyclohex-1-ene (Carvomenthene) 
T2: 1-methyl-4-(propan-2-ylidene)cyclohex-1-ene ( Limonene) 

T3: 1-isopropyl-4-methylcyclohex-3-en-1-ol (4-Terpinenol) 
T4: 2-(4-methylcyclohex-3-en-1-yl)propan-2-ol (α-terpineol) 

T5: 2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-one (Carvone) 
T6: 1-(4-methylcyclohex-3-en-1-yl)ethan-1-one (Limonaketone) 

 
Terpenes such as carvomenthene (T1), limonene 
(T2), 4-terpineol (T3), α-terpineol (T4), carvone 
(T5), and limonaketone (T6) are prime examples of 

the diverse structural composition and inherent de-
sign of terpenes. Understanding their unique struc-
tures and molecular behavior is key to revealing 
their biological activity and physicochemical proper-
ties. In this perspective, the DFT computational 
tools have been particularly effective in studying the 

molecular geometries, electronic structures, and re-
action mechanisms of terpenes and related com-
pounds. Also, the application of computational 

methods like DFT enables researchers to delve 
deeper into the complex world of these molecules, 
promoting their potential in various applications and 

helping address global challenges such as the need 
for renewable energy sources. The main idea of this 
paper is to present a comprehensive overview of the 
compounds T1-T6 structurally related to the ter-
penes, covering their structures, biological im-
portance, and possible harmful effects in terms of 

both medicinal and environmental. By the ad-
vantages of the DFT computations, this work will be 
hoped to support the smart molecule design, 
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introducing the electronic and related properties 

that are important in developing or modifying the 
molecular systems.  
 
2. COMPUTATIONAL METHODS 
 

2. 1. DFT Study 
All DFT computations at the B3LYP (29,30) /6-
311G** (31,32) level of theory maintaining default 
(33,34) settings were performed using the G09W 
(35), which were also utilized by GaussView 6.0.16 
(36) for demonstrating the optimized structures and 

FMO plots. The water phase simulations were con-
ducted using the PCM “Polarized Continuum Model” 
(37,38). 
 
It is well-established that the evaluation of thermo-
dynamic quantities is guided by the principles of 

quantum statistics (39,40). Namely, the total parti-

tion function 'Q' is instrumental in the determination 
of thermodynamic properties via specific equations 
outlined herein. In systems typified as asymmetric 
tops, the vibrational degree of freedom amounts to 
3N-6, attributable to the molecular systems having 
three translational freedom degrees and three rota-
tion freedom degrees along separate axes. There-

fore, it is imperative to understand that variations 
in the quantities of thermodynamic properties 
across all molecular systems originate remarkably 
from vibrational movements since the contributions 
from translational and rotational movements remain 
consistent. The formulation of the vibrational parti-

tion function, as presented below, plays a vital role 
in contributing to thermodynamic properties and, by 

extension, is crucial in the evaluation of chemical 
properties (39-42). 
 
𝑄 = 𝑄𝑡𝑟𝑎𝑛𝑠. 𝑥 𝑄𝑟𝑜𝑡. 𝑥 𝑄𝑣𝑖𝑏.  𝑄𝑒𝑙𝑒𝑐. 

𝑄𝑣𝑖𝑏. = ∏
𝑒

− 𝛩𝑣,𝑗/2𝑇

(1−𝑒− 
𝛩𝑣,𝑗

𝑇 )

3𝑁−6
𝑗=1   

Here, Evib. “vibrational thermal energy”, Svib. 
“vibrational entropy”, and Cvvib. “vibrational heat 
capacity” are calculated by the following equations 
(39-41). 

𝐸𝑣𝑖𝑏. = 𝑁𝑘 ∑ (
𝛩𝑣,𝑗

2
+  

𝛩𝑣𝑗 𝑒−𝛩𝑣,𝑗/𝑇

(1 − 𝑒− 
𝛩𝑣,𝑗

𝑇 )

)

3𝑁−6

𝑗=1

  

𝑆𝑣𝑖𝑏 = 𝑁𝑘 ∑ [
𝛩𝑣,𝑗/𝑇

(𝑒𝛩𝑣,𝑗/𝑇 − 1)
 − 𝑙𝑛(1 − 𝑒−𝛩𝑣,𝑗/𝑇)]

3𝑁−6

𝑗=1

 

𝐶𝑣𝑣𝑖𝑏. = 𝑁𝑘 ∑ [(
𝛩𝑣𝑗

𝑇
)

2

 
𝑒𝛩𝑣𝑗/𝑇

(𝑒𝛩𝑣,𝑗/𝑇 − 1)
2]

3𝑁−6

𝑗=1

 

 

The terms disclosed as 𝛩𝑣𝑗 =
ℎ𝑣𝑗

𝑘
  “the vibrational 

temperature”, h→ “Planck constant”, k→ “Boltz-
mann constant”, and νj→” jth fundamental fre-

quency”.  
Koopmans' theorem delineates the parameters of 
'ionization energy' (I) and 'electron affinity' (A) 
(43), contingent on the energies of the frontier 
molecular orbitals. After the derivation of I and A 

values, the computation of global reactivity indices 

can be achieved through the employment of the 

ensuing equations. 
I= -EHOMO      
A= -ELUMO 

𝜒 = −(
𝐼+𝐴

2
)    

η =
𝐼−𝐴

2
  

𝜔 =
𝜇2

2η
  

∆𝑁𝑚𝑎𝑥 =
𝐼 + 𝐴

2(𝐼 − 𝐴)
 

𝜔+ ≈ (𝐼 + 3𝐴)2/(16(𝐼 − 𝐴)) 
𝜔− ≈ (3𝐼 + 𝐴)2/(16(𝐼 − 𝐴)) 

𝛥𝜀𝑏𝑎𝑐𝑘−𝑑𝑜𝑛𝑎𝑡𝑖𝑜𝑛 = −
𝜂

4
 

The symbols denoted that χ → “electronic chemical 

potential” η → “global hardness”, ω → 
“electrophilicity”, ΔNmax → “the maximum charge 
transfer capability index” (44-49), ω- “the electron 

donating power” and ω+ “the electron accepting 

power” (50), and ΔEback-donat. “back-donation 
energy” (51).  
 
The “second-order-perturbation” energy analyses 
and NPA "Natural population analysis" of terpenes 
T1-T6 were performed using the NBO code (52) 

implemented in the G09W. Accordingly, the 
lowering stabilization energy depending on the qi→ 
“the donor orbital occupancy”, εi and εj→ “donor and 
acceptor orbital energies (diagonal elements)”, Fij→ 

“the off-diagonal NBO Fock matrix element” is 
defined as follows (53-56): 
 

𝐸(2) = ∆𝐸𝑖𝑗 = 𝑞𝑖
(𝐹𝑖𝑗)2

(𝜀𝑗−𝜀𝑖)
    

 
In addition to the NPA approach, MPA “Mulliken 
Population Analysis” (57) is used to evaluate the 
partial charges of terpenes. 
 
2. 2. Lipophilicity and water solubility 

The estimation of lipophilicity indices was 
comprehensively undertaken employing a suite of 
five distinct methodologies, namely, ILOGP (58), 
XLOGP3 (59), WLOGP (60), MLOGP (61), and 
SILICOS-IT (62). The execution of these 
methodologies was facilitated via the SwissADME 
tool (63). It is widely recognized in scientific 

discourse that the parameter for lipophilicity, 
denoted as Log P, is inherently based on the ratio of 
the concentration of a specific neutral molecular 

system in an octanol medium (Co) to its 
concentration in a water medium (Cw). This 
principle is encapsulated in the following 
mathematical formulation. 

 

 𝐿𝑜𝑔 𝑃𝑜/𝑤 = 𝐿𝑜𝑔 
𝐶𝑜

𝐶𝑤
  

The calculation of water solubility, represented as 
Log S, was carried out using distinct methodologies 
as delineated by Delaney et al. (64) and Ali et al. 
(55). Here, the 'Estimated SOLubility' (ESOL) 
method defined by Delaney et al. (44) is employed, 
which derives its calculation based on specific 

molecular characteristics. These characteristics 
include 'Molecular Weight' (MWT), 'Rotatable Bonds 
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(RB), and 'Aromatic Proportion' (AP). The following 

equations delineate this approach. 
 
Log Sw= 0.16-0.63 clogP - 0.0062 MWT + 0.066 RB 
- 0.74 AP (ESOL) 
 

Furthermore, a robust benchmark study by Ali et al. 
(65) demonstrated a notable correlation between 
water solubility and specific phenolic parameters, 
such as the number of aromatic hydroxyls (-OH) 
groups. Additional factors, including the melting 
point and Topological Polar Surface Area (TPSA), 

were also found to impact water solubility 
significantly, as explained in the following 
equations. 
 
logS= -1.0239 logP- 0.0148 TPSA- 0.0058 (m.p. 
(C)- 25)+ 0.3295 aroOHdel+ 0.5337 (ALI) 

 

2. 3. Absorption, Distribution, Metabolism, and 
Toxicity 
Evaluation of the drug-like properties of T1-T6 was 
comprehensively undertaken, guided by a selection 
of established rules and parameters as defined by 
Lipinski (61), Ghose (66), Veber (67), Egan (68), 
and Muegge (69). In addition, the Abbott 

bioavailability score (70) was employed as an 
instrumental tool in assessing the potential 
bioavailability of T1-T6 with the aid of the 
SwissADME platform (63). To gain a holistic 
understanding of the dataset's pharmacokinetic 
properties, its absorption, distribution, metabolism, 

and potential toxicity characteristics were 
delineated utilizing the capabilities of ADMETLab 2.0 

(71). 
 
3. RESULT AND DISCUSSION 
 
3. 1. Calculated Thermochemical and Physical 

Properties 
Within the complex domain of molecular 
characterization, thermochemical and physical 
parameters serve as fundamental constituents. 
Thermochemical components, incorporating 
parameters such as heat capacity, enthalpy, and 
entropy, elucidate the molecule's stability and 

reactivity and delineate potential energy profiles. 
Concurrently, physical indices, including molecular 
weight, geometric configuration, and polarity, 
provide a detailed representation of the molecule's 

intrinsic physical comportment, influencing 
attributes such as solubility and reactivity (72-75). 

Thereby, they facilitate a holistic comprehension of 

molecular properties and, then, the 

conceptualization and advancement of novel 
molecular structures across diverse scientific and 
industrial spheres. In this regard, the calculated 
thermodynamic quantities of the optimized 
molecules T1-T6 (Figure 1) and physical constants 

are presented in Table 1.  
 
In the gas phase, the DM (D) and α (au) values of 
T1-T6 were found to be in the orders of T2 (0.205)< 
T1 (0.216)< T4 (1.562)< T3 (1.659)< T6 (2.729)< 
T5 (2.981) and T6 (98.979)< T5 (111.613)< T1 

(112.485)< T2 (114.182)< T3 (114.749)< T4 
(115.705), respectively, the water phase revealed 
the same orders for both properties. ΔGsol. (kJ/mol) 
order was determined as T5 (18.879)> T6 (17.78)> 
T4 (14.26)> T3 (11.94)> T2 (5.97)> T1 (4.64), 
which indicated that T5 and T6 would gain more 

stability in water than the others, probably due to 

the presence of the -C=O (ketone) group. ΔEsol. and 
ΔHsol. (kJ/mol) values of T1-T6 were found to be as 
T5 (18.92)> T6 (18.13)> T4 (14.25)> T3 (11.67)> 
T2 (6.14)> T1 (4.62) and T5 (18.97)> T6 (18.19)> 
T4 (14.21)> T3 (11.52)> T2 (6.16)> T1 (4.59), 
respectively. The main participation of both entropy 
and heat capacity was sourced from the vibrational 

freedom degrees, as expected. The ΔEthermal 
(kcal/mol) for T1 was determined to be 168.523 
kcal/mol by the vibrational contribution of 166.746 
kcal/mol, which is remarkable. Similarly, the Cv 
quantity of T6 was found to be 39.643 cal/molK by 
the vibrational contribution of 33.681cal/molK. 

From Table 1, the ΔEthermal (kcal/mol) and Cv 
(cal/molK) of the T1-T6 were estimated as the 

orders of T3 (171.915)> T4 (171.789)> T1 
(168.523)> T2 (153.413)> T5 (142.2367)> T6 
(138.568) and T4 (48.251)> T3 (48.173)> T1 
(43.428)> T2 (42.390)> T5 (43.277)> T6 (39.643), 
respectively. Also, the S (cal/molK) values of the 

compounds were calculated as T4 (106.316)> T3 
(105.776)> T5 (105.187)> T2 (103.073)> T1 
(102.074)> T6 (100.069), and vibrational freedom 
degrees of all compounds constituted one-third of 
entropy. By analyzing and comparing these 
parameters, the obtained results not only provide a 
deeper understanding of the physical and chemical 

properties of these compounds but also present 
valuable insights into their behavior under diverse 
environmental conditions. Thus, they can effectively 
guide the design and development of new materials 

that possess desired and tailored properties for a 
wide range of applications. 
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Table 1: The calculated physiochemical values. 

 

   T1 T2 T3 T4 T5 T6 

G
a
s
 

DM (debye) 0.216 0.205 1.659 1.562 2.981 2.729 
α (au) 112.485 114.182 114.749 115.705 111.613 98.979 

ΔE (au) 
-

391.753938 
-

390.549241 
-

466.990430 
-

466.990042 
-

464.603006 
-

426.509962 

ΔH (au) 
-

391.741759 
-

390.537018 
-

466.977195 
-

466.976767 
-

464.590580 
-

426.498496 

ΔG (au) 
-

391.790258 

-

390.585991 

-

467.027453 

-

467.027281 

-

464.640557 

-

426.546042 
ΔEthermal 
(kcal/mol) 168.523 153.413 171.915 171.789 

142.236 138.568 

ΔEvib. (kcal/mol) 166.746 151.635 170.138 170.012 140.459 136.790 
Cv (cal/molK) 43.428 42.390 48.173 48.251 43.277 39.643 
Cvvib. (cal/molK) 37.466 36.428 42.211 42.290 37.315 33.681 
S (cal/molK) 102.074 103.073 105.776 106.316 105.187 100.069 

Svib (cal/molK) 31.473 32.600 34.580 34.946 33.917 29.807 

        

W
a
te

r
 

DM (debye) 0.338 0.323 2.142 2.098 4.094 3.825 
α (au) 148.303 150.294 150.970 151.762 147.378 129.850 

ΔE (au) 
-

391.755697 
-

390.551580 
-

466.994876 
-

466.995468 
-

464.610213 
-

426.516866 

ΔH (au) 
-

391.743508 
-

390.539364 
-

466.981582 
-

466.982180 
-

464.597806 
-

426.505424 

ΔG (au) 
-

391.792027 
-

390.588264 
-

467.032000 
-

467.032712 
-

464.647746 
-

426.552815 
ΔEthermal 

(kcal/mol) 168.193 153.144 171.581 171.494 

142.066 138.412 

ΔEvib. (kcal/mol) 166.415 151.366 169.804 169.717 140.288 136.635 
Cv (cal/molK) 43.528 42.470 48.342 48.355 43.287 39.661 
Cvvib. (cal/molK) 37.567 36.508 42.380 42.394 37.326 33.699 
S (cal/molK) 102.117 102.918 106.115 106.353 105.109 99.742 
Svib (cal/molK) 31.515 32.443 34.914 34.978 33.839 29.485 

        
Solvation energies 

 ΔEsol. (kJ/mol) 4.62 6.14 11.67 14.25 18.92 18.13 
 ΔHsol. (kJ/mol) 4.59 6.16 11.52 14.21 18.97 18.19 
 ΔGsol. (kJ/mol) 4.64 5.97 11.94 14.26 18.87 17.78 

 
  
3.2. Lipophilicity and water solubility 
In the field of pharmaceutical research and 
development, two crucial factors that come into play 

are the hydrophobicity (fat-solubility) and 
hydrophilicity (water-solubility) of organic 
compounds (76). Hydrophobicity significantly 
impacts the processes of drug absorption, 
distribution, metabolism, and excretion (77), and 
highly hydrophobic drugs carry the risk of 

accumulating in the body's adipose tissues and 

causing toxicity (78). Conversely, hydrophilicity 
plays a pivotal role in drug formulation, delivery, 
and bioavailability, posing challenges when a drug 
exhibits excessively high or low water solubility. 
Both hydrophobicity and hydrophilicity contribute to 
drug-drug interactions and chemical stability, 
ultimately influencing drug effectiveness, safety, 

and overall suitability (79). In this respect, the 
calculated lipophilic and water solubility 
characteristics and physicochemical values of T1-T6 
are given in Table 2. 

Log Po/w (iLOGP) indices were determined in the 
following order T1 (2.74)> T2 ( 2.71)> T3 (2.51)> 
T5 (2.27)> T4 (2.09)> T6 (2.03), while the 

lipophilicity index depending on (XLOGP3) approach 
was estimated as T1 (3.42)> T2 (4.47)> T4 (3.39)> 
T3 (3.26)> T5 (2.71)> T6 (1.34). On the other 
hand, the WLOGP approach to determine the 
lipophilicity revealed the following order: T2 
(3.45)> T1 (3.39)> T3 (2.50)≥ T4 (2.50)> T5 

(2.49)> T6 (2.32), whereas the Log Po/w based on 

MLOGP. the approach was predicted as T1 (4.29)> 
T2 (3.27)> T3 (2.30)≥ T4 (2.30)> T5 (2.10)> T6 
(1.89). The mean of the lipophilicity indices changed 
in the following order: T2 (3.40)> T1 (3.36)> T3 
(2.60)> T4 (2.49)> T5 (2.44)> T6 (1.98). Although 
the approaches used to calculate the lipophilicity 
index had different rankings, it could be said that 

the lipophilicity of the T1 and T2 molecules was 
higher than the other molecules.  
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Figure 1: The optimized structures of the terpenes. 
 
Conversely, it should be noted from Table 2 that the 
water solubility of the T6 molecule would be 
considerably higher than that of other molecules 

due to the -C=O group located on the aliphatic chain 
of the compound. Namely, the ESOL (mg/mL x10-1) 
method for the water-solubility of the compounds 
denoted the order of T6 (46.3)> T5 (5.81)> T3 

(2.54)> T1 (2.26)> T4 (2.10)> T2 (0.43), while the 
Log S (Ali) (mg/mL x10-2) gave the following order 
T6 (692)> T5 (28.5)> T1 (11.0)> T3 (6.75)> T4 

(4.95)> T2 (0.880). According to the ALI and ESOL 
approaches, T2 would have medium-level solubility 
since the sp2 hybridized group as the bridge 
between the aliphatic chain and ring chain probably 

made the compound more likely to prefer 
intramolecular interactions instead of acting 
towards the outer system. On the other hand, the 

T4 could be more soluble among the molecules 
according to the SILICOS-IT approach. Although 
there were different orders of solubility of the 
compounds, the presence of -C=O and -OH groups 

in the molecule especially contributed to an increase 
in the water solubility. Also, the position of these 
groups on the molecule caused the change of the 

water solubility of the compıunds. Namely, the 
solubility of T6 functionalized with the -C=O group 
on the chain part could be higher than that of the 
T5, including this group on the ring. 

 
  

T5 

T3 T4 

T2 T1 

T6 
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Table 2: Physicochemical properties, lipophilicity, and water solubility features. 

 

Physicochemical properties T1 T2 T3 T4 T5 T6 

Formula C10H18 C10H16 C10H18O C10H18O C10H14O C9H14O 
Molecular weight (g/mol) 138.25  136.23  154.25 g 154.25  150.22  138.21  
Num. heavy atoms 10 10 11 11 11 10 
Num. arom. heavy atoms 0 0 0 0 0 0 
Fraction Csp3 0.80 0.60 0.80 0.80 0.50 0.67 
Num. rotatable bonds 1 0 1 1 1 1 
Num. H-bond acceptors 0 0 1 1 1 1 

Num. H-bond donors 0 0 1 1 0 0 
Molar Refractivity 47.60 47.12 48.80 48.80 47.32 42.99 
TPSA (Å²) 0.00  0.00  20.23  20.23  17.07  17.07  

       

Lipophilicity       

Log Po/w (iLOGP)  2.74 2.71 2.51 2.09 2.27 2.03 
Log Po/w (XLOGP3)  3.42 4.47 3.26 3.39 2.71 1.34 

Log Po/w (WLOGP)  3.39 3.45 2.50 2.50 2.49 2.32 
Log Po/w (MLOGP)  4.29 3.27 2.30 2.30 2.10 1.89 
Log Po/w (SILICOS-IT)  2.96 3.08 2.44 2.17 2.64 2.31 

Consensus Log Po/w  3.36 3.40 2.60 2.49 2.44 1.98 

       

Water Solubility       

Log S (ESOL)  -2.79 -3.50 -2.78 -2.87 -2.41 -1.48 
Solubility (mg/mL)x10-1 2.26 0.43  2.54  2.10  5.81  46.3  
Class  S S S S S VS 

       

Log S (Ali)  -3.10 -4.19 -3.36 -3.49 -2.72 -1.30 

Solubility (mg/mL)x10-2 11.0 0.880  6.75  4.95  28.5  692  
Class  S MS S S S VS 

       

Log S (SILICOS-IT)  -2.25 -2.46 -1.91 -1.69 -2.16 -1.76 

Solubility (mg/mL) 0.781  0.473  1.92  3.17 1.04 2.40  

Class  S S S S S S 

“TPSA “topological polar surface Area” was calculated based on polar fragments that contributed to the 
polar surface. S, soluble; MS, moderate soluble; and VS, very soluble.” 
 
3.3. Absorption, Distribution, Metabolism, and 

Bioavailability 
The ADM-DL study "Absorption, Distribution, 
Metabolism, Drug-likeness", in essence, is 
fundamental for the optimization of 
pharmacokinetic properties and therapeutic efficacy 
of drug candidates, allowing the design of more 

effective and safer therapeutic agents. By 
investigating these factors, it can predict the drug's 
behavior inside the body, minimize adverse effects, 
and enhance its therapeutic efficiency. In this 
respect, the calculated ADM scores and BOILED-
EGG and pharmacokinetic radar graphs were 

represented in Table 3 and Figure 2, respectively. 

 
Accordingly, all compounds were determined in the 
optimal range (>-5.15 Log unit) in terms of Caco-2 
Pe scores that were calculated as T5 (-4.532)< T2 
(-4.428)< T6 (-4.369)< T1 (-4.264)< T4 (-4.245)< 
T3 (-4.191). The MDCK Pe. (x10-5) cm/s were 
determined as T5 (2.8)> T6(2.1)> T1= T3 (2.0)> 

T4 (1.9)> T2 (1.7), which would display high-level 
passive permeability (>20x10-6 cm/s) for the MDCK 
Pe. The compound T2 (0.159) could be more potent 
in terms of the Pgp-inh., whereas the T6 (0.015) 
could present higher Pgp-subs. potency, relatively. 
The T3, T4, and T6 (0.004) might display the same 

capability for HIA, whereas the T5 (0.006) would 

have relatively higher potency for HIA. In terms of 
bioavailability, the T5 and T3 could be promising 
agents with the F20% scores at 0.029 and 0.681 
(moderate-size), respectively, while the others gave 
the red alarm about the bioavailability with the 
scores being determined between 0.897- 0.966. On 

the other hand, T3 (0.035), T4 (0.19), and T5 
(0.003) would denote good bioavailability with the 
F30% scores, while T1 (0.873), T2 (0.818), and T6 
(0.744) might no bioavailable agent. 
 
The T4 (82.50%), T5 (58.77%), and T6 (80.86%) 

would present sensible PPB scores (<90%), while 

T1 (94.62%), T2 (95.54%), and T3 (90.26%) would 
have higher PPB % scores which might cause the 
low therapeutic index. Here, the –C=O group 
located on the ring of the T5 would be more 
important in the PPB potency than both the -OH and 
-C=O substitutions on the aliphatic chain. The VD 
scores for all compounds were calculated in the 

range of optimal values (0.04-20 L/kg) and found to 
order of T2 (5.905)> T1(3.887)> T3 (2.457)> T5 
(1.650)> T6 (1.650)> T4 (1.497), which implied the 
compounds would have a sensible volume 
distribution. Also, T1-T3 would have a BBB Pen. 
scores in the range of 0.314- 0.576 (in yellow alarm 
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limits), while the T4-T6 could present the red alarm 

with BBB Pen. scores in 0.727- 0.971. The portion 
of the T1 and T2 unbonded in the plasma was 
calculated with low size at 4.737% and 4.586%, 
respectively, whereas T3 would be distributed in the 
plasma as unbonded at a moderate level with a Fu% 

of 9.940. The T4-T6 could dissolve as unbonded in 
the plasma at a high level with Fu% changed in 
19.13-50.58. 
 
In terms of the metabolism of the compounds, -
C=O-modified molecule T6 could have been more 

promising than the other terpenes, while T4 
modified with the -OH group could be a less suitable 
agent among terpenes. Namely, the CYP1A2 inh. 
and CYP1A2 subs. values of the compounds were 
calculated in the orders of T2 (0.925)> T1 (0.757)> 
T3(0.558)> T6 (0.523)> T5 (0.329)> (0.124) and 

T6 (0.762)> T1 (0.450)> T5 (0.435)> T3 (0.346)> 

T2 (0.263)> T4 (0.162), respectively. Also, 

CYP2C19 inh. and CYP2C19 subs. scores of the 

compounds changed in 0.064-0.361 and 0.632-
0.790, which could be interpreted to mean that the 
substrate potency of the compounds was higher 
than those of the inhibitor potency for CYP2C19. 
 

Similarly, the substrate potencies of the compounds 
for CYP2C9, CYP2D6, and CYP3A4 were also greater 
than those of the inhibition potencies. Namely, the 
scores of inhibitor and substrate potency for CYP2C9 
were predicted at 0.468-0.867 and 0.036-0.345, 
respectively. These results are significant as they 

provide a nuanced understanding of the interaction 
of these compounds with various cytochrome P450 
enzymes. Understanding these interactions can help 
predict drug metabolism and potential drug-drug 
interactions and inform drug design and dosage 
recommendations. 

 

 
Table 3: Absorption, Distribution, and Metabolism indices. 

 

 T1 T2 T3 T4 T5 T6 
Absorption       

Caco-2 Pe. -4.264 -4.428 -4.191 -4.245 -4.532 -4.369 

MDCK Pe. (x10-5) cm/s 2 1.7 2 1.9 2.8 2.1 
Pgp-inh. 0.001 0.159 0.0 0.001 0.067 0.001 
Pgp-subs. 0.009 0.002 0.006 0.002 0.001 0.015 
HIA 0.003 0.003 0.004 0.004 0.006 0.004 
F20% 0.966 0.960 0.681 0.897 0.029 0.959 
F30% 0.873 0.818 0.035 0.19 0.003 0.744 

       

Distribution       

PPB % 94.62 95.54 90.26 82.50 58.77 80.86 
VD (L/kg) 3.887 5.905 2.457 1.497 1.650 1.638 

BBB Pen. 0.561 0.314 0.576 0.727 0.968 0.971 
Fu % 4.737 4.586 9.940 20.43 50.58 19.13 
       

Metabolism       
CYP1A2 inh. 0.757 0.925 0.558 0.124 0.329 0.523 
CYP1A2 subs. 0.450 0.263 0.346 0.162 0.435 0.762 
CYP2C19 inh. 0.230 0.361 0.179 0.064 0.300 0.215 
CYP2C19 subs. 0.790 0.602 0.816 0.639 0.837 0.632 
CYP2C9 inh. 0.290 0.345 0.089 0.052 0.052 0.036 
CYP2C9 subs. 0.797 0.867 0.843 0.775 0.468 0.859 

CYP2D6 inh. 0.016 0.021 0.037 0.009 0.031 0.011 
CYP2D6 subs. 0.351 0.254 0.252 0.243 0.608 0.845 
CYP3A4 inh. 0.082 0.040 0.059 0.020 0.036 0.030 
CYP3A4 subs. 0.295 0.208 0.252 0.202 0.263 0.238 

“Permeability, Pe; Penetration, Pen, Inhibitor, Inh; Substrate, subs” 
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Figure 2: BOILED-Egg model and pharmacokinetic radar graphs. 
 

3.4. Toxicity Study 
A fundamental objective in the field of drug 
discovery and development is the identification of 
therapeutic agents that are not only effective but 

also safe to enhance patient outcomes. This process 
necessitates an exhaustive assessment of the 
toxicity of potential drug candidates, as well as an 
evaluation of their 'drug-likeness'. Computational 
tools come into play here, providing predictive 
measures of toxicity scores, which encompass both 

medicinal and environmental risk factors. These 
tools also assist in the identification of optimal 
pharmacokinetic and pharmacodynamic properties, 
which are key indicators of a drug's behavior within 
the body. In this context, we have provided the 
calculated toxicity results in Table 4. These results 

present a quantitative analysis of potential risk 

factors associated with each drug candidate, 
demonstrating their suitability or otherwise for 
further development. 
 
In considering the possible harmful effect of the 
compounds T1-T4 and T6 related to the hERG 
Blockers, H-HT, DILI, AMES, Rat Oral Acute, and 

FDAMDD (except for T4) the results implied that the 
compounds would not have a toxic effect on them, 
due to the calculated scores for all them were close 
to zero. Here, the FDAMDD indexes of the T4 and 
T6 were determined at 0.546 and 0.667, which 
indicated that it could cause a moderate-level toxic 

effect. Even though the T5 would have been harmful 

to FDAMDD (0.874) and H-HT (0.698) at a 
moderate level, it would not have also been a toxic 
effect related to the hERG Blockers (0.021), DILI 
(0.046), AMES (0.013), and Rat Oral Acute (0.027). 

Furthermore, T6 could cause an unwanted effect 
with a high possibility on skin (0.905), 
carcinogenicity (0.902), eye corrosion (0.984) and, 
irritation (0.988), and respiratory (0.884). Except 
for T2 (0.597) and T3 (0.698), which would have 
been an adverse effect at a medium level, the other 

compounds would also have been adversely in 
terms of skin sensitization. The carcinogenicity 
scores of the compıunds were estimated as T4=T6 
(0.902)> T2 (0.874)> T5 (0.837)> T1 (0.824)> T3 
(0.543); the T3 would have medium-level toxicity, 
but the others could have toxic potency at a high 

level. Furthermore, the compounds T1 (0.965), T5 

(0.951), and T6 (0.984) implied that they would 
have undesired effects in terms of eye corrosion, 
whereas the unwanted effect of the compounds T2 
(0.483), T3 (0.664), and T4 (0.696) would be a 
moderate size. All compounds could irritate the eye 
due to the high indexes predicted in the range of 
0.977-0.992.  

 
Furthermore, the BCF scores of all compounds were 
computed lower than that of threshold value log 
BCF< 3.3 (80,81), which meant that they would 
have no risk in terms of secondary poisoning 
potential on the environment. From Table 4, the 

IGC50, LC50FM, and LC50DM values of the compounds 
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varied in the following orders of T5 (2.899)> T1 

(2.808)> T3 (2.565)> T2 (2.521)> T6 (2.418)> T4 
(2.294), T5 (4.263)> T2 (3.501)> T1(3.170)> T6 
(2.984)> T3 (2.970)> T4 (2.854), and T2 (4.798)> 
T1 (4.746)> T3 (4.423)> T5 (4.365)> T6 
(4.239)>T4 (3.836), respectively. In recent work, 

the in-silico toxicity analyses of volatile compounds 
that are among the components of Piper acutifolium 
have been reported (82); the IGC50, LC50FM, and 
LC50DM scores of the terpenes in the investigated 
essential oil have been predicted in the ranges of 
3.080-4.471, 3.674-5.331, and 4.107-5.948, 

respectively. Although there are some reports that 
the excessive use of glyphosate caused adverse 
effects on soils and water (83-85), glyphosate can 
still be used for comparison purposes due to being 
considered non-toxic. In this regard, the IGC50, 
LC50FM, and LC50DM values of glyphosate have been 

determined as 2.351, 3.794, and 3.503, 

respectively (82). Regarding IGC50, the studied 
terpenes, except for T4, could be less toxic than the 
glyphosate (IGC50>2.351). Moreover, the T5 and T6 
could be less toxic than glyphosate 
(LC50FM>3.794), while the other terpenes, T1-T4 

could be more toxic than glyphosate. Fortunately, 

all terpenes would be less toxic (LC50FM>3.503) 
than glyphosate.  
 
In view of the Tox21 pathway scores, the T1, T3, 
T4, and T6 would have no risk in terms of all 

parameters given in Table 4. Namely, the NR-AR, 
NR-AR-LBD, and NR-AhR scores of compounds T1-
T6 were calculated in the ranges of 0.005-0.096, 
0.003-0.008, and 0.011-0.071, respectively, which 
meant that there would have no any risk potency. 
The compound T5 could present a moderate-level 

risk on NR-Aromatase (0.394) and SR-ARE (0.483), 
whereas the T2 could cause a toxic effect only for 
NR-ER (0.606). Accordingly, compounds T1, T3, T4, 
and T6 demonstrated negligible risk based on 
various parameters, including low NR-AR, NR-AR-
LBD, and NR-AhR scores. However, compound T5 

indicated a moderate risk level for NR-Aromatase 

and SR-ARE, and T2 posed a potential toxicity risk 
for NR-ER. Despite the majority of compounds 
showing minimal risk, T5 and T2 should have 
needed further examination due to their potential 
risk factors. 

  
Table 4: Toxicity scores. 

 

 T1 T2 T3 T4 T5 T6 

Medicinal       

hERG Blockers 0.022 0.020 0.015 0.010 0.021 0.017 
H-HT 0.185 0.213 0.075 0.138 0.698 0.362 
DILI 0.241 0.185 0.054 0.039 0.046 0.219 
AMES Tox. 0.013 0.004 0.006 0.005 0.013 0.053 
Rat Oral Acute Tox. 0.018 0.009 0.017 0.020 0.027 0.082 

FDAMDD 0.067 0.032 0.020 0.546 0.874 0.667 
Skin Sens. 0.889 0.597 0.698 0.726 0.940 0.905 

Carcinogencity 0.824 0.874 0.543 0.902 0.837 0.902 
Eye Corrosion 0.965 0.483 0.664 0.696 0.951 0.984 
Eye Irritation 0.982 0.977 0.985 0.984 0.992 0.988 
Respiratory Tox. 0.053 0.020 0.026 0.083 0.889 0.884 

       
Environmental        

BCF  2.383 2.135 1.147 0.748 0.754 0.660 
IGC50 2.808 2.521 2.565 2.294 2.899 2.418 
LC50FM 3.170 3.501 2.970 2.854 4.263 2.984 
LC50DM 4.746 4.798 4.423 3.836 4.365 4.239 

       
Tox21 Pathway       

NR-AR 0.009 0.013 0.034 0.005 0.014 0.096 

NR-AR-LBD 0.003 0.003 0.003 0.004 0.004 0.008 
NR-AhR 0.012 0.026 0.011 0.018 0.071 0.015 
NR-Aromatase 0.004 0.006 0.009 0.005 0.394 0.007 
NR-ER 0.124 0.606 0.064 0.119 0.079 0.176 
NR-ER-LBD 0.201 0.232 0.005 0.007 0.013 0.038 
NR-PPAR-gamma 0.003 0.005 0.004 0.003 0.004 0.005 
SR-ARE 0.016 0.021 0.024 0.021 0.483 0.025 

SR-ATAD5 0.003 0.004 0.003 0.004 0.011 0.009 
SR-HSE 0.075 0.274 0.028 0.022 0.222 0.028 
SR-MMP 0.016 0.013 0.032 0.021 0.038 0.015 
SR-p53 0.003 0.007 0.008 0.003 0.063 0.006 

“The abbreviations are defined as: Tox, Toxicity; sens, Sensitization; BCF, the unit of bioconcentration 
factors, IGC50, LC50FM, and LC50DM is given in -Log10[(mg/L)/(1000xMW)].” 
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3.5. NBO study 

The NBO method is also fairly used to estimate the 
key intramolecular interactions that have a critical 
role in lowering the stabilization energy and thus 
evaluating the chemical behavior of the molecular 
systems (86-88). Here, the selected interactions of 

terpenes were given in Table 5; full data of 
interactions was given in Table S1 (suppl. data). 
Here, it should be noted that the studied systems 
are not aromatic, and mainly, the possible 
interactions would have related to the less familiar 
interactions such as anomeric, cieplak, negative 

hyperconjugation, etc. Among the terpenes, the 
resonance interaction was only determined for the 
T5 structure. Namely, the resonances of π O7-C8 
(EDi=1.86177e)→ π* C1-C6 (EDj=0.13989e) and π 
O1-C6 (EDi=1.97064e)→ π* C7-C8 (EDj=0.08951e) 

for T5 was predicted with the energies of 20.26 and 

5.96 kcal/mol, respectively. Furthermore, the 
anomeric interactions would play a remarkable role 
in stabilizing the T5 molecule: the charge transfers 
from LP (2) O1 (EDi=1.89090e) to unfilled orbitals 
σ* C3-C6 (EDj=0.05893e) and σ* C6-C8 
(EDj=0.07124e) was calculated with the energies of 

19.67 and 18.66 kcal/mol, respectively. In addition, 
the energy of the hyperconjugation σ C3-H13 
(EDi=1.95935e)→ π* O1-C6 (EDj=0.13989e) was 
calculated as 6.90 kcal/mol. From Table S1 (see 
suppl. data), the other hyperconjugation energies 

for the T5 compound were calculated in the range 
of 2.01-5.29 kcal/mol. Also, the negative 
hyperconjugations (π→ σ*) for T5 could be 
remarkable in lowering the stabilization energy 
predicted in the range of 2.07-3.51 kcal/mol (Table 

S1). Moreover, the cieplak interactions occurred in 

the T5 molecule σ C7-H17→ σ* C6-C8 (E(2)= 6.31 
kcal/mol), σ C11-H24→ σ* C2-C5 (E(2)= 7.82 
kcal/mol), and σ C11-H25→ σ* C5-C9 (E(2)= 6.96 
kcal/mol) would have responsibility on the 

stabilization of the molecule. For the molecule T5, 
the energies of the other cieplak interactions would 
be in the range of 2.84-4.56 kcal/mol. From Table 
5, the highest portion of the lowering the 
stabilization for T6 would source from the anomeric 
interactions LP (2) O1→ σ* C2-C8 (EDj=0.07531e) 

and LP (2) O1→ σ* C8-C10 (EDj=0.05710e) with 
the E(2) of 20.63 and 20.51 kcal/mol, respectively. 
Furthermore, the highest energy hyperconjugation 
for T6 was found to be σ C2-H11→ π* O1-C8 (E(2)= 

6.41 kcal/mol) and C10-H22 → π* O1-C8 (E(2)= 

6.27 kcal/mol), and the orbital occupancies of them 
were with the remarkable. Energies of the other 
hyperconjugative interactions were calculated in the 
range of 2.70-4.71 kcal/mol (Table S1). Moreover, 
the negative σ-conjugations would have an 

important role in lowering the energy; the energies 
of the interactions π C6-C7 (EDi=1.93464e)→ σ* 
C5-H16 (EDj=0.02157e) and π C6-C7→ σ* C4-H15 
(EDj=0.01707e) for T6 were estimated in 3.75 and 
2.05 kcal/mol, respectively. The calculated energies 

for the cieplak interactions were changed in the 
range of 2.55-7.25 kcal/mol; the highest energy 
interaction was σ C7-H18→ σ* C5-C6, and the 
lowest energy one would be σ C2-C4→ σ* C8-C10.  

 

Moreover, the T3 and T4 molecules functionalized 

with the -OH group on the ring exhibited that the 
conjugative interactions could have a critical role in 
terms of stability. For T3, the hyperconjugations σ 
C5-H16 (EDi=1.96644e)→ π* C6-C7 

(EDj=0.09324e) and σ C4-H14 (EDi=1.96389e)→ 
π* C6-C7 (EDi=1.96389e) were predicted with the 
energies of 5.10 and 4.46 kcal/mol, respectively. On 
the other hand, the energies of the negative σ-
conjugations for the compounds T3 and T4 were 

determined in the ranges of 2.22-3.97 kcal/mol and 
2.12-3.75 kcal/mol, respectively. The interaction σ 
C7-H17→ σ* C5-C6 for T3 was estimated with the 
energy of 7.04 kcal/mol, whereas the corresponding 
interaction for T4 was predicted as σ C8-H19→ σ* 

C6-C7 with the same energy. Similarly, the same 
cieplak interaction for T1 and T2 molecules would 
be responsible for the stabilization of the system 

with the same energy (7.04 kcal/mol). 
 
3.6. Atomic Charges 
The prediction of the atomic charges (74,75,89) 

also provides a useful viewpoint in the evaluation of 
the local reactivity site (s) of the molecular systems. 
Herein, the calculated atomic charges of the 
compounds obtained from MPA and NPA approaches 
were summarized in Table 6; the whole data was 
given in Tables S2 and S3, respectively.  

 
For the T1 and T2 without heteroatom, the lowest 
charges were determined for the Cs of the methyl 
groups due to the existence of the electron-donating 
Hs. Namely, the charges of the C8, C9, and C10 
atoms of T1 were predicted as -0.270782, -

0.264074, and -0.252332 by MPA and -0.57090, -

0.56977, and -0.58350 by NPA methods. 
Furthermore, the charges of the atoms C8, C9, and 
C10 for T2 by MPA and NPA methods were found to 
be -0.251532, -0.256386, -0.255652, and -
0.58311, -0.58721, -0.58941, respectively. 
According to the results of the MPA approach, the 
charges of all C atoms for T1 and T2 were found to 

be negative values, while the C atoms' charges for 
T3 were calculated in positive value except for C7 (-
0.051884). On the other hand, the NPA method 
depends on the NBO method, which considers the 
non-covalent interactions in the relevant molecular 
system and thus reveals a different charge 

distribution. Especially, the presence of the 
electronegative oxygen atom makes the charge 

distribution on the surface different from MPA. 
Namely, the C1 charge for T3 by MPA and NPA was 
determined as 0.401289 and 0.33652, respectively; 
the non-covalent interactions aforementioned in the 
NBO section would be responsible for the decrease 

of the charge density on the C1 atom. MPA 
calculated the partial charge of the O28 atom of T3 
at -0.593646, which was bigger than that of -
0.77131 predicted by NPA, as expected from the 
basics of this approach that care of the non-covalent 
interactions. 
 

Furthermore, O1 charge for T4-T6 molecules was 
estimated by the MPA at -0.401483, -0.302913, and 
-0.293275, respectively, while it was determined by 
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the NPA method as -0.76279, -0.55670, and -

0.55395. For all terpenes, the O atom that was a 
part of the alcohol or ketone group exhibited more 
negative charge distribution as an indicator of the 
electron abundance region, as expected. Also, the 
H’ charge of the –OH group for T3 and T4 were 

determined by MPA as 0.234756 (H29) and 
0.233889 (H26), respectively, while NPA estimated 
them as 0.45585 and 0.44580. On the other hand, 

the C6 (T5) and C8 (T6) charges were estimated by 

the MPA method at 0.201871 and 0.221130, 
respectively, whereas the NPA method revealed 
these charges at 0.56430 and 0.60869, 
respectively. For both methods, the Hs' charges for 
all terpenes were determined to be higher than 

zero, as expected from the electropositive nature of 
the atom (Tables S2 and S3).  
  

 
Table 5. The second-order perturbative energy analyze, at B3LYP/6-311G(d,p) in gas phase. 
 
Donor(i) EDi/e Acceptor (j) EDj/e E(2)/ kcalmol-1 E(j)-E(i)/ a.u F(i.j)/ a.u 

T1       

σ C1-C3 1.97439 σ* C2-C8 0.01470 2.29 0.97 0.042 
σ C4-H14 1.97091 π* C6-C7 0.09146 2.71 0.55 0.035 
σ C5-H17 1.96779 π* C6-C7 0.09146 4.84 0.55 0.047 
π C6-C7 1.93549 σ* C4-H14 

σ* C4-H15 
0.01578 
0.02255 

2.00 
3.84 

0.68 
0.66 

0.033 
0.045 

σ C7-H18 1.97579 σ* C5-C6 0.02967 7.04 0.93 0.072 
       
T2       

σ C1-C3 1.97198 π* C2-C7 0.10885 2.17 0.67 0.035 
π C2-C7 1.91864 σ* C4-H16 0.02484 3.84 0.65 0.045 
σ C4-H16 1.95867 π* C2-C7 0.10885 4.89 0.56 0.048 
π C5-C6 1.93711 σ* C4-H15 0.01574 2.11 0.68 0.034 

σ C6-H17 1.97582 σ* C3-C5 0.02910 7.04 0.93 0.072 
       
T3       

σ C1-C3 1.97260 σ* C2-C8 0.01502 2.28 0.98 0.042 
σ C4-H13 1.97025 π* C6-C7 0.09324 2.45 0.55 0.033 
σ C5-H16 1.96644 π* C6-C7 0.09324 5.10 0.55 0.048 
π C6-C7 1.93482 σ* C4-H14 

σ* C5-H15 
0.02093 
0.01658 

3.97 
2.22 

0.67 
0.68 

0.047 
0.035 

σ C7-H17 1.97622 σ* C5-C6 0.02971 7.04 0.93 0.072 
LP (2) O28 1.95436 σ* C1-C3 0.04278 7.80 0.67 0.065 
       
T4       

σ C5-C8 1.97669 σ* C2-C3 0.04022 2.22 0.98 0.042 
σ C5-H15 1.97058 π* C7-C8 0.09223 2.77 0.55 0.036 
σ C6-H18 1.96830 π* C7-C8 0.09223 4.84 0.56 0.047 
π C7-C8 1.93603 σ* C5-H15 

σ* C6-H18 
0.01567 
0.02139 

2.03 
3.75 

0.67 
0.66 

0.033 
0.045 

σ C8-H19 1.97564 σ* C6-C7 0.02968 7.04 0.93 0.072 
LP (2) O1 1.95531 σ* C3-C9 

σ* C3-C10 
0.03255 
0.03294 

5.37 
5.98 

0.66 
0.67 

0.053 
0.056 

       
T5       

π O1-C6 1.97064 σ* C3-H13 0.01579 2.07 0.76 0.036 
σ C3-H13 1.95935 π* O1-C6 0.13989 6.90 0.52 0.055 
σ C4-H15 1.97289 π* C7-C8 0.08951 2.01 0.86 0.047 
π C7-C8 1.86177 π* O1-C6 0.13989 20.26 0.30 0.070 
σ C11-H24 1.98240 σ* C2-C5 0.03618 7.82 0.94 0.077 
LP (2) O1 1.89090 σ* C3-C6 

σ* C6-C8 
0.05893 
0.07124 

19.67 
18.66 

0.65 
0.71 

0.102 
0.104 

       
T6       

σ C2-C4 1.97443 σ* C8-C10 0.05710 2.55 0.98 0.045 
σ C2-H11 1.95033 π* O1-C8 0.08421 6.41 0.51 0.052 
σ C5-H17 1.97195 π* C6-C7 0.09008 2.70 0.56 0.035 
π C6-C7 1.93464 σ* C4-H15 

σ* C5-H16 
0.01707 
0.02157 

2.05 
3.75 

0.69 
0.66 

0.034 
0.045 

σ C7-H18 1.97498 σ* C5-C6 0.02978 7.25 0.92 0.073 
LP (2) O1 1.88596 σ* C2-C8 

σ* C8-C10 
0.07531 
0.05710 

20.63 
20.51 

0.65 
0.64 

0.104 
0.104 
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Table 6: The selected atomic charges of terpenes in gas phase. 

 

 T1 T2 T3   T4 T5 T6 

MPA 

C1 -0.189984 -0.200904 0.401289  O1 -0.401483 -0.302913 -0.293275 

C2 -0.185028 -0.102881 0.118172  C2 -0.184721 -0.222480 -0.265890 

C3 -0.190141 -0.166907 0.018783  C3 -0.014241 -0.187501 -0.220248 

C4 -0.150511 -0.118736 0.024100  C4 -0.182113 -0.159843 -0.145180 

C5 -0.170717 -0.115804 0.077870  C5 -0.147422 -0.101527 -0.189606 

C6 -0.124793 -0.111715 0.054923  C6 -0.173012 0.201871 -0.107730 

C7 -0.094971 -0.141937 -0.051884  C7 -0.125081 -0.080330 -0.084984 

C8 -0.270782 -0.251532 0.025376  C8 -0.094835 -0.130282 0.221130 

C9 -0.264074 -0.256386 0.024556  C9 -0.240234 -0.239866 -0.252887 

C1
0 

-0.252332 -0.255652 0.074607  C10 -0.225768 -0.229155 -0.301834 

O2
8 

  -0.593646  C11 -0.252679 -0.173070 0.136967 

H2
9 

  0.234756  H26 0.233889   

         

NPA 

C1 -0.20078 -0.39032 0.33652  O1 -0.76279 -0.55670 -0.55395 

C2 -0.18840 -0.01097 -0.21065  C2 -0.22279 -0.22540 -0.29387 

C3 -0.37225 -0.39335 -0.40359  C3 0.33880 -0.46133 -0.36614 

C4 -0.40755 -0.42643 -0.44550  C4 -0.37461 -0.41905 -0.40852 

C5 -0.39956 -0.00110 -0.41055  C5 -0.41211 0.01828 -0.41049 

C6 0.00179 -0.19087 -0.00048  C6 -0.39879 0.56430 -0.00448 

C7 -0.19484 -0.00311 -0.20882  C7 -0.00080 -0.10130 -0.18752 

C8 -0.57090 -0.58311 -0.57416  C8 -0.19188 -0.11580 0.60869 

C9 -0.56977 -0.58721 -0.57217  C9 -0.60281 -0.59115 -0.58307 

C1
0 

-0.58350 -0.58941 -0.58492  C10 -0.60096 -0.58472 -0.67271 

O2

8 

  -0.77131  C11 -0.58303 -0.39175 0.21764 

H2
9 

  0.45585  H26 0.44580   

 
3.7. FMO (Frontier Molecular Orbital) Analysis 
and MEP (Molecular Electrostatic Potential)  

Nowadays, global reactivity descriptors play an 
inevitable role in computational chemistry and 
molecular physics. They provide a quantitative 
means to evaluate the overall reactivity of a 
molecular system, giving invaluable insights into its 
behavior and interactions with other molecules (86-
88, 90,91). Thus, they help to design new chemical 

compounds and predict potential outcomes in drug 
design and other chemical synthesis processes.  

 
By using the I and A values given in Table 7, the 
calculated reactivity indices of T1-T6 changed in the 
gas phase in the following orders. According to ΔE 

order, T1 would tend to interact with the external 
system rather than intramolecular actions, whereas 

T5 could prefer intramolecular interactions more 
than acting with the outer system. On the other 
hand, the T5 would be more stable electronically 

than the others, and vice versa for T4, depending 
on the µ. T1 was predicted to be the hardest 
molecule, while the soft compound would be T5. ω 
scores denoted that T5 could have bigger 
electrophilicity than the others and vice versa for T1 
and T4. In addition, T5 would present more 
electron-donating or electron-accepting potency 

than the other compounds, and vice versa for T4. 
Supportingly, the charge transfer potency of T5 

could be bigger than the others, and vice versa for 
T4. Moreover, the T1 would have gained more 
stability by the back donation than the others, and 
T5 was determined to have gained less stability 

relatively. 

 
H (-I) (eV): T2 (-6.091)> T4 (-6.209)> T1 (-6.324)> T6 (-6.385)> T3 (-6.619)> T5 (-6.667)  
L (-A) (eV): T1 (0.652)> T4 (0.643)> T2 (0.514)> T3 (0.344)> T5 (-1.478)> T6 (-0.516)  
ΔE (L-H) (eV): T1 (6.976)> T3 (6.963)> T4 (6.852)> T2 (6.605)> T6 (5.869)> T5 (5.189) 
µ (eV): T5 (-4.073)< T6 (-3.451)< T3 (-3.138)< T1 (-2.836)< T2 (-2.788)< T4 (-2.783)  

η (eV): T1 (3.488)> T3 (3.482)> T4(3.426)> T2 (3.303)> T6 (2.934)> T5 (2.594)  
ω (eV): T5 (0.117)> T6 (0.075)> T3 (0.052)> T2 (0.043)> T1=T4 (0.042) 
ω+ (au): T5 (0.055)> T6 (0.025)> T3 (0.010)>T2 (0.007)> T1= T4 (0.006)  
ω- (au): T5 (0.204)> T6 (0.151)> T3 (0.126)> T1 (0.111)> T2 (0.110)> T4 (0.108)  
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ΔNmax. (eV): T5 (1.570)> T6 (1.176)> T3 (0.901)> T2 (0.844)> T1 (0.813)> T4 (0.812) 

ΔEback. (eV): T1 (-0.872)< T3 (-0.870)< T4 (-0.856)< T2(-0.826)< T6 (-0.734)< T5 (-0.649) 
 
In the water phase, the ΔE, µ, η, ω, ω+, and 
ΔEback. Indexes gave the same order as those in 
the gas phase. On the other hand, ω- (au) values 

changed as T5 (0.212)> T6 (0.157)> T3 (0.122)> 
T1=T2=T4 (0.113); here, the electron donating 
potencies of T1, T2, and T4 approximately were 
calculated close to each other. Moreover, ΔNmax. 
(eV) values varied in the order of T5 (1.601)> T6 
(1.216)> T3 (0.877)> T2 (0.858)> T4 (0.827)> T1 

(0.826); the T1 would gain the less stability via back 
donation comparison to other compounds. 
  
Over the years, FMO and MEP graphs have 
established themselves as indispensable theoretical 
tools in the realm of computational chemistry. 

These plots enable a visual examination of the 

electronic structure and reactivity of molecules, 

thereby trying to light on their complex behavior 
and characteristics. From Figure 3, the HOMO 
density for all molecules was concentrated around 

the double bonds, whereas it for T3-T6 was 
distributed on neighboring bonds around the oxygen 
atom. Moreover, the LUMO for T1 and T3-T5 
expanded on the hexene ring mainly, while it for T6 
expanded over the aliphatic part mainly and on the 
ring slightly and, the LUMO for T2 covered all 

molecular surfaces. For T4, the red color as a 
function of the negative electrostatic potential 
(V<0) appeared on the oxygen atom and double 
bonds for the electrophiles, whereas the blue color 
(V>0) was seen on the H atom for the nucleophiles. 
For T1 and T2, the area around the double bond was 

covered in red.  

  
 

Table 7: The chemical reactivity indices 

   T1 T2 T3 T4 T5 T6 

G
a
s
 

H (-I) (eV) -6.324 -6.091 -6.619 -6.209 -6.667 -6.385 
L (-A) (eV) 0.652 0.514 0.344 0.643 -1.478 -0.516 
ΔE (L-H) (eV) 6.976 6.605 6.963 6.852 5.189 5.869 
µ (eV) -2.836 -2.788 -3.138 -2.783 -4.073 -3.451 
η (eV) 3.488 3.303 3.482 3.426 2.594 2.934 
ω (eV) 0.042 0.043 0.052 0.042 0.117 0.075 

ω+ (au) 0.006 0.007 0.010 0.006 0.055 0.025 
ω- (au) 0.111 0.110 0.126 0.108 0.204 0.151 
ΔNmax. (eV) 0.813 0.844 0.901 0.812 1.570 1.176 
ΔEback. (eV) -0.872 -0.826 -0.870 -0.856 -0.649 -0.734 

        

W
a
te

r
 

H (-I) (eV) -6.385 -6.170 -6.551 -6.361 -6.805 -6.442 
L (-A) (eV) 0.608 0.471 0.430 0.602 -1.571 -0.629 
ΔE (L-H) (eV) 6.993 6.641 6.982 6.963 5.234 5.813 
µ (eV) -2.888 -2.850 -3.061 -2.879 -4.188 -3.535 
η (eV) 3.497 3.320 3.491 3.481 2.617 2.906 
ω (eV) 0.044 0.045 0.049 0.044 0.123 0.079 

ω+ (au) 0.007 0.008 0.009 0.007 0.058 0.027 
ω- (au) 0.113 0.113 0.122 0.113 0.212 0.157 
ΔNmax. (eV) 0.826 0.858 0.877 0.827 1.601 1.216 
ΔEback. (eV) -0.874 -0.830 -0.873 -0.870 -0.654 -0.727 
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Figure 3: HOMO& LUMO, and MEP visualizations of T1-T6. 
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4. CONCLUSION 
 
In this work, the DFT/DFT/B3LYP/6-311G** level 
computations were performed to predict the 
physicochemical and electronic characteristics of 

the terpenes T1-T6. In this regard, the FMO and 
MEP analyses were used to predict the possible 
reactivity direction and site(s). Moreover, the NBO 
analyses and atomic charges of the compounds 
were determined to evaluate the intramolecular 
interactions and charge distribution on the whole 

surface, which would be important to provide insight 
into the possible bioactivity, drug-likeness, toxicity, 
etc. In conclusion, the key points obtained from the 
computational tools of this work can be summarized 
as follows: 
 

# The T1 and T2 molecules were more lipophilic 

than the other molecules, whereas T5 and T6 
molecules were found to be less lipophilic. 
# T5 and T6 functionalized with the -C=O group's 
most soluble compounds, while T2 was the less 
soluble one among the compounds, depending on 
results obtained from ALI and ESOL approaches. 
# VD (L/kg) values of all compounds were 

estimated in the optimal range of 0.04-20 L/kg, 
which would be very important in terms of the 
distribution of each of them.  
# NBO analyses revealed that cieplak (σ→ σ*) 
interactions for T1-T4 would be important to 

lowering the stabilization energy, predicted at 7.04 
kcal/mol. In contrast, the resonance (π→ π*) 
interaction for T5 was predicted with the energy of 

20.26 kcal/mol which was the highest contributed 
interaction to E(2).  
# FMO analyses indicated that T5 (0.204 au) could 

prefer electron donation more than the other 
terpenes, while T4 (0.108 au) would prefer electron 
donation less than the others.  
# MEP plots implied that the surround of the oxygen 
atom for T3-T6 molecules would be the electron-rich 
region for the electrophiles, whereas the around of 
the double bonds of T1 and T2 would be possible 

sites for the electrophiles. 
# The NPA approach revealed that the atomic 
charge of the O1 atom of terpenes T4-T6 was 
predicted at -0.76279, -0.55670, and -0.55395, 
whereas the O28 atom' charge was found to be at -
0.77131, remarkable.  

It is hoped that the findings derived from this study 
will shed light on the interplay between ADM 
attributes, toxicity, and electronic structure, 
thereby contributing to the discovery, development, 
and refinement of prospective pharmaceutical 
agents. 
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M. Fatih Ergin* 

Department of Chemical Engineering, Engineering Faculty, Istanbul University- Cerrahpasa, Istanbul / Turkey

Abstract: This study focuses on the detailed physical characterization of 4-HPG, a significant impurity found in some
of the most commonly prescribed β-lactam antibiotics worldwide.  Various analytical  techniques, including X-ray
powder  diffractometry,  dynamic  light  scattering,  scanning electron microscopy,  Fourier-transform infrared,  and
Raman spectroscopy, were employed to characterize the properties of 4-HPG crystals. XRD analysis revealed the
crystallinity and small crystallite sizes of 4-HPG particles, supported by DLS and SEM analyses. FT-IR and Raman
spectroscopy results exhibited excellent agreement, providing insight into the structural characterization of 4-HPG.
Thermal analysis revealed a two-stage degradation feature of 4-HPG. Overall,  this study contributes to a better
understanding of 4-HPG's structure and its impact on antibiotic stability.
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1. INTRODUCTION

Today, studies on the physical characterization of active
pharmaceutical ingredients (APIs) examine drug stability
(1) in  detail  within  formulation  programs  that
encompass  analytical  tests  (2) and  the  physical
properties  of the drug substance  (3-7).  Understanding
the  properties  of  APIs,  as  well  as  their  impurities,  is
equally  crucial  for  comprehending  their  effects  on
pharmaceutical structure. A sufficiently detailed physical
framework of both the API and its impurities serves as a
vital  starting  point  in  addressing  undesirable  crisis
situations  stemming  from  raw  materials.  Thermal
analysis methods provide information on the material's
physical  characteristics  depending on its  temperature.

Combining thermal analysis (TG, DTA)  (8) with electron
microscopy (SEM), Raman and FT-IR spectroscopy, and
X-ray  powder  diffractometry  (XRD)  offers  a
comprehensive  view  of  the  chemical  and  physical
changes occurring in pharmaceuticals (9, 10).

An  analog  of  tyrosine,  an  amino  acid  with  intriguing
photophysical  activity  in  a  peptide  chain,  is  4-
hydroxyphenylglycine  (4-HPG)  (Figure  1)  (11).
Additionally, 4-hydroxyphenylglycine is one of the main
components of  Complestatin,  a  neuroprotective agent
(12).  Furthermore,  surface-functionalized  single-walled
carbon  nanotubes  with  azomethine  ylide  groups  and
fixed phenol structures are created using 4-HPG (13).

Figure 1: Molecular structure of 4-hydroxyphenylglycine.
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Chiral  amino  acid  derivatives,  such  as  D(-)/L(+)  -  4-
Hydroxyphenylglycine,  exhibit  easy  accessibility,
multiple  metal  binding  sites,  and  versatile  binding
modes,  making  them  ideal  candidates  for  forming
compounds. Li et al. formed complexes with D/L -4-HPG,
Pb(II),  Cu(II),  and  Cd(II)  metals,  showcasing  the
structural  diversity  and  potential  of  D/L-4-HPG  in
synthesizing  coordination  compounds  with  intriguing
structures (14). HPG, known for its large specific surface
area  and  strong  cohesion  strength  with  catalyst
nanoparticles,  was  utilized  alongside  Co0.85Se  in  the
electrochemical  water  cracking  process  in  alkaline
solution by Zhong et al (15). Mostaghasi et al. prepared
Fe3O4-HPG-FA  nanoparticles,  demonstrating  their

potential  as  efficient  nanotheranostic  devices  for
eliminating  cancer  cells  (16).  Liu  et  al.  developed  3D
HPG-supported  high-performance  Pt/NiCo2O4 for
glycerol  electrooxidation  (17).  He  et  al.  synthesized
Fe3O4/HPG-COOH  nanoparticles  and  highlighted  their
effectiveness as an adsorbent to remove cationic dyes
from water (18).

Moreover, 4-HPG is widely used as an acyl donor in the
enzymatic synthesis of Amoxicillin trihydrate (AMCT), a
cephalosporin-type  β-lactam  antibiotic  (19,  20).
However,  regardless  of  the  production  method  used
(Figure 2), it is inevitable that 4-HPG will appear as an
impurity along with the desired AMCT (21, 22).

Figure 2: Enzymatic synthesis for the production of AMCT.

Impurities  in  β-lactam  crystallization  adversely  affect
nucleation  and  growth  rate.  Hence,  considerable
attention has been given in the literature to identifying
and purifying impurity products of AMCT, especially 4-
HPG  (23-26). The quantitative measurement of organic
and medicinal components, as well as completed goods
and  contaminants,  is  carried  out  using  various
methodologies  (27-29).  The  presence  of  degradation
products of AMCT, especially 4-HPG, reduces synthesis
efficiency  and  affects  downstream  purification  and
separation  processes.  Therefore,  detailed  physical
characterization of 4-HPG is essential to avoid adverse
effects on the AMCT process. Ergin and Yasa developed
a  fast,  simple,  and  specific  UV-spectrophotometric
method  for  determining  4-HPG  and  6-APA  (30).  This
study takes a step towards understanding the effects of
4-hydroxyphenylglycine (4-HPG), a significant impurity in
some of  the world's  most  commonly prescribed beta-
lactam  antibiotics  such  as  amoxicillin  trihydrate,  by
providing a comprehensive physical characterization. By
shedding light on the role of 4-HPG in pharmaceutical
products,  enhancing  quality  control,  and  optimizing
production  efficiency,  this  research aims to  illuminate
the latest developments in the industry. It represents a
stride forward in the pharmaceutical  industry towards

producing  safer,  more  effective,  and  more  reliable
medications.

2. EXPERIMENTAL SECTION

4-HPG  purchased  from  Sigma  Aldrich  (USA)  was  of
analytical purity and used without additional purification
steps. The Milli-Q system (Millipore, USA) was employed
to  produce  distilled  water  throughout  the  study.
Hydrochloric  acid  and  sodium  hydroxide  from  Sigma-
Aldrich were used to prepare 1.0 M HCl and 5.0 M NaOH
solutions, respectively.

2.1. Crystallization
In this study, a pre-designed Büchner glass funnel was
used to easily obtain crystals without losing them and to
operate  at  the  desired  temperature  (24,  30,  31).  The
temperature  of  the  process  was  set  to  room
temperature with a circulating water bath (VWR Science
1150)  and  the  system  was  operated  at  the  same
temperature for 30 minutes.  All  solvents were kept at
the  specified  temperature  (room  temperature)  in  the
water bath during the process to stabilize the system.
5.0  g  of  4-HPG and  100  mL  of  deionized  water  were
added to the jacketed reactor and stirred at  300 rpm
with a mechanical stirrer (Ika RW 16) for 5 min. Then, 1
M  HCl  was  fed  into  a  jacketed  reactor  at  the  same
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temperature as the solution (pH: 1.9, about 45 mL HCl)
until  all  4-HPG  was  dissolved.  The  undissolved  solids
were  eliminated  using  0.45  m  Whatman  Nylon  filter
paper.  The  solution  was  then  fed  with  5  M  NaOH
solution  until  pH  reaches  5.0  and  then  allowed  to
crystallize  for  30  min.  A  pH  meter  was  used  to
continuously  monitor  the  pH  of  the  HCl  and  NaOH
stages  (Fischer  Scientific  AE  150,  USA).  The  crystals
obtained were filtered using Whatman Nylon filter paper
with a pore size of 0.2 m. The resulting crystal samples
were  gently  removed  and  dried  for  use  in  the
experiments (Figure 3).

Figure 3: Schematic presentation of the 4-HPG
crystallization process.

2.2. Thermogravimetric Analysis (TGA-DTG)
The thermal degradation behavior was analyzed using a
Shimadzu  DTG  60H  instrument  under  airflow,  with  a
heating rate of 10 °C min-1, from room temperature to
800 °C in platinum crucibles.

The heating rate of 10 °C min-1 signifies how rapidly the
temperature  of  the  sample  increases  during  the
analysis. This parameter influences the rate of thermal
degradation and provides insight into the stability of the
material under investigation. A higher heating rate may
accelerate  the  degradation  process,  whereas  a  lower
rate  allows  for  a  more  detailed  observation  of
degradation behavior.

The  analysis  conducted  under  airflow  indicates  that
continuous  air  circulation  around  the  sample  was
maintained during heating.  This  airflow helps remove
volatile degradation products and maintains consistent
temperature  conditions  throughout  the  analysis.
However, inert atmospheres such as nitrogen or argon
were not preferred due to their potential impact on the
degradation behavior of the sample.

Overall,  the  detailed  parameters  of  thermal  analysis,
including  heating  rate,  atmosphere  conditions,  and
sample preparation, play a significant role in accurately
characterizing the thermal degradation behavior of the
material under investigation.

2.3. X-ray Diffraction (XRD)
The crystallographic  structure  analysis  was  performed
using  a  Rigaku  D/max-2200  X-ray  diffractometer

equipped with CuKα radiation. The scan rate was set at
2θ = 0.01°/s over the angular range of 2° to 40°.
During XRD analysis,  the  sample preparation involved
finely grinding the crystalline material to a powder form
and uniformly spreading it  onto a sample holder.  The
sample holder was then positioned in the X-ray beam
path, and the diffraction pattern was recorded as the
sample was rotated.

The  obtained  diffraction  pattern  consists  of  peaks
corresponding  to  the  crystal  lattice  planes  of  the
material.  The  positions  and intensities  of  these peaks
provide information about the spacing between lattice
planes  and  the  arrangement  of  atoms  in  the  crystal
structure.

To analyze the data, the diffraction pattern is compared
to  standard  reference  patterns  available  in  powder
diffraction files (PDFs) from the International Centre of
Diffraction Data (ICDD). By matching the observed peaks
with those in the reference patterns, qualitative phase
analysis  can  be  performed  to  identify  the  crystalline
phases present in the sample. 

nλ=2d⋅ sin θ (Eq. 1)

d=(0.94λ)/(βcosθ) (Eq. 2)

Crystallite  sizes  were  estimated  using  the  Scherrer
equation  (Equation 2),  with  d   representing  crystallite
size,  λ  representing  X-ray  wavelength,  β  representing
full-width at half maximum (FWHM), and θ representing
the diffraction angle. The average d-spacing, d (Å), was
calculated  using  Bragg's  equation  (Equation  1)  (32).
Crystallite size was calculated based on the peak (100).

2.4. Raman Spectrometer
A  Raman  spectrometer  (Model  Thermo  DXR)  with  a
spectral  range  of  3200–400  cm-1 was  used  for  the
analysis  of  4-HPG.  Ideal  Raman  conditions  were
determined as 532 nm, 10.0 mW, 10, 4.0 s, 2 and 50 m
pinholes, respectively.

2.5. Fourier Transform Infrared Spectroscopy (FT-IR)
The  FT-IR  spectra  of  the  samples  synthesized  in  this
study  were  recorded in  the  Thermo Nicolet  380 FT-IR
brand spectrometer, in the range of 4000-400 cm-1.

2.6. Particle Size Analysis
Particle  sizes  were  determined  using  Dynamic  Light
Scattering (DLS) with a Brookhaven 90 Plus submicron
particle size analyzer.
In  DLS  analysis,  the  sample,  either  a  solution  or
dispersion,  is  illuminated  with  a  monochromatic  laser
beam.  This  light  is  scattered  by  the  particles  in  the
sample.  The DLS analyzer measures the properties  of
this  scattering  and  calculates  the  particle  size
distribution using these data.
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2.7. Scanning Electron Microscope (SEM)
Thermo Fisher Scientific's FEI FEG Quanta 250 scanning
electron microscope (SEM) with energy-dispersive X-ray
spectroscopy was used to analyze the microstructures of
4-HPG.

3. RESULTS AND DISCUSSION

3.1. Thermogravimetric Analysis
To date,  only  a  limited number  of  studies  have  been
conducted on the thermal behavior of amoxicillin in its
pure form and in combination with specific excipients
(31-33).  Additionally,  Bhattacharya  et  al.  (1994)
mentioned  the  determination  of  the  melting  point  of
HPG  in  their  study  on  the  synthesis  of  D-4-
Hydroxyphenylglycine, but they did not provide any data
or graphs regarding this  (34).  This study presents,  for
the first time, the Thermogravimetric Analysis (TGA) and
Differential  Thermal  Analysis  (DTA)  spectra
demonstrating  the  thermal  properties  of  4-
hydroxyphenylglycine  (4-HPG),  a  common  impurity
found in amoxicillin.

This study highlights the critical role of 4-HPG's thermal
behavior  as  a  prevalent  impurity  in  amoxicillin.

Understanding the impact of 4-HPG's presence on the
quality  and  stability  of  pharmaceutical  products  is
crucial. The TGA and DTA spectra reveal a distinct two-
step  decomposition  characteristic  of  4-HPG.  The
structure of 4-HPG remains stable at room temperature,
with no observed mass loss up to 210 °C, indicating its
thermal stability until this temperature threshold. Upon
reaching  210  °C,  drug  molecules  acquire  sufficient
energy for orderly crystallization, followed by immediate
melting and subsequent degradation of the molecules.
The abrupt decrease in weight loss (~40%) observed in
the temperature range of 210-255 °C is attributed to the
elimination of the -COOH group (Table 1). Furthermore,
a gradual reduction in mass is observed between 440
and 597 °C,  accounting for  approximately  54% of  the
mass,  due  to  the  decomposition  of  other  groups
remaining in the structure.

The  examination  of  TGA  and  DTA  spectra  provides
valuable  information  about  the  stability  and
decomposition  properties  of  4-HPG.  The  findings
indicate  that  4-HPG  exhibits  resistance  to  heat  and
possesses  a  stable  structure.  This  understanding  may
contribute to discerning the potential impact of 4-HPG
on the quality and stability of pharmaceutical products.

Table 1: Thermogravimetric data for compound 4-HPG.

Compound Step Temperature Range
(°C)

Weight 
loss (%)

Residue

4-HPG 1st 210-255 39.51 60.49
2nd 440-597 54.42 -

3.2. X-ray Diffraction (XRD) Analysis
Powder XRD (PXRD) was utilized to explore the crystal
structure properties  of  4-HPG. PXRD models  of  4-HPG
are depicted in Figure 5, presented for the first time in
the literature, providing detailed insight into the crystal
structures  of  4-HPG.  This  analysis  constitutes  a  novel
contribution  to  the  existing  literature.  Furthermore,
comparative analysis with previous studies underscores

the  significance  of  our  findings.  Additionally,  while
Bathori  et al.  (2009) utilized 4-hydroxyphenylglycine to
acquire  D(-)-amino-(4-hydroxyphenyl)  acetate  crystals,
subsequently  analyzed  through  X-ray  diffraction,  our
study  expands  upon  this  research  by  offering  a
comprehensive  examination  of  4-HPG's  crystal
structures (13).

892



Ergin MF. JOTCSA. 2024; 11(2): 889-898.  RESEARCH ARTICLE

Figure 4: TGA-DTA graphics of the 4-hydroxyphenylglycine.

The highest intensity peak value of the 4-HPG particles
was  observed  at  2θ:  20.51°,  corresponding  to  the
scattering  from  the  (100)  plane.  Other  peaks  in  the
structure delineate the crystal structure of 4-HPG, with
2θ values of 20.51°,  27.50°,  35.66°,  40.07°,  and 41.97°
corresponding to crystalline (h k l)  Miller indices (100),
(101),  (110), (111),  and (012),  respectively, indicative of
the  hexagonal  phase  4-HPG  crystals.  4-HPG  exhibits
relatively  intense  and  sharp  peaks  with  good
crystallinity.  The  d-spacing  values  of  4-HPG  were

calculated in accordance with Bragg's equation and are
detailed in Table 2, with a calculated value of 0.43 nm.
Additionally,  the intensity of XRD peaks of the sample
clearly  indicates  the  crystalline  nature  of  4-HPG
particles, with broad diffraction peaks suggesting small
crystallite sizes. The crystallite sizes of 4-HPG particles
were  determined  to  be  approximately  ~43  nm.
Furthermore, it is noteworthy to mention that the crystal
structure  properties  of  4-HPG  serve  as  a  significant
source of information for researchers in the field.

Figure 5: X-rays powder diffractograms of 4-HPG structure.

3.3.  Fourier Transform Infrared Spectroscopy  (FT-IR)
and Raman Analysis

Figure 6 shows the characteristic FT-IR spectrum of 4-
HPG crystals in detail. Between 3200 cm-1 and 2500 cm-1

and  between  1700  cm-1 and  400  cm-1 wavenumbers,
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variations  in  transmission  spectroscopy  data  were
noted.  These  results  are  in  accordance  with  the
amoxicillin literature  (33, 35). It is also compatible with
the  graph  given  by  Yokozeki  et  al.  (1987)  for  d-4-
hydroxyphenylglycine  (36).  Figure  7  shows  the
characteristic  Raman spectrum of  4-HPG crystals.  The
Raman spectrum of 4-HPG was shown for the first time
in the literature in  this  study and examined in  detail.
Thus, it will shed light on the work of many researchers.

O-H  stretching  of  COOH,  phenolic  OH,  and  NH
stretching vibrations cause an overlap of peaks in the
wide band envelope between 2000 and 3500 cm-1. Due
to their shared characteristics, the N-H and O-H groups
superimpose and were located at 3212 cm-1 in the FT-IR
and  3192  cm-1 in  the  Raman  spectrum.  Asymmetric
vibrations  of  C-H  at  2967  cm-1 and  C-H  bond  the  of
aromatic ring at 3061 cm-1 were also seen in FT-IR, and

at  3070  cm-1 and  2958  cm-1 in  the  Raman  spectrum,
respectively.  Since  amino  acids  exist  in  the  form  of
zwitter ions, they contain amine and carboxylate salts in
their  structure.  Ammonium  ion  was  detected  at  1605
cm-1 and 1523 cm-1 in FT-IR, and 1603 and 1523 cm-1 in
Raman, respectively. COO- stretching vibration is lower
than  the  free  acid  group.  It  gives  strong  asymmetric
peak at 1626 cm-1 and 1405 cm-1 in FT-IR, at 1626 cm-1

and 1405 cm-1 in Raman spectrum. The vibrations of the
para-substituted  benzoic  ring  produce  peaks  of  high
intensity  at  847  cm-1 in  FT-IR,  at  868  cm-1 in  Raman
spectrum.

It is seen in Figure 8 that the FT-IR and Raman spectrum
values  support  each  other  with  great  agreement.  In
addition, it is in harmony with the structure. Thus, they
will shed light on the work of many researchers and may
also be useful for the quantitative analysis of the phase
composition of the pharmaceutical material (37).
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Table 2: Peak search report of 4-HPG structure from X-rays powder pattern.

2-Theta d-spacing (nm Height I% Area Area% FWHM Crystallite Sizes (nm) Miller indices
(h k l)

10.13 0.87 880 28.7 13183 34.4 0.254 34
13.91 0.63 1410 46.0 24942 65.0 0.301 28
18.17 0.48 23 0.7 271 0.7 0.205 44
18.98 0.46 355 11.6 5263 13.7 0.252 34
19.78 0.44 2098 68.4 33995 88.6 0.275 31
20.51 0.43 3068 100.0 38358 100.0 0.213 43 (1 0 0)
21.56 0.41 397 12.9 5858 15.3 0.251 35
22.07 0.40 392 12.8 6262 16.3 0.271 32
22.66 0.39 1714 55.9 23906 62.3 0.237 37
25.84 0.34 331 10.8 4563 11.9 0.234 38
27.50 0.32 363 11.8 3923 10.2 0.184 53 (1 0 1)
28.20 0.31 1339 43.6 21732 56.7 0.276 31
29.14 0.30 41 1.3 435 1.1 0.178 55
31.05 0.28 274 8.9 4318 11.3 0.268 33
32.52 0.27 573 18.7 12762 33.3 0.378 22
33.62 0.26 95 3.1 1234 3.2 0.220 42
35.22 0.25 144 4.7 2945 7.7 0.347 25
35.66 0.25 54 1.8 1054 2.7 0.329 26 (1 1 0)
36.51 0.24 374 12.2 6197 16.2 0.281 31
37.63 0.23 33 1.1 271 0.7 0.141 84
38.52 0.23 43 1.4 494 1.3 0.193 50
39.38 0.22 36 1.2 265 0.7 0.125 >100
40.07 0.22 106 3.5 1824 4.8 0.292 30 (1 1 1)
41.37 0.21 43 1.4 363 0.9 0.142 84
41.97 0.21 64 2.1 934 2.4 0.248 37 (0 1 2)
42.88 0.21 566 18.4 9106 23.7 0.274 33
44.92 0.20 241 7.9 3648 9.5 0.257 36
46.22 0.19 279 9.1 4050 10.6 0.247 38
47.40 0.19 117 3.8 1990 5.2 0.291 31
49.18 0.18 41 1.3 417 1.1 0.171 63
50.18 0.18 31 1.0 629 1.6 0.342 26
53.99 0.17 73 2.4 1345 3.5 0.314 29
55.49 0.16 26 0.8 301 0.8 0.193 54
56.40 0.16 100 3.3 1286 3.4 0.219 46 (0 2 2)
56.88 0.16 129 4.2 2468 6.4 0.326 29
59.12 0.15 43 1.4 533 1.4 0.212 49 (2 1 1)
67.51 0.13 41 1.3 907 2.4 0.372 26 (1 1 3)
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3.4. Morphology and The Particular Size of 4-HPG
Many  studies  in  the  literature  have  focused  on
examining the SEM image of pure AMCT or its mixtures.
The  SEM  results  obtained  revealed  the  long  acicular
rectangular  prismatic  structure  of  AMCT  crystals  (38).
Although 4-HPG is one of the most critical impurities of
AMCT mentioned in the USP (39), SEM images showing
4-HPG are still not available in the literature. This study
is very important as it is the first to use SEM images to
reveal the surface and morphology of 4-HPG crystals in
detail  (Figure  9a,  9b,  and  9c).  It  also  enabled  the

identification  of  4-HPG  present  as  an  impurity  in  the
AMCT crystal lattice (Figure 9d).

In SEM images and DLS analysis of 4-HPG crystals, it was
observed that the average particle size is between 500
nm and 1500 nm (Figure 10),  rectangular  prisms, and
sharp-edged structures with regular geometric shapes.
In addition,  it  was determined that the particles of  4-
HPG were smaller than the crystals of amoxicillin, which
were impurities.

Figure 8: Comparison of FT-IR and Raman spectra.

(a
)

(b)

(c) (d)

Figure 9: a,b,c) SEM images of 4-HPG and d) AMCT with impurities.
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Figure 10: The particle size of 4-HPG crystals.

4. CONCLUSION

In an environment where competition is always intense
in  the  pharmaceutical  industry,  one  of  the  most
important questions to address is how to achieve high
yield  rates  and  ensure  product  quality  without
compromising it. The fundamental solution to this issue,
particularly  in  obtaining  a  pure  product,  lies  in  fully
identifying  and  eliminating  impurities  that  degrade
quality.  This  study  focuses  on  the  detailed  thermal,
morphological, and physical characterization of 4-HPG, a
significant  impurity  found  in  some  of  the  most
commonly  prescribed  β-lactam  antibiotics  worldwide,
such  as  Amoxicillin,  amoxicillin  salt,  amoxicillin
trihydrate, cefadroxil, cefoperazone, cephalosporin, and
cephalosporin hydroxylamine.

The study has helped us better understand the potential
effects  of  4-HPG  on  industrial  applications  and  the
quality  of  pharmaceutical  products.  Thermal  analysis
results  have  provided  important  insights  into  the
thermal  resistance  and  stability  of  4-HPG,  which  can
affect  the  stability  and  shelf  life  of  relevant
pharmaceutical  products.  XRD analysis has thoroughly
revealed the structural properties of 4-HPG crystals, and
this information can assist in understanding the crystal
structures  of  relevant  products  and  optimizing
production  processes.  FT-IR  and  Raman  spectroscopy
shed  light  on  the  molecular  structure  of  4-HPG  and
provide a basis for understanding the potential effects
of impurities on the quality of pharmaceutical products.
These  findings  can  play  a  significant  role  in  the
industrial applications of 4-HPG and the development of
pharmaceutical products.

Given that 4-HPG significantly affects the shelf life and
stability of antibiotics in which it is present, it is crucial to
define its structure in detail.
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Abstract: This article aims to analyze the various sensor applications of silver nanoparticles synthesized from 
green materials, particularly plant-based sources. The current shape in the field of nanotechnology is the 
synthesis of metal nanoparticles via environmentally friendly and more reliable green materials. The green 
route synthesis is found to be a promising method because of its congenial properties. It is economical, affable, 
and reproducible. Heavy metals have been dispersed widely in the environment, and they are well known for 
their virulent effects. Numerous methods are available to sense and detect those metals. The headway in the 
domain of nanotechnology is to synthesize AgNPs from green plants and to steer clear of the hazardous effects 

of metals. Efficacious synthetic routes via plant-mediated synthesized AgNPs open up easy and efficient sensing 
of hazardous metals in the environment. AgNPs have attracted many researchers because they have good 
biocompatibility and other outstanding properties. Remarkable electronic, catalytic, and optical properties have 
enabled AgNPs to be used as sensors in medical, biological, and chemical fields. This review highlights the 

application of PAGS-AgNPs as a chemical sensor for detecting heavy metals and organic compounds in the 
environment. 
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1. INTRODUCTION 
 
Nanomaterials have gained significant attention and 
are in high demand nowadays since they possess 

innate properties that deviate from the bulk. Particle 
dimensions ranging from 100 nm to less than 100 nm 
are categorised as nanoparticles. As the size of NPs 
decreases,  a pronounced change in properties arises 
that makes them suitable materials that can be used 
in a wide variety of fields. Quantum effects and 

surface behaviour come into play in the above size 
range (1-3). A well-tunability of properties can be 
achieved by means of quantum effects. A researcher 
can fine-tune the material to bring about a drastic 
change in its optical and electrical properties, melting 
point, boiling point, fluorescence, and many others, as 

shown in Figure 1 (4-6). The surface-to-volume ratio 

also plays a crucial role in catalytic studies and 
sensing properties. Controlling the agglomeration of 
nanoparticles is crucial to maintaining the properties 
mentioned above. A significant lead of nanomaterials 

over bulk materials in various fields like biomedical, 
drug delivery, bioimaging, tissue engineering, DNA 
nanotechnology, environmental remediation, agricul-
ture, and catalytic fields is due to their significant 
surface modification along with their tunable physical 
properties (7). Several researchers have reported 

different metal-based nanoparticles for several biome-
dical applications, environmental remediation, and 
catalytic functions. Attributable to their remarkable 
characteristics and utility, MNPs like silver, gold, and 
copper were mainly focused on (8-9). 
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 Figure 1: Properties of metal nanoparticles (NPs).  

 

The main pathways for synthesizing nanoparticles 
traditionally adhered to by researchers are the 
bottom-up method and top–down method, i.e., 
building nanoparticles from molecular components by 
the self-assembly method and constructing 
nanoparticles from larger entities, respectively, as 

shown in Figure 2. The above-mentioned methods 
provide large-scale production and a well-controlled 
size and shape. But the negative impact of these 
methods is related to environmental issues and 
economic concerns. Furthermore, conventional 
methods require hazardous chemicals and solvents 
that cannot be used in the medical and clinical fields. 

To resolve this problem, researchers nowadays prefer 
to use green route synthesis over conventional 
methods. The blooming of green protocols for the 
synthesis of nanoparticles rebuffs the use of 
hazardous chemicals and solvents and the production 
of by-products (10-12). 
 

The greener route is the safest and non-hazardous 
route for the synthesis of MNPs. It has many strategic 
and prospective advantages over other methods due 
to its eco-friendly nature and inexpensiveness. 
Moreover, the greener route of synthesis does not 
incorporate any hazardous chemicals, high tempe-

rature, or pressure. In addition, the framework and 
stabilization were achieved by the slow crystallization 

of MNPs (13). Many researchers have reported that 
plants seem to be the best contenders compared to 

microorganisms for the synthesis of MNPs on a larger 
scale. Various plant parts, such as fruits, stems, 
roots, flowers, gums, seeds, and leaves, contain 
numerous biomolecules that can act as reducing and 
stabilizing agents for the synthesis of nanoparticles at 
a faster rate compared to the use of microorganisms. 

It can also be used to produce nanoparticles of 
different sizes and shapes (14-15). 
 
A miscellany of metabolites found in plants, including 
carbohydrates, polypeptides, terpenoids, flavonoids, 
enzymes, alkaloids, phenolic compounds, and 
vitamins, possess many vital functionalities. These 

functionalities serve as ligands, anchoring the organic 
moiety onto the NPs (16). The various plant sources 
used to synthesize MNPs are shown in Figure 3. The 
plant materials are rich in phytochemical constituents 
like flavonoids and polyphenols. These chemicals are 
natural antioxidants and can serve as reducing 
agents. The functional molecules within plant 

materials react with metal ions, initiating the nuclea-
tion step of nanoparticle formation and further 
assisting in the reduction of metal ions to their zero-
valent state, facilitating the formation of metal NPs. 
The various functional, natural polymeric moieties 
present in the plant materials, such as polypeptide 

and polysaccharide units, adhere to the surface of the 
AgNPs as a capping agent, thus preventing the 

agglomeration of the nanoparticles and aiding in the 
stabilization of silver nanoparticles. 
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Figure 2: General methods of nanoparticle synthesis. 

 

 Figure 3: Various plant sources for silver nanoparticle synthesis. 
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This article discusses the literature based on the 
sensing applications of AgNPs. In particular, the plant 
material-assisted green synthesized AgNPs are 
focused. These PAGS-AgNPs serve as efficient, tiny 
functional materials and are used as a sensing tool. In 

this review, the greener route for the synthesis of 
AgNPs is briefly elaborated. The greener route is 
inclined towards the Sustainable Development Goals 
(SDG) because it is performed in ambient conditions 
and products are environment-friendly (SDG-3), cost-
effective and safe (SDG-7), and fast and easy to scale 
up (SDG-9).  

 
PAGS-AgNPs offer many features to serve as an 
excellent probing tool for sensing applications. We 
aimed to spotlight a few literature findings under this 

category. The prominent characteristics of the NPs are 
the surface plasmon resonance (SPR) and their 

absorption peak in the UV-Visible spectra. Changes in 
this SPR behaviour of the PAGS-AgNPs were analyzed 
by the researchers for the sensing of the probe. All 
AgNPs have a unique colour, and variation of this 
colour upon addition of a selective metal-ion/chemical 
was employed for its detection purpose. Researchers 
also monitored the alteration in the electrochemical 

characteristics of the PAGS-AgNPs by adding H2O2, 
phenol, and nitrobenzene and utilizing them for 
sensing applications. In the literature, PAGS-AgNPs 
show significant fluorescence. The FRET process in the 
presence of metal ions was resorted to for sensing 
purposes. 

 

2. EXPERIMENTAL SECTION 
 
2.1. Characterisation of Green Synthesised 
Nanoparticles  
The characterization of green synthesized MNPs can 

be carried out using numerous techniques, as shown 
in Figure 4 (17-18). This article tries to enlighten us 
about the application of green synthesized AgNPs as 
sensors in various fields. 
 
2.2. Greener Strategy for AgNPs Synthesis 
MNPs have potential roles in the biomedical field, 

environmental remediation, food packaging, electronic 
components, catalytic agents, and semiconductors 
(19-21). Among the various MNPs available, AgNPs 
are found to be a fascinating nanomaterial for 

environmental systems and biomedical applications. It 
plays a crucial role in the diagnosis and treatment of 

viral diseases. AgNPs act as biosensors for sensing 
metal ions, pesticides, and fungicides in the environ-
ment. It also plays a key role in the degradation of 
harmful synthetic organic dyes, which are very 
hazardous to humans and the environment. Moreover, 
MNPs have been used in antiparasitic, antiviral, 
antifungicidal, anti-diabetic, and anticancer therapies. 

For wound repair and bone healing, AgNPs show 
bactericidal effects (22-29). Plant-based sources for 
AgNPs synthesis dominate the literature in the 
greener approach. Recent reviews based on the green 
synthesis of AgNPs are listed in Table 1. The various 
plant-based methodologies were discussed in the 

references therein. 

 
 

Figure 4: General characterisation techniques of metal nanoparticles (MNPs). 
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Table 1: Literature reviews based on the green synthesis of AgNPs.  
 

Green synthesis methodology  Remarks 
References cited therein 
Plant-based synthesis (total 
synthesis-based) 

Ref. 

Discussed biological approaches 

Bio-medical applications 
Nano bio-sensors 
Agricultural engineering 
Applications in clothing and fab-
rics 

90 (134) 30 

Various biological approaches 
(both from plant extract and 
microorganisms) 

Bioactivities 38 (60) 31 

Major focus based on plant 
sources 
Discussed 
 Extract preparation 
 Steps involved 
 Mechanism 
 Factors 
 

Characterization techniques 
Biological applications 

>40 32 

Discussed biological approaches Bioactivities 78 (120) 33 

Exclusively based on fruit and 
vegetable sources 

Factors affecting synthesis 33 34 

 
This review assessed recent advancements in the 
environmentally friendly synthesis of silver nanoparti-
cles (AgNPs) and their potential applications in sens-

ing. PAGS is reviewed exclusively due to their precise 
control over NPs size, shape, and composition. AgNPs 
are produced from various plant parts, such as leaves, 

roots, gums, flowers, seeds, stems, and fruits. Re-
search has shown that biomolecules, including alka-
loids, phenolic compounds, terpenoids, enzymes, co-
enzymes, proteins, polysaccharides, lipids, etc., are 

present in the plant extract. These molecules act as 
both reducing and capping agents for the synthesis of 
AgNPs. In literature reports, the general procedure for 
synthesizing AgNPs is mixing silver nitrate solution 
with reducing agents extracted from plants. Plant 
extracts are obtained using the below-mentioned 

standard procedure Flow chart-1.  
 
Earlier literature reports confirm the AgNPs formation 
by the colour change of the reaction medium to 
brownish or brown-orange colour (30-34). In 2022, 

Deepa and co-researchers reported that the presence 
of phenolic acid and flavonoids in the vegetable peels 

of pea (Pisum sativum) and bottle gourd (Lagenaria 
siceraria) constitutes potential functional groups con-
tributing to the stability of nanoparticle synthesis 
(35). Lakshmanan et al. (2017) reported that rich 
concentrations of both enzyme and non-enzyme-
based antioxidant molecules, including ascorbic acid, 
glutathione-S-transferase, superoxide dismutase, 

peroxidase, and polyphenol oxidase, were present in 
the C. viscosa fruit extract. Reduced glutathione, fla-
vonoids, and a-tocopherol are present in C. viscosa 

fruit extract, which acts as a capping and reducing 
agents in the synthesis of silver nanoparticles (36). 
The study by Samrot and coworkers shows that Aza-

dirachta indica gum contains complex polysaccharides 
that act as capping and reducing agents in the syn-
thesis of silver nanoparticles (37). Anthocyanin-

containing purple heart-shaped ornamental plant was 
utilized by M. Saquib Hasnain et al. in 2019. It 
is anticipated to help with the reduction of silver ions 
during the anthocyanin-mediated synthesis of silver 

nanoparticles (38). Manik et al. (2020) revealed that 
bio compounds such as flavonoids, alkaloids, and 
polyphenols present in the leaves of Artocarpus 
heterophylus and Azadirachta indica act as reducing 
and stabilizing agents for AgNPs synthesis (39). 
Sandhanasamy Devanesan et al. (2021) synthesized 

spherical AgNPs from Abelmoschus esculentus (L.) 
freshly picked flowers (40). Biomolecules such 
as polyphenolic compounds, catechins, flavanol, and 
tannins are responsible for the reduction and stability 
of AgNPs. 

 
2.2.1. Stepwise procedure for plant-material assisted 

green synthesis (PAGS) of silver nanoparticles 
(AgNPs). 
 
The step-by-step procedure used by several 
researchers to create AgNPs utilizing plant extracts is 
illustrated in Flow Chart 1. 
 

Literature methods available in the extraction of plant 
material (Figure 5). 
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Flow chart 1: Procedural sequence of PAGS-AgNPs synthesis. 
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Figure 5: General plant extraction techniques. 

  
2.3. Mechanism of Synthesis of AgNPs from 

Plant Sources. 
Several researchers have reported a disparate variety 
of plant sources for synthesizing AgNPs. The 
phytochemical constituents act as reducing agents 
and stabilize the nanoparticles from agglomeration. 
Most literature studies show that no additional 
reducing agents are required (41). 
 

The following steps  are involved in the synthesis of 
AgNPs as shown in Figure 6. 
a) Organic moieties present in the plant material 
add electrons to the Ag+. 

b) Reduction of  Ag+  to Ag0 followed by 

nucleation, occurs.  
c) The agglomerating agent present in plants 
stabilizes the formed nanoparticles. 
 
The agglomeration of nanoparticles occurs due to the 
attraction and adhesion of particles using weak 
vanderwals forces. It is reported in the literature that 

small nanosized particles agglomerate faster 
compared to larger-sized nanoparticles. The 
phytochemical constituents in plant extract not only 
act as a reducing agent but also help to control the 
agglomeration by sticking to the nanoparticle surface. 
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Figure 6. General mechanism for the formation of  PAGS-AgNPs.  

 

3. RESULTS AND DISCUSSION 
 
3.1. Applications of PAGS-AgNPs 
Researchers were attracted by the astounding 
properties of AgNPs compared to their bulk analogs 
and included them in numerous applications. Due to 
their excellent biocompatibility, size, and shape, 

AgNPs find their applications in the fields of solar 
cells, bio-sensing, image sensing, catalysis, nano-
device fabrication, optical detectors, drug delivery, 
and so on (42-43). There have been several reviews 
in the past on the applications of AgNPs in various 
fields. A few of them are highlighted here. The author 

presents a bird's-eye view of the therapeutic 

application of green synthesized AgNPs (44). Kareem 
et al. (2020) shed light on the photocatalytic 
applications of AgNPs in a recent review (45). The 
review report by Mousavi et al. (2018) reveals that 
PAGS- AgNPs are more preferred for antimicrobial, 
antibacterial, and anticancer activity (46). The synthe-

sis and application of various PAGS-AgNPs are 
reviewed by Jaffri and Shahzad Ahmad (47). The 
adaptability of  PAGS-AgNPs in various medical fields 
was highlighted by Ill-Min Chung et al. in their review 
(48). A comprehensive review by Moradi et al., exclu-
sively addressing AgNPs synthesized from medicinal 
plant materials and correlating plant materials and 

their correlation of plant biological constituents with 

various applications, is well presented in the literature 
(49). Fahimirad et al. discussed the superiority of the 
green synthesis method compared to physio-chemical 
methods and also considered it a better candidate for 
medical applications (50). PAGS-AgNPs applications in 
cancer diagnosis and treatment were exclusively 
reviewed by Rath et al. (51). 

 
3.2. Application of PAGS-AgNPs as Sensors. 
Faraday & Philos, in 1857, were the first to recognize 
the fact that colloidal suspension has strong light 
absorption and scattering, resulting in intense colors. 
The optical excitation of the surface plasmon 

resonance (SPR) originates from the absorbed light. It 

excites the electrons in the conduction band of the 
nanoparticle. This absorption attains large molar 
extinction coefficients and relevant scattering as the 
particles reach a size larger than a few hundred 
atoms/molecules (nanometers). This optical scattering 
property is utilized in biosystems for imaging 

detection methods and is also applied as a diagnostic 
tool in various biological systems, such as cancer 
cells. The plasmon resonance response sensitivity can 
be enhanced by varying the geometries with the 
purpose of finding the best nanoparticle configuration. 
The same is exemplified in many theoretical and 
experimental studies of metal nanoparticles.  
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Figure 7: Scheme representing sensing methods by PAGS-AgNPs. 

a) Electrochemical techniques b) Fluorometry c) Naked eye detection d) UV-Visible spectrometry. 
 
The sensing application of silver nanoparticles 
(AgNPs) was well documented in the form of several 
reviews. Various modifications of electrodes for elec-
trochemical sensing of chemicals are discussed in 

detail in the recent review (52). A review in 2021 
highlighted AgNP-modifier-based electrochemical sen-
sors as systematic tools for detecting various organic 
pollutants in water (53). The utility of AgNPs as an 
electrochemical biosensor is also highlighted in the 
review (54). Pomal et al. exclusively reviewed the 

sensing of mercury ions by colorimetric and fluoro-
metric methods by PAGS-AgNPs (55). Jouybana and 
Rahimpour extensively reviewed the spectro-chemical 
sensing of pharmaceutical compounds by the LSPR of 

AgNPs (56). The chemical contaminants in the food 
are sensed by various NPs, including AgNPs, as pre-
sented in the review of 2019 (57). The focus of the 

current review is only on four sensing platforms for 
the detection of specific chemicals, which are sche-
matically represented in Figure 7. 
 
3.3. PAGS-AgNPs Sensor for H2O2 Detection. 
The literature recently reported the naked-eye 
detection of H2O2 using a sucrose solution in an 

alkaline medium (58). Even though the synthesized 
AgNPs were not from a plant-mediated route, the 
method adopted shows a close resemblance to a 
plant-mediated route. Since sucrose is a plant 
derivative  and does not violate the greener route, the 

utility of the AgNPs can be extended for plant-

mediated routes with minor modifications. The 
authors analyzed the colour change based on the red, 

blue, and green color intensity variations. Since the 
AgNPs are yellow, their complementary blue color was 
monitored. The authors were able to show a 
significant change in the blue color intensity at 1 x  

10-3 M concentration of H2O2, which is the detection 
limit in most of the literature reports. The simplified 
scheme for analyte detection by the colorimetric 
method is represented in Figure 9.   
 
Researchers cast the cellulose fibers with AgNPs for 

H2O2 detection (59). It is an attempt to extend the 
plant-mediated AgNPs towards the paper-based 
technical application end to detect hydrogen peroxide. 
Literature shows that green silver nanoparticles 

synthesized using Mangifera indica leaf extracts were 
characterized by UV–Visible spectroscopy and TEM. 
These PAGS-AgNPs are drop-casted on the cellulose 

substrate and applied for sensing H2O2. The change in 
colour of the substrate from yellow to white upon 
increasing the concentration from µM to mM confirms 
its presence. 
 
Researchers also successfully fabricated the optical 
fiber using plant-mediated AgNPs for sensing 

purposes (60). They also demonstrated the effect of 
the concentration of the anchoring agent locust bean 
gum (LGB) on the synthesized AgNPs absorbance, 
showing a decrease in the absorbance of AgNPs by 
increasing the concentration of LGB. They concluded 

that the above effect may be due to the strong 

capping of the anchoring agent and, consequently, 
the deep burying of the NPs beneath the anchoring 
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agent, thus reducing the absorbance. The fabricated 
optical fiber shows effective sensing properties for 

H2O2 detection. The power output was significantly 
lowered by the mM concentration of H2O2 solution. 
The added H2O2 decreases the concentration of 
AgNPs, which is a consequence of oxidation and, in-
turn, a decrease in the back scattering of light from 
AgNPs. These results open up plant-mediated AgNPs 
applications in the field of optical fiber-based sensing. 

The concentrations of H2O2 were measured as the 
output voltage of the optical fiber immersed in the 
AgNPs and H2O2 mixture. The observed results were 
the consequence of the degradation of AgNPs by the 
addition of H2O2 to the solution. As the NP 
concentration diminished, an alteration of the colour 

and refractive index of the medium was observed. The 

decrease in backscattering light intensity from AgNPs 
acts as a mirror, and as a result, power output also 
decreases. This phenomenon was utilized for the 
sensing purpose of H2O2. The utility of the environ-
mentally friendly renewable source, ambient condi-
tions, and its sensing features further widen the scope 

of green nanoparticle synthesis. 
 
Researchers showed that the AgNPs synthesized using 
Atalantia monophylla leaf extracts show H2O2 sensing 
characteristics besides their antimicrobial activity 
against pathogenic microorganisms (61). The authors 
characterized the AgNPs by various spectroscopic 

techniques like Ultraviolet–Visible spectroscopy, 
photo-luminescence spectroscopy, SEM with EDAX, 

and TEM. The anchoring of the plant extract 
constituents was analyzed by FTIR studies, confirming 
the functional group on silver nanoparticles. They 
have also highlighted that the antimicrobial activity of 

AgNPs was found to be superior to that of the 
standard antibiotics. 
 
Researchers also prepared stable AgNPs by using 
azadirachtin as an anchoring and reducing agent (62). 
The authors modified the glassy carbron electrode 
(GCE) with PAGS-AgNPs and used it for the sensing 

purpose of H2O2. The modified GCE sensitivity was 
retained for H2O2 detection for 100 days, even after 
exposure to air. The AgNPs attached to the GC were 
more stable than the unmodified NPs and the 
sensitivity was not diminished. The sensitivity was 

measured for tap water using the AgNPs-modified GC. 
The results showed an increase in the recovery 

percentage as the concentration increased. The 
simplified scheme for the detection of analytes by the 
electrochemical method is represented in Figure 8.   
 
Researchers observed the change in optical 
characteristics of the colloidal AgNPs at a wavelength 

of 425 nm (63). The SPR decreases with an increase 
in hydrogen peroxide concentration. The observed 
phenomenon was due to the formation of Ag2O with 
the addition of H2O2 at the expense of AgNPs. The 
change of colour to yellow from brownish red was 
observed by the addition of 30 mM H2O2 solution. 
Even the colour change was evident to the naked eye, 

which was further confirmed by the UV-Visible 
spectrometer measurements. The summary of the 
PAGS-AgNPs as H2O2 sensors is tabulated in Table 2. 

3.4. PAGS-AgNPs Sensor for NH3 Detection 
In 2021, researchers reported the detection of H2O2 

and NH3 in water from the tannery outlet near 
University, Khon Kean, Thailand, using the plant-
mediated AgNPs synthesized (63). The reports 
revealed that 2 mL of the environmental water 
contained 50 mM of hydrogen peroxide and 30 ppm of 
ammonia, respectively. The result was a significant 
step towards plant-mediated AgNPs for sensing 

hydrogen peroxide and ammonia in water resources. 
 
In 2019, a research group used a leaf extract of C. 
cneorum in an aqueous medium to synthesize stable 
AgNPs (64). They drop-cast the filter paper with 
PAGS-AgNPs and used it for sensing purposes after 

drying. The changes in the surface plasmon resonance 

(SPR) peak of the PAGS-AgNPs were used for the 
detection of ammonia through the UV–Visible 
spectrophotometer. The authors varied the concen-
tration of ammonia from 5 – 300 ppm, and the SPR 
spectra showed an increase in intensity as 
concentration increased, accompanied by a blue shift 

of the peak. The blue shift is due to the accumulation 
of positive charge by the formation of the coordination 
complex [Ag(NH3)2]+ and also to the change in the 
dielectric constant of the solution.  
 
Rapid sensing of ammonia in an aqueous medium up 
to a detection limit of 1 ppm at ambient conditions 

was published by researchers (65). AgNPs 
synthesized using an aqueous solution of polysacc-

haride from Cyamopsis tetragonaloba, commonly 
known as guar gum (GG), act as a reducing and 
capping agent. The uniformity of the particle size was 
well characterized by the available techniques. The 

ammonia in an aqueous medium was detected using 
the surface plasmon resonance (SPR) of the AgNPs. 
This optical method of sensing ammonia in an 
aqueous medium at lower limits can prove vital in the 
field of biomedical applications in the future. Since the 
sensing parameter can be useful in the clinical and 
medical diagnostics of ammonia detection in biological 

fluids like sweat, plasma, cerebrospinal fluid, and 
saliva, it can serve as a better sensor for biological 
samples. A report on optical sensing of ammonia by 
the PAGS-AgNPs, synthesized using chemically 
modified guargum (carboxymethyl guar gum), is 

available (66). 
 

Very recently, researchers reported plant-mediated 
AgNPs for sensor studies based on the SPR properties 
of the nanoparticles. The synthesized AgNPs that 
exhibit good sensing features with quick response and 
relaxation are claimed to be a simple and affordable 
material for industrial production (67). Researchers 

were successful in producing monodisperse AgNPs 
from durian fruit shells as anchoring agents. This 
material, if developed, can be a future candidate in 
the field of sensors for the diagnostics of biological 
samples.  
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Table 2. Literature Summary of PAGS-AgNPs as H2O2 sensors.  

Plant material 
Significance / relevant 

property 
Detection limit Technique used Ref 

Sucrose solution 
Naked eye / (RGB) color 

values 
1 x 10-3 M Colorimetric detection  58 

Leaves of Mangifera indica Paper based technique 
Significant only above 

mM 
Colorimetric detection  59 

LBG extracted from the 
seeds of Ceratonia siliqua 

Fiber based sensor 0.1 mM 
Photo detector / Out voltage measured in 

the fiber 
60 

Atalantia monophylla leaf 
extracts 

Antimicrobial activity is also 
studied 

40 mM 
UV spectroscopy (Fluorescence also 

measured for AgNP alone) 
61  

Neem kernel extract GC electrode 1 mM Amperometry  62 

Sugarcane leaves extract 
Water resource from 
tannery tested / SPR 

30 mM UV-Visible spectrophotometer  63 
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The research group used AgNPs synthesized from the 
aqueous fruit extract of T. Chebul (68). These PAGS-
AgNPs showed excellent optical sensing features for 
ammonia detection, exhibiting linear changes in the 
SPR with the concentration of NH3 in the medium. The 

authors highlighted the change in intensity of the 
peak along with the blue shift caused by the 
significant change in the NH3 concentration of the 
medium. The authors confirmed the reduction in the 
size of the AgNPs from 30 nm to 50 nm in the control 
experiment with the addition of NH3, using the TEM 
images. The reduction in the size of NPs was stated to 

be due to the formation of soluble diamine complexes 
with phenolate ions present in the fruit extract. The 
role of the phenolate ion is to speed up the nucleation 
step prior to the size reduction. 

Researchers reported the viability of large-scale 
production of plant-mediated AgNPs using the fresh 
aqueous extract of D. erecta fruits. They used the 
synthesized AgNPs for colorimetric sensing of Cr6+ and 
NH3 (69). The sensing characteristics of the AgNPs 

were attributed to the constituent organic moieties, 
such as the bulky hydroxyl groups found in 
polyphenols and flavonoids from the plant extracts. 
The SPR-based sensing showed a detection limit of 
0.5 ppm and a fast response time for AgNPs. It can 
pave the way for sensors in the field of medical 
diagnostics to have lower detection limits in the 

future. The summary of the PAGS-AgNPs as NH3 
sensors is tabulated in Table 3. 
 

 
Table 3: Literature summary of PAGS-AgNPs as NH3 sensors.  

 

Plant material 
Detection limit 
(ppm) 

Significance / property Technique used Ref 

Sugarcane leaves 
extract 

5  Water resource from 
tannery tested / SPR 

UV-Visible 
spectrophotometry 

63 

Leaf extract  
C. cneorum 

5  Sensing strip / novel 
cellulose filter paper-based 
AgNPs 

Colorimetry 64 

Polysaccharide GG 1  Applicable for biological 

fluids / SPR 

UV-Visible 

spectrophotometry 

65 

Durian fruit shell 
extract 

500  Applicable for biological 
fluids / SPR 

UV-Visible 
spectrophotometry 

67 

Fruit extract of  

T. chebula 

100  Size reduction / SPR UV-Visible 

spectrophotometry 

68 

D. erecta fruit 
extract 

0.5  Detection of Cr6+ also Colorimetry 69 

 
3.5. PAGS-AgNPsSensor for Phenol Detection 

 
Very recently, researchers reported the synthesis of 
AgNPs using five different leaf sources, such as basil, 
geranium, eucalyptus, melia, and ruta by a greener 
route (70). Among them, AgNPs using Melia 
azedarach (AgNPs-M) were found to show exciting 
electrochemical properties, that the research group 

has captured toward selective sensitivity for phenol. 
The AgNPs-M-modified GCE electrode was used for 
phenol sensing. This group has fabricated the novel 

GCE by drop-casting the AgNPs-M onto the surface of 
glassy carbon transducers and using them as modified 
nanosensors. The AgNPs-M modified GCE showed 

good selectivity for sensing phenol, bisphenol A, and 
catechol. Particularly, the sensitivity of phenol was 
significant and excellent since its limit of detection is 
about 0.42 µM. The authors also showed reprodu-

cibility and sensitivity with the RSD values. The 
applicability of AgNPs-M modified GCE as a phenol 

sensor was also successfully tested for tap and 
mineral water. The test was conducted with a water 
sample and a phosphate buffer solution with 5–8 µM 
phenol added to the buffer solution. The employed 
modified GCE produced excellent results with a 
recovery percentage >100. This work has enough 
potential to be adopted as a sustainable large-scale 

production of the AgNPs-M modified GCE nanosensor 
since the material production is simple, cost-effective, 
enormously available, and environmentally friendly. 

The authors showed adequate results for proving the 
potential of the novel material as a nanosensor and 
with minor surface engineering, it can prove to be a 

future candidate for phenol sensing in water quality 
monitoring. The simplified scheme for the detection of 
analyte by electrochemical method is represented in 
Figure 8.   
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Figure 8: Scheme representing electrochemical sensing method by PAGS-AgNPs.  
 
3.6. PAGS-AgNPs Sensor for Nitrobenzene 
Detection 
 
Nitrobenzene (NB) was used as a reagent in many 

organic industries. The surface water gets 

contaminated with the NB by the release of untreated 
effluent from the organic industries. The World Health 
Organization (WHO) prescribed the limit for the 
concentration of nitrobenzene as 2 mg/L in water 
bodies, and beyond this limit, it becomes hazardous 
to the environment. Hence, the continuous assess-

ment of the NB level in the environmental water 
becomes inevitable. Also, economically viable 
detection methods are the focus of the current 
research. In that connection, researchers reported the 
synthesis of silver nanoparticles (AgNPs) by 
microwave using a Eucalyptus extract from the bark 
of the tree as a reducing and stabilizing agent. These 

AgNPs coated on the GCE were used for the 
electrochemical sensing of nitrobenzene (71). 

Hemicellulose, present in the bark of the Eucalyptus 
tree, acts as a reducing agent for synthesis. The 

AgNPs synthesized using hemicellulose were used to 

modify GCE and were further utilized for sensing NB 
in water. The authors exhibited many advantages of 
AgNPs/GCE electrodes, such as good sensitivity in the 
range of 5–40 µM, a minimal LOD of 0.027 µM and 
specific detection of NB in the presence of other 
interfering species widely ranging from organic nature 

(aniline, toluene, phenol), inorganic compounds 
(urea) and many inorganic salts (ammonium nitrate, 
ammonium chloride, calcium chloride, sodium sulfate, 
potassium chloride, and sodium chloride). The authors 
also showed good recovery results for NB, which 
argues for the emulation of the method as the front-
runner for practical applicability studies.  

 

3.7. PAGS-AgNPs Sensor for Metal Ion Detection 
Many of the heavy metals are known to be 
environmental contaminants. Monitoring their limits 
has become essential in the modern world. Their 
detection, particularly in water, becomes a matter of 
prime importance because of the ever-increasing 

health hazards related to them. Many research groups 
focus on that aspect and produce commandable 
results, but the search for better sensing material is 
still not over. Plant-mediated AgNPs are a promising 
candidate in this field because of their low-cost 
production. Plant material-assisted synthesis of AgNPs 

has thrown up a brand-new, environmentally-friendly 
pathway for metal sensing probes. Artemisia vulgaris 
mediated silver nanoparticles (AgNPs) are employed 
as colorimetric analyzers for mercury, a hazardous 

metal in an aqueous solution (72). In an aqueous 
solution, the Artemisia-modified reddish-brown AgNPs 
solution was selectively decolourized by the addition 

of Hg2+. The color change was evident with the 
unaided eyes, whereas the remaining metal solution 
did not undergo any discernible colour change. This 
plant-mediated nanoparticle can serve as a probe for 
the sensing activity toward Hg2+. It also shows an 
excellent catalytic-reducing property in a short time of 

8 min by converting 4-nitrophenol to aminophenol. 
This plant mediated AgNPs is environment friendly 
because of its dual behaviour of Hg sensing and 
reduction of 4-nitrophenol. When fine-tuned, it could 
serve as a future material for several industrial 
applications. 

 
Researchers have reported the use of an extract from 
Diospyros discolor Willd (Bisbul) leaves for synthe-
sizing silver nanoparticles (73). Several research 

groups have utilized silver nanoparticles (AgNPs) as a 
material for sensing various heavy metals. Reports 
suggest that the AgNPs obtained from plant sources 
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can be developed into materials for the detection of 
heavy metals in the environment. The color change of 

the plant-mediated AgNPs up to the addition of metal 
ions is utilized for detection by the colorimetric 
method. In the report, the presence of various metal 
ions, namely  Mg2+, Mn2+, Pb2+, Zn2+, Co2+, and Fe2+ 
was analyzed by AgNPs obtained from a biosynthetic 
approach using bisbul leaves, commonly known as 
antler orchid and it selectively detected the presence 

of Fe2+. The report showed a solution discoloration 
ranging from brownish to greenish, a distinct colour 
change when the synthesized AgNPs were added to 
Fe2+ ion solution in concentrations ranging from 0.1 – 
1000 mg/L . AgNPs agglomerate with the addition of 
excess Fe2+. This detection method can be enhanced 

and refined to find Fe2+ metal ions in the surrounding 

environment. These biosynthetic AgNPs were 
assessed using analytical methods such as particle 
size analysis (PSA).  
 
Recently, researchers used Sapindus mukorossi 
extract (SME) to produce AgNPs and applied them for 

effective sensing of  Fe2+ and Fe3+ ions in solution 
(74). The detailed analysis includes various metal ion 
interferences in the sensing of Fe2+ and Fe3+ ions. 
They examined the interference by adding 1000 µM 
concentrations of Li+, Na+, Ca2+, K+, Mg2+, Cr3+, Ba2+, 
Mn2+, Ni2+, Co2+, Cd2+, Cu2+, Pb2+ and Zn2+ to 100 µM 
concentrated Fe2+ and Fe3+ solutions. Real-time 

analysis using river water and bottled water spiked 
with Fe2+ and Fe3+ ions was also performed. 

Interestingly, the presence of Fe2+ ions drove the 
AgNPs solution's SPR band intensity to rise. In 
contrast, the presence of Fe3+ ions caused it to drop, 
with no noteworthy changes seen for other metal 

ions. While the AgNPs absorption peak remained 
unaltered when additional metal ions were added, the 
addition of Fe2+ and Fe3+ ions alone caused a shift in 
colour to black and white, respectively, indicating the 
selectivity nature of SME@AgNPs towards colorimetric 
detection.  

 
The reduction of any Ag+ in the medium by Fe2+ ions 

as well as Fe2+/Fe3+ hydroxides to elemental silver 
and the Ligand to Metal Charge-Transfer process 
plays a major role in the red shift that occurred as the 
concentration of Fe2+ ions rises. The literature showed 
the AgNP could be used to sense eight metal ions in 
water by colour change; the sensitivity is also 
confirmed by the UV-visible spectrometry (75). Even 

though the synthetic route was not plant-mediated, it 
is worthwhile to mention these green-synthesized 
AgNPs here to gauge the future prospects of PAGS 
AgNPs. 
 
Hg2+ and Pb2+ are the most hazardous contaminants 

in water. Their complete ignorance of usage is not 

possible since both of these metals play a major role 
in many of the industrial processes. Probing their 
presence and analyzing their quantity in water bodies 
has become highly unavoidable. Researchers have 
shown their potential for the detection of these two 
metals with low detection limits. Various literatures 

have highlighted the capacity of plant-mediated 
AgNPs as a colorimetric probe for detecting heavy 
metals. In that regard, AgNPs synthesized utilizing the 
extract from the environmentally beneficial root 
Bistorta amplexicaulis serve as a dual Hg2+/Pb2+ 
colorimetric sensor (76). Changes in absorption 
spectrum of plant-mediated AgNPs were analyzed for 

the detection of common heavy metal cations. This 
report proved that the colorimetric sensor based on 

AgNPs could be applied for detecting Hg2+ and Pb2+ 
with detection limits in 0.1 mM range. The Pb2+ ions 
decrease the absorbance of AgNPs significantly, and a 
hypsochromic shift in the SPR band of AgNPs and the 

Hg2+ ions, causing the naked eye's detection of it by 
the colour change to bright yellow from dark brown, 
confirms its role as a colorimetric sensor. The 
simplified scheme for analyte detection by the 
colorimetric method is represented in Figure 9.   

 
  

Figure 9: Scheme representing colorimetric sensing method by PAGS-AgNPs. 
 

A gum acacia-mediated, simple, and environmentally 

friendly technique for generating silver nanoparticles 
was reported in the literature (77). The synthesized 
AgNPs demonstrated good sensitivity towards Hg(II) 

and S2-. The reported plant-mediated AgNPs exhibit a 

fluorescence band around 500-600 nm when excited 
at 300 nm. The fluorescence intensity was enhanced 
by the addition of nano-molar concentrations of 
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Hg(II), which showed a downward trend by the 
addition of micromolar concentrations of S2- ions and 

malachite green dye. The authors demonstrated the 
fluoroscence variation of the AgNPs with variations in 
Hg(II), S2- and the dye. The results highlight the 
material utilized for the future development of an 
Ag@Hg nanoalloy. The literature reports of PAGS-
AgNPs as phenol, nitrobenzene, and metal ion sensors 
are summarized in Table 4. 

 
4. CONCLUSION 
 
The remarkable features of nanoparticles have made 
them important in various industries. Technologies 
utilizing the nanoparticles have considerable potential 

because they can transform unstable, poorly soluble, 

and poorly absorbed physiologically active compounds 
into viable deliverable chemicals. Compared to 
conventional biosensors, the performance of nano-
biochemical sensors is good in terms of sensitivity, 
selectivity, linearity, stability, response time, and 
repeatability. The current review offers a brief and 

informative overview of greener synthetic routes for 
the generation of AgNPs. The plant material-assisted 
AgNPs synthetic route is an extensive area and a 
complex phenomenon. This route often displays 
diverse behaviors, selectivity, and sensitivity. This 
complexity can be used as an advantage to 
extrapolate the research to newer limits. In the 

literature, many researchers used the plant material 
without purification for the synthesis of PAGS-AgNPs, 

which contains various phytochemical constituents 
like flavonoids, terpenoids, alkaloids, polysaccharides, 
polyphenols etc. The activity of a particular 
phytochemical residue may support or reinforce other 

constituents, potentially providing advantages in 
sensing applications and opening up opportunities for 
further investigations and inventions. 
 
Plant material-assisted AgNPs were functionalized by 
the functionalities present in the plant materials. 
These functional nanoparticles offer various advan-

tages due to their versatile characteristics: 
 
a) In sensing applications, the functionality present on 
the surface of NPs plays a prominent role in 
determining the selectivity and specificity of the 

analyte detected. 
b) Nanoparticles with functional moieties can easily be 

adsorbed on the substrate for application as a sensing 
probe, like electrodes, fibers, paper, etc. 
c) Researchers have the advantage of experimenting 
with the controllables towards the size of the NPs, and 
as a consequence, the current LOD limits can be 
lowered further by varying the concentration of the 

plant material in the synthetic step. 
 
The review takes the opportunity to combine various 
viewpoints and terminologies used in PAGS-AgNPs-
based sensors towards H2O2, ammonia, phenol, 
nitrobenzene, and metal ion sensing. The literature 
reports cited here highlight the advantages of the 

respective materials, which leads to potential 
directions for additional advances to be investigated 
for future research and developments to be explored, 

emphasizing the challenges for PAGS-AgNPs-based 
flexible sensors. This review presents four sensing 

platforms explored by PAGS-AgNPs as sensors. UV-
visible spectroscopy, calorimetry, electrochemical, and 
fluorescence are the four prominently used techniques 
by researchers in the literature. Among them, 
electrochemical sensing seems to be more versatile in 
terms of the diversity of the chemical nature of the 
analyte. Naked eye detection (including colorimetry 

and UVV spectrometry) is the simplest one, covering 
a wider range of publications, and its simplicity might 
attract many applications in the future. The 
fluorescence PAGS-AgNPs sensors have limited publi-
cations, but the cost-effective synthetic route has an 
edge over current fluorescent probes in biochemical 

sensors. 
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Table 4. Literature Summary of PAGS-AgNPs as Phenol, Nitrobenzene and Metal ion sensors. 

 

Plant material Detection limit Significance / property / 
analyte 

Technique Ref. 

leaf extracts of Melia 0.42 µM Drop cast modified GCE 
Phenol 

Differential pulse voltammetry 
(DPV) 

70 

Eucalyptus bark extract 0.027 µM Drop cast modified GCE 

Nitrobenzene 

Differential pulse voltammetry 

(DPV) 

71 

Artemisia vulgaris leaf extract 20–600 µL (Hg2+) Catalytic activity studied UV-Visible spectrophotometry 72 

Extract of Diospyros discolor 
Willd. (Bisbul) leaves 

0.1 mg /L (Fe2+) Visual detection without any aid Colorimetric detection 73 

Sapindus mukorossi pericarp 

extract 

1 μM - 5 μM (Fe2+, Fe3+) Visual detection without any aid Colorimetric detection 74 

Sodium citrate 1 × 10− 5 M  Eight metal ions detection UV-Visible spectrophotometry 75 

Roots extract of Bistorta 
amplexicaulis 

0.8 µM (Hg2+)  
and 0.2 µM (Pb2+) 

Dual sensor for Hg2+ and Pb2+ Colorimetric detection 76 

Gum acacia (Acacia senegal) 2.1 nmol L-1 (Hg2+) 
1.3 µmol L-1 (S2-) 

1.6 µM L-1 (Malachite green) 

Dual sensor for Hg2+ and S2- Fluorescence spectroscopy 77 
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