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Thermodynamic studies of Co(II) complexation with Schiff base ligands in 

different nonaqueous solvents 

Khaled Muftah Elsherif1* , Abdulfattah Mohammed Alkherraz2 , Awatif Al-Arbash2 , 

Salima Abajja2 , Hana Bashir Shawish2  

1 Libyan Authority for Scientific Research, 80045, Tripoli, Libya  
2 Misurata University, Faculty of Science, Chemistry Department, 2478, Misurata, Libya 

Abstract 

This study explores the synthesis and characterization of two novel Schiff base ligands, N,N'-Bis(2-hydroxybenzylidene)ethylenediamine (L1) 

and N,N'-Bis(2,4-dihydroxybenzylidene)ethylenediamine (L2), and their complexation behavior with Co(II) ions in non-aqueous media. Ligand 

L1 was synthesized from o-hydroxyacetophenone and salicylaldehyde with ethylenediamine, while L2 was derived from 2,4-

dihydroxybenzaldehyde and ethylenediamine. Stability constants of the Co(II) complexes were determined using conductometric measurements 

in ethanol, acetonitrile, and a 1:1 mixture of these solvents at 25 °C−40 °C. The results showed distinct temperature-dependent trends. L1 

complexes exhibited decreased in stability with increasing temperature in all solvents, indicating exothermic reactions. In contrast, L2 complexes 

displayed varied behavior, suggesting endothermic reactions in acetonitrile and the mixed solvent. Solvent type significantly influenced stability, 

with acetonitrile yielding the highest stability constants, followed by the 1:1 mixture and ethanol. L2 complexes were more stable than those of 

L1, , attributed to additional hydroxyl groups in L2 enhancing Lewis basicity, while the methyl group in L1 introduced  steric hindrance, reducing 

stability. Thermodynamic analysis indicated spontaneity for all reactions, as evidenced by negative ΔG° values (-27.9 to -32.1 kJ/mol).  Enthalpy 

changes (ΔH°) varied, with negative values (-27.6 to -195 kJ/mol) for exothermic and positive values (7.37 and 42.3 kJ/mol) for endothermic 

reactions. Entropy changes (ΔS°) reflected differences in molecular organization and solvent-ligand interactions. This study provides valuable 

insights into metal-ligand complexation in non-aqueous environments, aiding the design of coordination compounds for diverse chemical 

applications. 

Keywords:  Conductometry, Schiff bases, cobalt complexes, stability constants, nonaqueous solutions, thermodynamic parameters 

1. Introduction

Stability constants are paramount in various scientific 

fields, including analytical, industrial, and 

environmental chemistry, as well as medicinal 

chemistry, for comprehending chemical equilibria in 

solutions. Due to their extensive applications, such as 

pollution remediation, drug development, and catalysis, 

metal-ligand complexation processes are of particular 

significance. By determining the stability constants of 

metal complexes, researchers can gain crucial insights 

into the strength and specificity of metal-ligand 

interactions. These findings are indispensable for 

addressing environmental challenges and advancing 

coordination chemistry [1–3]. 

A variety of techniques, including conductometry, 

spectrophotometric methods, and potentiometric 

titration, can be employed to determine stability 

constants [4–6]. Spectrophotometric techniques are 

particularly valuable owing to their high sensitivity and 

adaptability across diverse experimental conditions [7]. 

However, conductometric techniques stand out for their 

ease of use, precision, and ability to quantify ionic 

interactions in solution without the need for 

sophisticated instrumentation. Conductometry is 

particularly useful when studying systems where 

variations in ionic conductivity reflect the extent of 

complex formation. This technique is also advantageous 

when working with non-absorbing species or in 

situations where optical methods are limited. 

Conductometric measurements can be performed in a 

wide range of solvent systems and concentrations, 

mailto:elsherif27@yahoo.com
https://doi.org/10.51435/turkjac.1606841
https://orcid.org/0000-0002-3884-1804
https://orcid.org/0009-0006-7182-5458
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making it a versatile and reliable method for 

determining stability constants [8–10]. 

The investigation of complexation processes involving 

oxygen and nitrogen donor ligands in non-aqueous 

environments is crucial for developing sophisticated 

analytical systems. These include solid-phase and cloud-

point extraction methods, optical sensors, bulk and 

supported liquid membrane transport systems, and 

potentiometric sensors [11]. Such investigations are 

equally essential in biochemistry, where understanding 

ligand behavior leads to broader applications. 

Analyzing the complexation reactions of these ligands 

with metal ions provides valuable insights into ligand 

selectivity towards different metal cations, in addition to 

offering a comprehensive understanding of the complex 

formation process [12–14]. 

Schiff bases, named after Hugo Schiff, are a 

prominent class of ligands formed by the condensation 

of an amine and an aldehyde. Their structural diversity, 

ease of synthesis, and unique properties—such as 

thermal stability, versatile coordination abilities, and 

biological and catalytic activities—have made them 

highly attractive in various fields [15]. These ligands are 

particularly valued for their ability to coordinate with 

metal ions through the imine nitrogen atom and 

additional donor groups, often derived from the 

aldehyde component, stabilizing metals in different 

oxidation states [16,17]. The tunability of their electronic 

and steric properties, along with their straightforward 

synthesis, enhances their versatility. Furthermore, Schiff 

bases incorporating donor atoms like sulfur, oxygen, or 

nitrogen exhibit significant biological activity, which can 

be amplified through metal ion interactions. These 

features make them promising candidates for 

applications in catalysis, medicinal chemistry, and 

coordination chemistry [18]. 

Several studies have investigated the synthesis, 

stability, and characterization of metal complexes 

containing Schiff base ligands, demonstrating the 

diverse applications of these complexes in biological 

activity and coordination chemistry. Kalshetty et al. [19] 

investigated the solution stability constants of Cu(II), 

Zn(II), Ni(II), Co(II), Cd(II), and Mg(II) complexes using 

Schiff bases derived from 5-aldehydosalicylic acid and 

aniline. The study revealed that Cu(II) complexes 

exhibited higher stability compared to Zn(II) and Ni(II) 

complexes, attributed to their square planar geometry in 

contrast to the tetrahedral or octahedral geometry of 

Zn(II) and Ni(II) complexes. Jadhav et al. [5] investigated 

Schiff base complexes with Mn(II), Co(II), Ni(II), Cu(II), 

and Zn(II) using potentiometric methods. The order of 

stability constants was found to be Cu > Ni > Zn > Mn > 

Co, consistent with the Irving-Williams series. 

Esmaielzadeh and Mashhadiagha [16] investigated the 

thermodynamic characteristics and formation constants 

of complexes of Co(II), Ni(II), Cu(II), and Zn(II) using 

methyl-2-amino-1-cyclopentenedithiocarboxylate as a 

Schiff base ligand. Spectrophotometric methods 

employed in the study indicated that the complexation 

process is spontaneous and exothermic, with the 

stability order CoL > CuL > NiL > ZnL. Density 

functional theory (DFT) calculations were also utilized in 

their study to validate experimental results. Muthal [17] 

synthesized a series of Schiff bases and associated 

transition metal complexes (CoII, NiII, CuII, and ZnII) 

using UV-Vis, IR, magnetic susceptibility, and 

conductivity studies. The complexes exhibited 

antibacterial, antifungal, and pesticidal activity, and 

thermodynamic data indicated that they were 

exothermic and entropically favorable. Farhan [20] 

synthesized Schiff base-azo ligands to study the Co(II), 

Cu(II), and Ni(II) complexes of imidazole derivatives. 

The complexes exhibited excellent stability due to the 

Scheme 1.  Preparation of Schiff base ligands (L1 & L2) 
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chelation effect, and negative thermodynamic functions 

confirmed their spontaneous origin. Jha [21] investigated 

the stability constants of transition metal complexes, 

such as Cu(II), Ni(II), Co(II), and Zn(II), using Schiff base 

ligands derived from β-naphthaldehyde and 7-hydroxy 

naphthalene 2-amine. The stability constant order, 

determined to be Cu(II) > Ni(II) > Co(II) > Zn(II), 

highlighted the significant coordination ability of Schiff 

bases with Cu(II). 

This research aims to synthesize and characterize two 

Schiff base ligands, N,N'-Bis(2-

hydroxybenzylidene)ethylenediamine (L1) and N,N'-

Bis(2,4-dihydroxybenzylidene)ethylenediamine (L2), 

and to investigate their complexation behavior with Co²⁺ 

ions in non-aqueous solutions. Ligand L1 was prepared 

by condensing o-hydroxyacetophenone and 

salicylaldehyde with ethylenediamine, while L2 was 

synthesized using 2,4-dihydroxybenzaldehyde and 

ethylenediamine. Conductometric measurements were 

employed to investigate the complexation process of 

these ligands with Co2+ ions in three solvent systems: 

ethanol, acetonitrile, and a 1:1 mixture of the two. 

Experiments were conducted at four distinct 

temperatures (25 °C, 30 °C, 35 °C, and 40 °C) to 

determine the stability constants of the resulting 

complexes. Thermodynamic parameters, such as 

enthalpy change (ΔHo), entropy change (ΔSo), and Gibbs 

free energy change (ΔGo), were estimated to provide 

insights into the thermodynamic stability and 

spontaneity of the complexation processes. 

2. Material and methods 

2.1. Materials and equipment: 

Salicylaldehyde (2-hydroxybenzaldehyde, ≥98%, Sigma-

Aldrich) and 2,4-dihydroxybenzaldehyde (≥97%, Sigma-

Aldrich) were used for the synthesis of Schiff base 

ligands L1 and L2, respectively. Ethylenediamine (≥99%, 

Sigma-Aldrich) served as the amine component for both 

ligands. Nickel(II) chloride hexahydrate (NiCl₂·6H₂O, 

≥98%), copper(II) chloride dihydrate (CuCl₂·2H₂O, 

≥99%), and cobalt(II) chloride hexahydrate (CoCl₂·6H₂O, 

≥98%) (all from Sigma-Aldrich) were used as metal salts 

for complexation studies. Ethanol (absolute, ≥99.8%, 

Sigma-Aldrich) and acetonitrile (≥99.9%, Sigma-Aldrich) 

were employed as nonaqueous solvents for the 

thermodynamic studies of complex formation. 

Conductometric measurements were performed using a 

Jenway 4510 conductometer (Cole-Parmer, UK) 

equipped with a Julabo ED circulator (Julabo GmbH, 

Germany) and a water bath for temperature control. 

2.2. Synthesis of ligands 

The two Schiff base ligands N,N'-Bis(2-

hydroxybenzylidene)ethylenediamine  (L1) and N,N'-

Bis(2,4-dihydroxybenzylidene)ethylenediamine (L2) 

were synthesized through standard condensation 

reactions following established protocols [22,23]. 

Scheme 1 illustrates the synthetic pathway for the 

preparation of the two ligands. A solution of 

ethylenediamine (10 mmol) in ethanol was combined 

with the aldehyde or ketone (20 mmol) in ethanol (50 

mL). The mixture was stirred using a magnetic stirrer, 

and within a few minutes, a thick yellow precipitate 

formed.   Heating the mixture at 60°C for approximately 

120 min produced a clear yellow solution. After cooling 

overnight, fine crystals were obtained, which were then 

isolated by filtration, washed with acetone, and dried 

under vacuum over silica gel. Salicylaldehyde, 2,4-

dihydroxybenzaldehyde, and o-hydroxyacetophenone 

were employed as precursors for the synthesis of the 

Schiff base ligands.  

2.3. Conductometric measurements 

In a typical procedure, a double-walled conductometer 

glass cell was filled with 20.0 mL of a metal ion solution 

(1.0 × 10⁻⁴ mol/L) in the chosen test solvent (ethanol, 

acetonitrile, or a 1:1 mixture). The initial conductance of 

the solution was recorded. Subsequently, a Hamilton 

syringe was used to incrementally introduce 200 μL 

aliquots of ligand solution (L1 or L2) at a concentration 

of 1.0 × 10⁻³ mol/L. After each addition, the conductance 

of the solution was measured. This process of ligand 

addition and conductance measurement was repeated 

until the desired ligand-to-metal ion mole ratio was 

attained. These measurements were carried out at 

various temperatures, specifically 25, 30, 35, and 40°C. 

2.4. Determination of stability constants 

The stability constants of the nickel complexes with the 

investigated Schiff bases (L1 and L2) in the three solvents 

were determined using conductivity measurement. A 

graphical representation was prepared to depict the 

relationship between conductivity changes and the 

molar ratio of the ligand to the metal ion. The stability 

constants (Kstab) at the investigated temperatures were 

calculated using the Simplex program.  

2.5. Thermodynamic parameters determination 

To thoroughly understand the thermodynamics of the 

complexation reactions between the Schiff base ligands 

and Co²⁺ ions in the investigated solvents, it is essential 

to analyze both the enthalpic and entropic contributions. 

The enthalpy change (ΔHo, kJ/mol) and entropy change 

(ΔSo, J/mol.K)  for these reactions were determined using 

the Van't Hoff equation. This analysis requires the 
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stability constants of the complexes at various 

temperatures.  

The Van't Hoff equation is expressed as: 

  

lnKstab = 
∆So

R
- 

∆Ho

RT
                                                                 (1) 

 

Where: Kstab: stability constant, R: gas constant (8.314 

J/mol.K), T: absolute temperature (K). 

By plotting ln Kstab versus 1/T, the slope of the 

resulting line corresponds to -ΔH°/R, and the y-intercept 

corresponds to ΔS°/R. Furthermore, the Gibbs free 

energy change (ΔG°, kJ/mol) for the reactions was 

calculated using the following equation: 

 

∆Go = ∆Ho - T ∆So                                                                   (2) 

3. Results and discussion  

3.1. Temperature effect profile 

The conductometric measurements revealed significant 

insights into the formation of the Co2+ complexes with 

Schiff bases L1 and L2 in three non-aqueous solvents: 

acetonitrile, ethanol, and a 1:1 mixture of the two. The 

stability of the complexes was observed to vary with 

temperatures (25, 30, 35, and 40 °C). Fig. 1 and Fig. 2 

depict the variation in molar conductivity (Ʌm) as a 

function of the ligand-to-cobalt ion molar ratio 

([L]t/[Co(II)]t), where [L]t and [Co(II)]t represent the total 

concentrations of the ligand and the cobalt ion, 

respectively. As illustrated in the figures, the addition of 

ligands (L1 and L2) leads to an increase in molar 

conductivity, indicating that the mobility of the formed 

complexes surpasses that of the solvated metal ions. The 

data further showed that transition metal ions tend to 

form coordination complexes with solvent molecules 

like water, ethanol, or acetonitrile [11,13], which restricts 

their mobility and reduces conductivity. Upon complex 

formation with Schiff bases, the ligands displace the 

coordinated solvent molecules, diminishing the 

attractive forces between the cation and its coordinated 

entities. This substitution resulted in a decrease in 

resistance to movement, thereby enhancing the overall 

conductivity of the solution [24].  

The conductivity values of the complexes in the three 

solvents followed the order: mixture > acetonitrile > 

ethanol. This trend, observed for single-component 

solvents, correlates with the solvating ability of the 

solvents, as expressed by their Gutmann donor numbers 

[12]. A higher donor number reflects a greater tendency 

of the solvent to coordinate with the metal ion, thereby 

reducing the ability of the ligands to displace solvent 

molecules and, consequently, decreasing the solution's 

conductivity [25]. This observation is consistent with 

previous studies [25–27]. 

Furthermore, Fig. 1 and Fig. 2 reveal a linear increase 

in conductivity with the addition of ligand. A noticeable 

change in the slope of the curve occurs at a molar ratio 

of 1:1, indicating the formation of a 1:1 (ML) complex 

between Co²⁺ and the Schiff bases. A significant increase 

in molar conductivity is also observed with rising 

temperature, which can be attributed to enhanced ion 

mobility and faster complex formation at higher 

temperatures. Elevated temperatures reduce solvent 

viscosity, facilitating the movement of free ions and 

complexes. Additionally, the increased kinetic energy at 

higher temperatures accelerates ligand-metal 

interactions, thereby promoting the formation of ionic 

complexes [28,29]. 

3.2. Determination of stability constants (Kstab) 

The stability constants of cobalt complexes with Schiff 

bases L1 and L2 were determined in three non-aqueous 

solvents at various temperatures. This was 

accomplished by graphically analyzing the changes in 

molar conductivity as a function of the ligand-to-metal 

ion molar ratio and utilizing the statistical program 

Simplex [9]. The calculated stability constants are 

summarized in Table 1. 

For L1 complexes, stability constants decreased with 

increasing temperature, indicating exothermic complex 

formation reactions. In contrast, L2 complexes exhibited 

a more complex behavior: stability constants decreased 

with temperature in ethanol but increased in acetonitrile 

and the mixed solvent.  This suggests that the reactions 

are endothermic in the latter solvents. This observation 

aligns with Le Chatelier's principle, which predicts that 

increasing the temperature shifts the equilibrium of 

exothermic reactions towards the reactants, thereby 

decreasing the stability of the complexes. 

The solvent environment significantly influenced the 

stability of the cobalt complexes, with the following 

trend observed: acetonitrile > mixture > ethanol. This 

tend correlates with the donor number (DN) of the 

solvents. Acetonitrile (DN = 14.1) has a lower donor 

number than ethanol (DN = 19.7), indicating weaker 

interactions between acetonitrile molecules and metal 

ions. The donor number reflects the solvent's Lewis 

basicity. Solvent with higher donor numbers indicate 

stronger interactions with metal ions, increasing 

competition with ligand molecules and reducing the 

stability of the complexes [30]. These findings are 

consistent with previous studies on solvent effects on the 

stability of transition metal complexes [31,32]. 

Finally, the stability constants of the cobalt complexes 

with L2 were generally higher than those with L1. This 

difference can be attributed to the additional donor 

groups (hydroxyl groups) in L2, which enhance its Lewis 

basicity. In contrast, the presence of a methyl group in 

L1 introduces steric hindrance, reducing the stability of 

its complexes [32,33]. 
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Figure 1. Molar ratio vs molar conductivity plots of Co-L1 complexes 

at different temperatures in various solvents: a) acetonitrile, b) ethanol, 

c) mixed solvent 

 

Table 1. Values of stability constant (LogKstab) in various solvents at 

different temperatures 

Co-L1 Co-L2 
T (°C) 

AN EtOH 1:1 AN EtOH 1:1 

5.032 5.490 4.950 5.297 4.96 5.631 25 

4.964 4.429 4.854 5.536 4.600 5.647 30 

4.840 4.113 4.756 5.592 4.400 5.672 35 

4.817 3.775 4.642 5.675 4.350 5.692 40 

AN: Acetonitrile, EtOH: Ethanol, 1:1: mixed solvent 

 

 

 
Figure 2. Molar ratio vs molar conductivity plots of Co-L2 complexes 

at different temperatures in various solvents: a) acetonitrile, b) ethanol, 

c) mixed solvent 

 

Table 2. Thermodynamic parameters for Co(II) complexes in various 

solvents 

T (°C) 

Co-L1 Co-L2 

ΔGº 

kJ/mol 

ΔSº 

kJ/mol.K 

ΔHº 

kJ/mol 

ΔGº 

kJ/mol 

ΔSº 

kJ/mol.K 

ΔHº 

kJ/mol 

AN -28.7 0.004 -27.6 -30.5 0.245 42.3 

EtOH -30.0 -0.552 -195 -27.9 -0.149 -72.4 

1:1 -28.3 -0.027 -36.4 -32.1 0.132 7.37 

AN: Acetonitrile, EtOH: Ethanol, 1:1: mixed solvent 

 

 

 

0

20

40

60

80

100

120

140

0 0.5 1 1.5

Ʌ
, S

.c
m

2/
m

o
l

[L1]t/[Co(II)]t

a

40oC

35oC

30oC

25oC

0

25

50

75

100

125

150

175

0 0.5 1 1.5

Ʌ
, S

.c
m

2/
m

o
l

[L1]t/[Co(II)]t

b

40oC

35oC

30oC

25oC

0

50

100

150

200

0 0.5 1 1.5

Ʌ
, S

.c
m

2/
m

o
l

[L1]t/[Co(II)]t

c

at 40

at 35

at 30

at 25

0

50

100

150

200

250

300

0 0.5 1 1.5

Ʌ
, S

.c
m

2/
m

o
l

[L2]t/[Co(II)]t

a

40oC

35oC

30oC

25oC

0

25

50

75

100

125

150

175

200

0 0.5 1 1.5

Ʌ
, S

.c
m

2/
m

o
l

[L2]t/[Co(II)]t

b

40oC
35oC

30oC
25oC

0

50

100

150

200

250

300

350

0 0.5 1 1.5

Ʌ
, S

.c
m

2/
m

o
l

[L2]t/[Co(II)]t

c

40oC

35oC

30oC

25oC

40 °C 

35 °C 

30 °C 

25 °C 

40 °C 

35 °C 

30 °C 

25 °C 

40 °C 

35 °C 

30 °C 

25 °C 

40 °C 

35 °C 

30 °C 

25 °C 

40 °C 

35 °C 
30 °C 

25 °C 



ElSherif et al.    Turk J Anal Chem, 7(1), 2025, 71–78   

76 

 

3.3. Thermodynamic parameters 

The thermodynamic parameters (enthalpy, ΔH⁰, and 

entropy, ΔS⁰) for the complexation reactions of cobalt 

with Schiff bases in the studied non-aqueous solvents 

were determined using the linear form of the Van't Hoff 

equation, as depicted in Fig. 3a and Fig. 3b. The enthalpy 

change (ΔH⁰) was calculated from the slope of the fitted 

line, while the entropy change (ΔS⁰) was derived from 

the y-intercept. Using these values, the Gibbs free energy 

change (ΔG⁰) was also computed. The thermodynamic 

constants are summarized in Table 2. 

The results demonstrate that all ΔH⁰ values for L1 

complex formation are negative, confirming the 

exothermic nature of these reactions. In contrast, the 

formation of L2 complexes exhibited a mixed trend: 

exothermic in ethanol and endothermic in acetonitrile 

and the mixed solvent. The energy released during 

complexation was more significant in ethanol, with 

values of195 kJ/mol for L1 and 72.4 kJ/mol for L2, 

suggesting stronger ligand-metal ion interactions in this 

solvent [16,20]. Exothermic reactions generally enhance 

the stability of complexes at lower temperatures, but 

their favorability decreases as the temperature rises, 

consistent with the observed results [34]. 

The ΔG⁰ values for all reactions were negative, 

indicating that the complexation processes occurred 

spontaneously under the experimental conditions. In 

solution, metal ions are typically solvated, surrounded 

by a stabilizing shell of solvent molecules due to 

electrostatic interactions between the positively charged 

ions and the polar solvent molecules. Upon the 

introduction of ligands, they displace some of these 

solvent molecules and coordinate with the metal ions via 

Lewis acid-base interactions. These coordination bonds 

are strong, contributing significantly to the stabilization 

of the complexes in solution [34]. 

Entropy changes (ΔS⁰) associated with the 

complexation varied, ranging from slightly positive to 

slightly negative. Positive ΔS⁰ values, observed for L2 

complexes in acetonitrile and the mixed solvent, as well 

as for L1 complexes in acetonitrile, suggest a slight 

increase in molecular disorder and greater freedom of 

movement within the solution. Conversely, negative ΔS⁰ 

values, identified for L1 complexes in ethanol and the 

mixed solvent, as well as for L2 complexes in ethanol, 

indicate increased order and structural organization 

within the system. This observation correlates with the 

higher energy release (ΔH⁰) during complexation in 

ethanol. This trend can be attributed to the formation of 

strong coordination bonds and the structured 

arrangement of solvent molecules around the complexes 

[27,35]. 

4. Conclusion 

This study successfully synthesized two Schiff base 

ligands (L1 and L2) and investigated their complexation 

with Co(II) ions in non-aqueous solvents using 

conductometric methods. The stability constants of the 

complexes revealed distinct thermodynamic behaviors: 

L1 complexes exhibited a consistent decrease in stability 

with increasing temperature, confirming exothermic 

reactions. In contrast, L2 complexes displayed solvent-

dependent behavior, with exothermic reactions in 

ethanol and endothermic reactions in acetonitrile and 

the mixed solvent. 

 
Figure 3. Van’t Hoff plots of Co(II) complexes in various solvents: a) 

with L1 b) with L2 

Among the tested solvents, acetonitrile facilitated 

higher complex stability, attributed to its moderate 

donor number and solvent-ligand competition. 

Additionally, L2 complexes demonstrated greater 

stability compared to L1, likely due to the presence of 

hydroxyl donor groups, which enhance ligand basicity 

and reduce steric hindrance around the metal ion. 

Thermodynamic analysis supported these findings, with 

negative ΔG values indicating spontaneous reactions 

and entropy changes reflecting variations in molecular 

organization within different solvent environments. 

These results highlight the critical role of solvent 
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properties, ligand structure, and thermodynamic 

parameters in determining the stability and behavior of 

metal-ligand complexes in non-aqueous media. The 

insights gained may contribute to the rational design of 

coordination complexes for applications in catalysis, 

materials science, and analytical chemistry. 
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Abstract 

In the last decade, there is an increased interest to use biodegradable materials. In the present study, new composites based on activated bentonite 

(BNA)/appa-Carrageenan (-C)/acrylamide (AM) have been prepared by graft copolymerization of AM and appa-Carrageenan (-C) in the 

presence of activated bentonite (BNA) clay powder, and   ammonium persulfate (APS) as an initiator. Different component concentrations of AM 

and -C were used by maintaining 1 g of BNA in all types of composites. 

We focused on the interactions between mineral clay structure and polymer matrices. 

The structure and morphology of these materials were investigated by FT-IR and XRD, while the thermal properties were tested using TGA.  

Evidence of grafting and BNA interaction was obtained by comparison of FTIR and TGA spectra of the initial substrates and the composites. The 

apparition of new absorption bands at 1256 cm-1, 922 cm-1, and 843 cm-1 confirmed the presence of sulfate groups and correspond to the sulfonic 

acid group, C-O stretching band, 3, 6-anhydro-D-galactose and glycosidic linkages of -C backbone, in the composite structure. Electrostatic 

interactions and/or hydrogen bonds may have occurred between BNA and (-C/AM) copolymer. 

TGA analysis showed the thermal stability improved by adding BNA clay particles. 

The formation of intercalated nanocomposites in the case of C1 ((BNA/-C/AM) (1/0.5/0.5)), C2 ((BNA/-C/AM) (1/1/0.5)), C3 ((BNA/-C/AM) 

(1/0.5/1)) and C4(BNA/-C/AM) (1/1/1) samples was confirmed by XRD analysis. The shift of peak attributed to montmorillonite in the several 

composites except C4 to lower angles in XRD diffractometer suggests the formation of intercalated nanocomposites. 

The absence of the basal peak corresponding to montmorillonite phase in the case of C4 composite suggests a high dispersion of clay platelets, 

named exfoliation in the nanocomposite material.  

The obtained results from this study suggest that the prepared composites could be effectively applied for removing cationic dyes from aqueous 

solutions. 

Keywords:  Acrylamide, activated bentonite, carrageenan, composite 

1. Introduction

The treatment of contaminated wastewater is one of the 

most serious environmental problems faced by chemical, 

pharmaceutical, textile, polymer, plastic, and leather 

industries. Recently, much attention has been focused on 

the use of a new generation of absorbent composites. 

These materials are essentially prepared by including 

inorganic clays into the polymeric matrix.  

Due to their large surface area and high cation 

exchange capacity, clays such as montmorillonite [1,2] 

and bentonite [3], have been studied for potential 

applications as environmental remediation adsorbent 

for heavy metals and organic compounds adsorption. 

The addition of these types of minerals in a composite 

mixture not only improves some properties such as 

swelling ability, gel strength, mechanical, and thermal 

stability but also significantly reduces production cost 

[4–6]. However, for extensive process utilization, most of 

these materials are not suitable. To resolve these issues, 

modification of conventional adsorbents by using a 

polysaccharide matrix is an ideal alternative.  

Among the most abundant polysaccharides, 

carrageenans are soluble polysaccharides extracted from 
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red seaweeds. They have strong gel-forming ability and 

are biocompatible. They consist of long linear chains of 

D-anhydrogalactose and D-galactose with anionic 

sulfate groups (-OSO3-) [7]. There are three types of 

carrageenans: kappa (κ), iota (ι), and lambda (λ) which 

differ in sulfate ester and 3,6-anhydro-α-D-

galactopyranosyl content. Their water solubility is 

strongly related to the content of sulfate groups and 

associated ions. 

The structure of κ-carrageenan consists of the 4-

sulfate-O-β-D-galactopyranosyl-(1,4)-3,6-anhydro-α-D-

galactose units [8]. It is commonly used as a thickening 

and stabilizing agent in prepared foods, cosmetics, and 

pharmaceuticals. κ-Carrageenan has also been used to 

prepare biodegradable films for biomedical applications 

[9].  

Due to their high biodegradability, biocompatibility, 

and nontoxicity, hydrogels based on carrageenans have 

been also used as potential adsorbents for eliminating 

pollution like dyes from aqueous solutions [10,11]. 

Moreover, the combination of diverse structures like 

bentonite nanoclay [12], montmorillonite clay [13] and 

other nanomaterials with carrageenan has paved the 

way for scientists to prepare new materials with 

interesting properties. 

Including inorganic clays into a polymeric matrix 

improves some properties of plastics and gels [14]. A 

new generation of adsorbent composites was prepared 

by incorporating montmorillonite [15], attapulgite [16–

18], kaolin [19–21], hydrotalcite [22,23], mica [24], 

bentonite [25,26] and laponite [27] into polymeric 

matrices. OH reactive groups contained on layered 

aluminosilicate surface are anabled to interact with 

reactive sites of natural polymers and monomers and 

lead to the formation of composites with high adsorption 

capacities.  

The aim of this study was to develop new composites 

based on κ-carrageenan, acrylamide and activated 

bentonite.  

2. Experimental 

2.1. Materials and methods 

Acrylamide (AM), ammonium persulfate [APS], and 

appa-Carrageenan (-C) were supplied by Merck. In 

our earlier work, we prepared activated bentonite (BNA) 

by modifying raw clay (RC) particles [28]. The solid 

phase of RC was dispersed in a sodium chloride solution 

(1M). This operation was repeated three times. To 

remove excess salt, the resulting solid after saturation 

was washed with bidistilled water several times; the 

final product was BNA. The hexamminecobalt(III) 

chloride was used to determine the cation exchange 

capacity (CEC), which was found to be equal to 85 meq 

g/100 g.  

A series of BNA/-C/AM with different contents of -

C and AM was simply prepared. A constant mass weight 

of BNA was used (Table 1).  

The -C solution has been prepared by slow addition 

of a weighted amount of -C powder to bidistilled water 

in a 100-mL three-necked flask equipped with a 

mechanical stirrer and a reflux condenser. The solution 

was heated to 65 °C. After complete dissolution of -C, 

APS initiator (0.1 g dissolved in 3 mL distilled water) 

was added and kept at 65 °C for 10 min to generate 

radicals. 1 g of BNA particles was dispersed separately 

in 12 mL of distilled water and 5 mL of monomer 

solution containing pre-weighted amount of AM was 

added. This mixture was poured into the flask 

containing -C radicals. The temperature was raised to 

80 °C and maintained for 1 hour to complete the reaction.   

After 24 hours, the obtained composite was 

precipitated by pouring it into the water/absolute 

ethanol mixture (ratio 1:5). The precipitate was filtered 

and subsequently dried in an oven at 75 °C for 24 hours.  

The codes and the composition of composites are 

presented in Table 1.    

 

Table 1. Sample codes and composition 

 Code 
-Carrageenan 

mass (g) 

Acrylamide 

mass (g) 

BNA 

mass (g) 

C1  (BNA/-C/AM) (1/0.5/0.5) 0.5 0.5 1 

C2  (BNA/-C/AM) (1/1/0.5) 1 0.5 1 

C3  (BNA/-C/AM) (1/0.5/1) 0.5 1 1 

C4  (BNA/-C/AM) (1/1/1) 1 1 1 

2.1.1. Fourier transform infrared spectroscopy (FTIR) 

The ATR-FT-IR spectra of the samples were measured at 

4 cm-1 resolution and a mirror velocity of 0.6329 cm/s in 

the 4000-500 cm-1 region, on an Agilent Cary 600 Series 

FTIR Spectrometer equipped with DRIFT (Diffuse 

Reflectance Infra-red Fourier Transform) accessories. 

Five recordings were performed for each sample, and 

the evaluations were made based on the average 

spectrum. 

2.1.2. Thermogravimetric analysis measurements  

Thermogravimetric analyses of the samples were 

performed by high-resolution TGA (TA Instruments Q 

Series Q600 SDT). 10 mg of finely ground sample was 

heated in an open platinum crucible with a heating rate 

of 10 °C min-1 and temperature from 50 to 800 °C under 

nitrogen atmosphere flow rate of 100 mL/min. 

2.1.3. X-ray diffraction (XRD) 

The measurements were performed on an X-ray 

diffractometer ULTIMA IV (Rigaku, Tokyo, Japan), 

using the CuKα radiation (λ = 1.54 Å) at 40 kV and 30 

mA. All diffractograms were recorded in the 5-80 2θ 

degrees range at room temperature. A scan speed of 

2°/min and a step size of 0.02° were considered to 

achieve measurements. 
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3. Results and discussion 

The composite was prepared by graft copolymerization 

of acrylamide onto κ-C in the presence of bentonite 

particles (Scheme 1). 

Ammonium persulfate was used as an initiator. The 

persulfate is decomposed under heating and generates 

sulfate anion radicals that abstract hydrogen from OH 

groups of κ-C backbones. So, this persulfate-saccharide 

redox system results in active centers capable of 

radically initiating the polymerization of acrylamide, 

leading to a graft copolymer. 

3.1. FTIR analysis 

FTIR spectroscopy was used for identification of the 

composites. Fig. 1(a) and Fig. 1(b) represent the spectra 

of κ-carrageenan and the different BNA/κ-C/AM 

composites, respectively. 

The spectra of κ-carrageenan showed a broad 
absorption at 3440 cm-1 and 2954 cm-1 due to the 
stretching frequency of the O-H and C-H. The bands at, 
1256 cm-1, 922 cm-1, and 843 cm-1 are attributed to the 
presence of sulfate groups and correspond to the 
sulfonic acid group, C-O stretching band, 3, 6-anhydro-
D-galactose and glycosidic linkages of -C backbone, 
respectively [29]. 

On IR spectra of BNA/-C/AM composites, it was 

observed that the signal hydroxyl peak between 3450 cm-

1 and 3627 cm-1 became stronger, which could be 

explained by the superposition of the stretching 

vibration of O–H groups in all materials. 

The intensities of those FTIR characteristic peaks 
corresponding to -C in various BNA/-C/AM 
composites increased with the increase in κ-C mass.  

The presence of PAM polymer in different 

composites is also confirmed by the apparition of a new 

band at 3193 cm-1 corresponding to N-H (sym). This 

band is more pronounced in C3 and C4 composites. The 

bands at 1607 and 1453 cm-1 are ascribed to δN-H (amide 

II) and νC-N (amide III), respectively [30]. These 

findings confirmed that BNA/-C/AM composites 

structure was prepared successfully. 

 

 
Figure 1. FTIR spectrum of -C (a), and BNA/-C/AM composites (b) 

3.2. Thermogravimetric analysis 

The thermal stabilities of κ-carrageenan and its various 

composites were analyzed using thermogravimetric 

analysis (TGA), and the obtained resulting TGA curves 

are presented in Fig. 2. 

Scheme 1. BNA/-C/AM composite structure 
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Figure 2. TGA curves of BNA, -C and BNA/-C /AM composites 

It is seen from the Fig. 2 that the weight loss of pure 

κ-carrageenan occurred in three different stages. The 

first one, located in the temperature range of 45-150 °C, 

was due to the adsorbed water by κ-carrageenan. The 

decomposition of κ-carrageenan started at 203 °C. For κ-

carrageenan, the second weight loss of 21.04% in the 

temperature range of 209–262 °C and the third weight 

loss of 38.4% in the temperature range of 262-785 °C were 

observed. The residual weight observed in pure κ-

carrageenan is 25.35%. A similar thermal decomposition 

behavior was previously reported [31]. 

For BNA/-C/AM composites, the first degradation 

stage (50–150 °C) is also observed. This could be 

attributed to the loss of moisture content as hydrogen-

bound water as well as the dehydration of BNA clay. 

With increasing temperature, both of the second and 

third degradation stages took place beyond 200 °C. 

The second stage of decomposition occurred between 

200 and 650 °C and corresponds to weight losses of 6.47, 

6.64, 32.65, and 38.19% for C1 C2, C3, and C4 composites 

samples, respectively. These values are probably due to 

the degradations of -C and polyacrylamide. The 

random breaking chains of polysaccharide occur 

between 200 and 350 °C. In the range of temperature 

between 220 and 440 °C, the degradation is also due to 

both weight losses of NH2 of amide side groups in 

ammonia form and to chain breakdown of 

polyacrylamide [32].    

On the other hand, the different BNA/-C/AM 

composites were found to be more thermally stable with 

increasing temperature than the pure polymer.  

These observations could be related to the stability of 

BNA at higher temperatures since the dehydroxylation 

of the aluminosilicates within the BNA clay layers occurs 

at temperatures beyond 650 °C. As a result, BNA 

enhanced the stability of the developed composites and 

to the interaction between BNA particles and -C/AM 

mixture. 

 
Figure 3. XRD patterns BNA and BNA/-C/AM composites 

The obtained results are consistent with other studies 

that focused on studying the effect of clay encapsulation 

on the thermal behavior of beads prepared from other 

natural polysaccharides [33,34]. 

3.3. X-ray diffraction analysis 

To reveal the state of the BNA sheets in the prepared 

composites, XRD measurements were carried out on the 

dried materials with various -C and AM contents. The 

XRD patterns of the different BNA/-C/AM composites 

with various weight ratios of κ-C and AM to BNA are 

shown in Fig. 3.      

For κ-C, two signals were observed [35,36]: one at 

4.5°, indicating the crystalline region , and a broad signal 

in the range of 12° to 25°, which reflects its 

semicrystalline nature. 

The XRD of BNA contains a well-pronounced 

reflection at 2 = 7.15° (d spacing of 12.34Å), 

corresponding to the spacing between BNA sheets.  

With increasing -C and AM content, the diffraction 

signals were shifted to lower values corresponding to 

basal spacings from 12.34Å to 16.3Å, 14.66Å and 15.87Å 

for C1, C2, and C3 composites, respectively. These 

results suggest the intercalation of polymer chains 

between BNA sheets [37,38]. 

The absence of the basal peak corresponding to 

montmorillonite phase in the case of C4 composite 

suggests a high dispersion of clay platelets, named 

exfoliation in the nanocomposite material.  

4. Conclusion 

A new composite material was prepared by graft 

copolymerization of AM onto -C in the presence of 

ammonium persulfate as the initiator and BNA particles. 

A series of composites were prepared by varying -C 

and AM amounts. The obtained materials were 
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evaluated for their thermal stability, structural features, 

and interactions. 

Infrared spectroscopy showed the presence of 

interactions between -C, AM, and BNA, especially via 

electrostatic interactions and/or hydrogen bonding. 

The thermal stability of the resultant composites was 

significantly improved by the presence of BNA. The 

moisture adsorption of the prepared composites was 

reduced. This behavior is probably attributed to the 

interfacial interaction between the κ-C/AM mixture 

matrix and BNA. 

X-ray diffraction revealed that the incorporation of 

BNA into the κ-C and AM enhances the formation of an 

intercalated nanocomposite structure in the case of C1, 

C2, and C3 samples, where the polymer chains were 

intercalated between the clay sheets. The formation of 

exfoliated nanocomposite structure in the case of the C4 

sample is clear when κ-C and AM amounts were 1 g for 

each component.  
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Abstract 

The efficient extraction of bioactive molecules from medicinal plants is strongly related to the solvents and methods used. This study evaluated 

the impact of solvent selection and extraction methods on the bioactive potential of Rosa canina seed extracts, focusing on antioxidant, 

antimicrobial, and α-amylase inhibitory activities. Four solvents —dimethyl sulfoxide (DMSO), ethanol-water (80:20), ethyl acetate, and 

acetonitrile— were paired with maceration and ultrasonic techniques to generate eight extracts (DMM, DMU, ESM, ESU, EAM, EAU, ACM, ACS). 

Antioxidant activity was assessed via total phenolic (TPC) and flavonoid (TFC) content, FRAP, DPPH, and ABTS assays. Antimicrobial efficacy 

was tested against seven microorganisms (Gram+, Gram−, and yeast) using well diffusion and MIC methods, while α-amylase inhibition was 

quantified via IC50. 

The ethyl acetate ultrasonic extract (EAU) exhibited the highest TPC (63.86 mg GAE/g) and TFC (210.23 mg QE/g), along with superior antioxidant 

activity across all assays (P < 0.05). Ethyl acetate maceration (EAM) ranked second, underscoring ethyl acetate’s efficacy. Acetonitrile maceration 

(ACM) demonstrated the strongest α-amylase inhibition (IC50 = 20.46 mg/mL). All extracts showed notable antimicrobial activity against 

Aeromonas hydrophila and Klebsiella pneumoniae, though efficacy varied for other strains. DMSO-based extracts (DMM/DMU) consistently 

underperformed. These findings highlight ethyl acetate (EAU/EAM) as optimal for antioxidant-rich extracts and ACM for enzyme inhibition, 

positioning Rosa canina seeds as a promising source of natural bioactive compounds for functional food and therapeutic applications. 

Keywords:  Antioxidant, antimicrobial, maceration, rosa canina seeds, solvent, ultrasonication 

1. Introduction

There is an increasing interest in medicinal plant 

products today, and according to the World Health 

Organization (WHO), although there are differences 

between developed, underdeveloped, and developing 

countries, it has been reported that the global trust and 

usage rate of herbal products for therapeutic purposes 

has reached up to 80% [1]. During metabolic processes in 

plants, chemical reactions result in the formation of 

compounds known as primary and secondary 

metabolites, which are commonly used in various 

industrial fields, including agriculture, medicine, and 

pharmaceuticals, to produce a wide range of products 

[2]. 

The genus Rosa, which belongs to the Rosaceae 

family, includes more than 100 species found in North 

America, Europe, Western Asia, and the Middle East [3, 

4], and approximately 25% of these species are found in 

Türkiye [5]. Rosa species are widely used in traditional 

medicine. Rosa canina, commonly known as Rosehip, 

Dog Rose, Wild Rose, or Hip Rose, is a shrub that can 

grow at various altitudes [3]. With cultural diversity, 

rosehip is consumed in various forms such as herbal tea, 
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marmalade, juice, jam, sweets, cakes, and even soup. Its 

maturation process lasts from the end of September until 

the beginning of November, and it is harvested during 

this period [6]. 

Rosa species are commonly used in traditional 

treatments for digestive disorders, colds, constipation, 

and some inflammatory diseases. The fruits of Rosa 

canina are especially consumed in the form of tea during 

the winter months. Various studies have demonstrated 

that the fleshy fruit, seeds, roots, flowers, and leaves of 

rosehip possess bioactive properties that can contribute 

to modern medicine, in addition to their traditional 

medicinal uses. These properties include anticancer, 

antimicrobial, anti-inflammatory, antidiabetic effects, 

and immune system enhancement [7–9]. It is stated that 

the therapeutic effects of rose hips are based on its high 

content of elements and compounds with antioxidant 

activity [9,10]. 

The main bioactive compounds in rosehip include 

amino acids, vitamin C, phenolic acids, flavonoids, 

carotenoids, anthocyanins, α- and β-tocopherols, 

tannins, pectins, essential and unsaturated oils, as well 

as magnesium and calcium [6–11]. Antioxidants 

neutralize free oxygen radicals, which are known to be 

effective in the development of various acute and 

chronic inflammatory diseases, cancer, cardiovascular 

diseases, and arthritis, thereby playing a protective role 

against these diseases [5,7]. There are several factors that 

determine the biological activity of phytochemicals. 

These factors include the plant part (flower, leaf, fruit, 

seed, root), maturation time, altitude, temperature, 

humidity, soil quality, climate-related factors, drying, 

storage, and preservation conditions, and the method of 

consumption (infusion, grinding, boiling, direct 

consumption, etc.) [12,13]. For this purpose, various 

techniques are employed to effectively utilize bioactive 

compounds in functional foods. 

Rosehip seeds have a higher oil content compared to 

fruit skin and are considered a good source of 

unsaturated fatty acids, especially omega-3, oleic, 

linoleic, and linolenic acids [14,15]. Recently, the use of 

seed extracts, particularly in industries such as 

cosmetics, has gained attention, which in turn increases 

the significance of rosehip. This distinguishing feature of 

rosehip fruit and seeds may require the use of different 

extraction methods and solvents. Indeed, less polar or 

nonpolar solvents may be more effective in extracting 

the seed content compared to water, particularly for 

water-insoluble seed compounds. 

2.  Material and methods 

2.1. 2.1. Chemicals and equipment 

In this study analytical or HPLC grade reagents and 

chemicals were used. Chemicals used in phenolic and 

flavonoid contents, (FRAP, DPPH, and ABTS reactives, 

gallic acid, quercetin, trolox, Na2CO3, AlCl3, NaOH, 

ascorbic acid, Folin-Ciocalteu reagent), and solvents 

(dimethyl sulfoxide, acetic acid, ethanol, ethyl acetate, 

and acetonitrile), Nutrient Broth and Mueller-Hinton 

Agar media used in antimicrobial activity analysis were 

purchased from Sigma-Aldrich and Merck (St. Louis and 

Burlington, MA USA). Instruments and other equipment 

used are mentioned in the text.   

2.2. Plant material 

Rosehip fruits were collected in early October 2024 from 

the Arzular Kabaköy district of Gümüşhane province 

(40°26'44.4" N - 39°44'40.4" E). The fruits, each weighing 

approximately 250 grams, were placed in airtight 

refrigerator bags and transported to the laboratory. The 

fresh fruit samples were dried at room temperature, 

away from direct sunlight. After washing, the fruits were 

further dried in an oven at 37 °C . The seeds were 

separated from their peels with a scalpel and the 

remaining fibers were removed with an air sprayer. 

Seeds were ground into a powder using a grinder (IKA 

A-10, Germany). The seed powders were aliquoted into 

15 mL Falcon tubes and stored at -80 °C in a deep freezer 

(Thermo Scientific, USA) until further analysis. 

2.3.  Extraction of rosehip seeds 

The extraction methods were partially modified from the 

method of Oz et al. [16]. Rosehip seed powders were 

weighed to 2 grams using a precision balance (KERN, 

Germany) and transferred into 100 mL capped glass 

bottles. To each seed powder sample, 40 mL of one of the 

following solvents was added: acidified dimethyl 

sulfoxide (DMSO, 1% acetic acid), ethanol-distilled 

water (80:20, v/v), ethyl acetate, or acetonitrile. After the 

bottles were thoroughly shaken, they were mixed or 30 

minutes at room temperature on a magnetic stirrer at 250 

rpm. 

2.3.1. Maceration method 

After magnetic stirring, the samples were incubated for 

24 hours in a shaking incubator (Shel Lab, UK) at 37 °C  

and 150 rpm under dark conditions. Following 

incubation, the samples were sequentially filtered 

through coarse filter paper and a 0.45 µm membrane 

filter. The filtrates were then concentrated using a rotary 

evaporator (Heidolph, Germany) under reduced 

pressure (10 mbar) at 60 °C. Any remaining solvent was 

completely evaporated in a fanned and air-flow oven at 

60 °C  until dryness was achieved. The dried residues 

were subsequently dissolved in dimethyl sulfoxide 

(DMSO), and the final concentrations of the extracts 

were determined for further analysis (Table 1).  

2.3.2. Ultrasonic-assisted extraction (UAE) method 

For the ultrasonic-assisted extraction, the extraction 

procedure was identical to the maceration method up to 
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the shaking incubator stage. However, prior to the 

shaking incubator, the samples were treated in an 

ultrasonic water bath (cleaner ultrasonic bath Daihan 

Industries South Korea) for 45 minutes at 40 °C  and 50% 

frequency intensity. Following this treatment, the 

samples were incubated in a shaking incubator, as 

described in the maceration method, at 37 °C  and 150 

rpm for 24 hours in a dark environment. After 

incubation, the samples were filtered as described above, 

evaporated in a rotary evaporator, and the residues were 

dissolved in DMSO, with final concentrations 

determined (Table 1). Samples obtained from both 

extraction methods were coded and aliquoted into small 

volumes, then stored at -20 °C  until further analysis. 

Extract methods are shown in Fig. 1.  

Extract methods were coded and grouped as follow: 

DMM: Dimethyl sulfoxide –maceration; DMU: 

Dimethyl sulfoxide-ultrasonic; ESM: Ethanol/water 

80:20–maceration; ESU: Ethanol/water 80:20–ultrasonic; 

EAM: Ethyl acetate-maceration; EAU: Ethyl acetate-

ultrasonic; ACM: Acetonitrile-maceration; ACU: 

Acetonitrile-ultrasonic. 

 

 

 

Table 1. Final concantrations of Rosa canina seed extracts 

Extracts Concentration (mg/mL) 

DMM. 38,48 

DMU 32,14 

ESM 28,42 

ESU 30,68 

EAM 24,02 

EAU 22,97 

ACM 20,48 

ACU 25,02 

2.4. Determination of antioxidant content and activities 

of seed powder extracts 

In this study, the antioxidant content of rosehip seed 

extracts was evaluated using various solvents and 

extraction methods, including maceration and 

ultrasonic-assisted extraction.  As antioxidant content 

and activity parameters, total phenolic content (TPC) 

total flavonoid content (TFC), ferric reducing 

antioxidant power (FRAP) assay, 2,2-diphenyl-1-

picrylhydrazyl (DPPH) assay, and 2,2'-azino-bis 3-

ethylbenzothiazolin-6-sulfonic acid scavenging activity 

(ABTS) assay, which are widely used in the literature of 

similar studies, were analyzed. In analyses, each sample 

and standard were run in 3 replicates. 

 

Figure 1. Figurative summary of extract methods and analyses parameters 
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2.4.1. Determination of total phenolic content (TPC) 

Total phenolic content analysis was performed by 

Johnson et al. modified from the Folin-Ciocalteu 

procedure of Slinkard and Singleton adapted to 

microplate [17,18].  The method is based on the reduction 

of phosphotungstic acid to phosphotungstic blue in an 

alkaline environment. Gallic acid prepared in different 

concentrations was used as the standard in the study. 

Standard graphic equation is determined as                            

y = 0.00723461x + 0.0512804 R2=0.999. The 

extracts/standards were diluted as necessary and 

pipetted into the microplate in a volume of 25 µL, 

followed by the addition of 10% (v/v) Folin-Ciocalteu 

reagent (125 µL). 10% sodium carbonate (Na2CO3) (100 

µL) solution was added to the mixture, and the 

microplate was thoroughly shaken. The final volumes in 

the wells were 250 µL. The plate was incubated at room 

temperature for 2 hours in the dark and read 

spectrophotometrically at 760 nm using a microplate 

reader (Thermo Fisher Sci. MultiScan Go Walham, 

Massachusetts USA). The results were expressed as 

mg/g of gallic acid equivalent (mg GAE /g extract).  

2.4.2. Determination of total flavonoid content (TFC) 

The total flavonoid assay will be performed according to 

the method adapted to a 96-well microplate, as described 

by Kamış et al. [19] and based on the aluminum chloride 

colorimetric method by Beara et al. The procedure was 

carried out as follows: 50 µL of sample/standard was 

pipetted into the microplate, followed by the addition of 

30% methanol-water (120 µL), 0.5 M 15 µL sodium nitrite 

(NaNO2), and 0.3 M 15 µL aluminium chloride (AlCl3)  in 

sequence. After a 5-minute incubation, 1 M 100 µL 

sodium hydroxide (NaOH) was added to the mixtures, 

and the final well volume was adjusted to 300 µL. The 

mixtures were incubated in the dark at room 

temperature for 40 minutes. Absorbance values were 

measured spectrophotometrically at 406 nm against 

reagent and sample blanks using a microplate reader. 

Quercetin, prepared in five different concentrations, was 

used as the standard. The standard curve equation was 

determined as y=0.000581872x+0.0183755 with R² = 0.998. 

The total flavonoid content (TFC) of the extracts was 

expressed as quercetin equivalents (mg QE/g extract ). 

2.4.3. DPPH (1,1-Diphenyl-2-picrylhydrazyl) radical 

scavenging method 

The DPPH radical scavenging method was adapted from 

the procedure used by Soler-Rivas et al. [20] for a 96-well 

microplate. In this method, 25 µL of diluted 

extract/standard was pipetted into the microplate. Then, 

100 µM DPPH 185µL (1,1-diphenyl-2-picrylhydrazyl) 

and 90 µL methanol were added in sequence. The final 

volume was adjusted to 300 µL. After incubation for 30 

minutes in the dark at room temperature, the absorbance 

was measured spectrophotometrically at 517 nm against 

blanks using a microplate reader. Trolox and ascorbic 

acid were used as standards. The results were expressed 

as trolox equivalent antioxidant capacity (TEAC) and 

ascorbic acid equivalent (AAE). The standard curve 

equations were determined as y = -0.00433359x + 1.6969 

with R² = 0.9946 for Trolox and y = -0.00368613x + 1.29333 

with R² = 0.990 for ascorbic acid. 

2.4.4. Ferric reducing antioxidant power (FRAP) method 

This method was modified from Benzie and Strainin's 

method to be applied to a 96-well microplate [21]. The 

principle of the method is based on the reduction of Fe³⁺ 

to Fe²⁺ in the presence of antioxidants. Standard 

solutions of Trolox and ascorbic acid were prepared in 

five different concentrations, and standard curves were 

generated. The standard curve equations were y = 

0.0110624x + 0.0412819 with R² = 0.999 for Trolox and y = 

0.013392x + 0.127341 with R² = 0.995 for ascorbic acid. In 

short, 25 µL of extract/standard was pipetted into the 

microplate, and 275 µL of FRAP reagent [300 mM acetate 

buffer + 10 mM 2,4,6-Tris(pyridyl)-S-triazine (TPTZ) 

solution + 20 mM FeCl₃ solution (10:1:1)] was added. The 

final volume was adjusted to 300 µL. Absorbance values 

were measured spectrophotometrically at 593 nm 

against blanks using a microplate reader. Results were 

expressed as mg TEAC/g  and mg AAE/g. 

2.4.5. ABTS radical scavenging capacity 

This method was modified from the procedure used by 

Silva et al. [22], which was adapted for a 96-well 

microplate from Re et al. [23]. Briefly, 25 µL of 

sample/standard was pipetted into the microplate. ABTS 

(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

radical solution, adjusted to an optical density of 0.7 with 

7 mM ABTS + 2.45 mM potassium persulfate) was added 

to achieve a final volume of 200 µL. After incubating at 

room temperature for 5-6 minutes, absorbance was 

measured spectrophotometrically at 734 nm using a 

microplate reader. Trolox and ascorbic acid solutions at 

five different concentrations were used as standards. The 

standard curve equations were determined as                        

y=-0.00766426x+2.0314 with R²=0.999 for Trolox and                      

y=-0.010095x+2.03325 with R²=0.999 for ascorbic acid. 

The analysis was performed in triplicates, and the results 

were expressed as mg TEAC/g  and mg AAE/g. 

2.5. Determination of antimicrobial activities  

2.5.1. Agar well diffusion method  

The antimicrobial activities of the 8 different rosehip 

extracts were determined using the well diffusion 

method with some modifications based on the CLSI 

(Clinical & Laboratory Standards Institute: CLSI 
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Guidelines [24].  The test organisms used were Gram-

positive bacteria Staphylococcus aureus ATCC 25923 and 

Bacillus cereus ATCC 9634; Gram-negative bacteria 

Pseudomonas aeruginosa ATCC 27853, Klebsiella 

pneumoniae ATCC 13883, Proteus vulgaris ATCC 13315, 

Aeromonas hydrophila ATCC 35654 and fungi Candida 

albicans ATCC 18804. Fresh cultures of the 

microorganisms were prepared and diluted to a 

turbidity of 0.5 McFarland standard (1.5×10⁸ 

microorganisms/mL) using sterile distilled water. The 

microorganisms were inoculated onto Müller-Hinton 

Agar petri dishes with the help of a sterile swab. Wells 

were created on the inoculated Petri dishes, and then 50 

µL of the extract solutions were pipetted into the wells. 

The plates were incubated at 4 °C  for 2 hours to allow 

for diffusion of the extracts into the agar. 

Chloramphenicol was used as a positive control, and 

DMSO was used as a negative control. After incubation, 

the dishes were incubated at 37 °C  for 24 hours for 

bacteria and at 28 °C  for 48 hours for yeast. The 

inhibition zone diameters surrounding the wells were 

measured using a digital caliper. Analyses were run in 3 

replicates. 

2.5.2. Minimal inhibitory concentrations analysis of extracts 

The minimum inhibitory concentration (MIC) values of 

the extracts were analyzed following the CLSI [24]. 

guidelines with some modifications. The method 

involved applying the broth dilution technique to 96-

well sterile microplates with lids. Mueller-Hinton Broth 

was used as the culture medium. Unlike the other wells, 

the first wells received 100 µL of the culture medium 

prepared at twice the concentration, while the other 

wells were inoculated with 100 µL of the standard 

concentration medium. Then, 100 µL of rosehip extract 

was pipetted into the first wells. Starting from an initial 

concentration of 2750.0 µg/mL, a twofold serial dilution 

was performed to prepare 10 different concentrations, 

ranging down to 5.0 µg/mL. Similarly, chloramphenicol 

was used at an initial concentration of 256 µg/mL. 

Suspensions of standard microorganisms (at a 0.5 

McFarland turbidity) were inoculated into the 

microplates. After incubation in an incubator at 37 °C  for 

24 hours for bacteria and 28 °C  for 48 hours for yeast, 

microbial growth was observed using a microplate 

reader. The lowest concentrations of rosehip extracts and 

antibiotics that inhibited the growth of microorganisms 

were given as µg/mL as MIC values. 

2.6. Determination of α-amylase enzyme inhibitory 

effect of seeds extracts 

The α-Amylase inhibitory activity of rosehip extracts 

was determined using the iodine/potassium iodide 

method, adapted from the method of Yang et al. [25]. 

Extract solutions were prepared at five different 

concentrations and pipetted into the wells of a 

microplate in 25 µL volumes. Then, a 0.5 mg/ml α-

amylase enzyme solution was prepared using phosphate 

buffer (pH 6.9, 6 mM sodium chloride) and 50 µL of this 

solution was added to the wells. The samples in the 

microplate were incubated at 37 °C  for 10 minutes. After 

the pre-incubation, 50 µL of 0.1% starch solution was 

added to each well to initiate the reaction. The samples 

were incubated again at 37 °C  for 10 minutes, after 

which 25 µL of 1 M HCl was automatically added to stop 

the reaction. To observe the color change, 100 µL of 

iodine-potassium iodide solution was added to the 

wells. The absorbances of the extracts and the control 

were spectrophotometrically measured in a microplate 

reader set to 630 nm wavelength. Acarbose was used as 

a standard at concentrations of 10, 25, 50, 100, and 200 

µg/ml. The α-amylase inhibitory activity results of the 

extracts and acarbose were presented as IC50 (mg/mL) 

values. 

2.7. Statistics 

To compare the extracts with each other, ANOVA test 

was applied. ANOVA, Analysis of Variance, was 

conducted using Microsoft Excel with the help of 

XLSTAT (Addinsoft, 2024, XLSTAT statistical and data 

analysis solution, New York, USA). Results are given as 

mean ± standard deviation. P <0.05 was considered a 

statistically significant difference. 

3. Results and discussion 

3.1. Results of TPC TFC, and antioxidant activity   

In this study, a total of 8 different extracts were obtained 

with 4 different solvents and 2 different extraction 

methods. TPC and TFC antioxidant activity results are 

shown in Table 2. 

Total phenolic content (TPC) is an indicator of the 

antioxidant potential of medicinal plants because 

phenolic compounds are known for their ability to 

neutralize free radicals. Rosehip is known as an 

important source of antioxidants. As with many plants, 

the bioactive properties of rosehip fruits can vary 

depending on several factors such as ripening and 

harvesting time, storage, altitude, temperature, 

humidity, and climate [6]. Moreover, the effective 

extraction of the total phenolic content (TPC) and total 

flavonoid content (TFC) from rosehip fruits and seeds is 

influenced not only by the aforementioned conditions 

but also by solvents and extraction methods [11]. The 

polarity of the solvent is a significant parameter that 

affects the release of phytochemicals responsible for 

bioactive properties during the extraction process 

[26,27]. 
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In our study, combinations of 4 solvents with varying 

polarities and extraction methods were employed.  

Among the 4 solvents, EAU (Ethyl Acetate 

Ultrasonic) exhibited the highest TPC amounts (63.86 mg 

GAE/g) and significant differences from all other 

extracts (except EAM) demonstrating that ultrasonic-

assisted extraction of the rosehip seeds with ethyl acetate 

was   highly efficient for TPC (p<0.05). EAM (Ethyl 

Acetate Maceration) had the second highest content 

(60.53 mg GAE/g) after EAU. However, there was no 

significant difference between these two extracts. It was 

observed that DMM (Dimethyl sulfoxide –Maceration) 

and DMU (Dimethyl sulfoxide –Ultrasonic) extracts had 

the lowest TPC values (5.66; 7.26 respectively). When the 

extracts are compared in terms of TPC content, the order 

EAU>EAM>ESM>ESU> ACU>ACM>DMU>DMM is 

seen. When TFC values were examined, it was observed 

that, similar to TPC, the highest level was in the EAU 

(210 mg QE/g) extract, followed by EUM (189.9 mg 

QE/g) and DMM (22.5 mg QE/g), and DMU (25.8 mg 

QE/g) had the lowest values, respectively. In TFC 

content comparison, extracts are listed as 

EAU>EAM>ESM>ESU>ACU>ACM>DMU>DMM. In 

this study, these findings suggest that ultrasonic-assisted 

extraction using ethyl acetate was again the most 

effective method for extracting phenolics and flavonoids 

from rose hip seeds.  

The DPPH and ABTS assays are commonly used to 

assess the free radical scavenging ability of plant 

extracts. The FRAP assay evaluates the ability of extracts 

to reduce ferric ions, which is another important 

measure of antioxidant activity. In this study, these 3 

commonly used antioxidant activity determination 

methods were preferred (Table 2).  

It was determined that the ethyl acetate extracts (EAU 

and EAM) exhibited the highest values in all antioxidant 

activity analysis methods. Additionally, these values 

showed a significant difference compared to the values 

of other solvent extracts. However, when considering 

TEAC and AAE standards, the highest antioxidant 

activity values varied between EAU and EAM. For 

instance, in the DPPH assay, EAU had 117.43 mg 

TEAC/g, while EAM had 115.34 mg TEAC/g, and in 

terms of ascorbic acid standard, EAM was at 107.57 mg 

AAE/g, while EAU was at 91.08 mg AAE/g. Similarly, in 

the FRAP analysis, EUM was found to be significantly 

higher than EUA and all other extracts. Among the 

extracts, DMM and DMU showed the lowest values in 

terms of all three antioxidant activity methods. 

In the literature, there are more studies on the 

antioxidant content and activity of rosehip fruit samples  

extracted with different methods and solvents 

compared to studies involving rosehip seeds. This could 

be due to the higher usage of the fruit compared to the 

seed. Montazari et al. used six different solvents (n-

hexane, ethyl acetate, chloroform, acetone, water and 

methanol) to extract Iranian Rosa canina fruits using the 

maceration method and dissolved the residues in DMSO 

after evaporation. The researchers found that the four 

extracts with the highest TPC contents were ranked as 

methanol, acetone, water, and ethyl acetate (424.4, 295.8, 

220.2, 173.3 mg GAE/g extract respectively). In terms of 

TFC, ethyl acetate performed better than water in the 

same ranking [28]. 

Table 2. Comparison of antioxidant content and activites of rosehip seed extracts prepared by maceration and ultrasonic assisted methods using 

different solvents 

Extract 
TPC 

mg GAE/g 

TFC 

mg 

QE/g 

DPPH 

 mg TEAC/g 

DPPH 

 mg AAE/g 

ABTS  

mg TEAC/g 

ABTS  

mg AAE/g 

FRAP 

mg TEAC/g 

FRAP  

mg AAE/g 

DMM 5.66 22.53 5.98 4.74 19.44 17.82 4.63 2.15 

 ±0.36 a ±0.78 a ±0.49 a ±0.28 a ±0.09 a ±0.06 a ±0.09 a ±0.08 a 

DMU 7.26 25.88 10.79 9.47 24.72 22.33 6.93 ±3.73 

 ±0.70 a ±3.21 a ±0.85 b ±0.77 b ±0.52 b ±0.36 b ±0.26 b ±0.21 a 

ESM 47.31 133.04 57.37 39.13 59.26 46.90 50.63 39.56 

 ±3.29 d ±3.25 e ±2.85 d ±2.17 d ±2.50 e ±1.73 e ±2.48 f ±2.05 e 

ESU 41.10 107.22 63.51 38.79 54.74 43.34 46.79 36.55 

 ±0.77 c ±2.81 d ±1.30 e ±1.85 d ±2.97 d ±2.05 d ±0.72 e ±0.59 d 

EAM 60.53 189.90 115.34 107.57 84.07 64.61 63.88 49.18 

 ±3.14e ±3.12 f ±2.53 f ±1.93 f ±1.83 f ±1.97 f ±1.07 h ±2.30 g 

EAU 63.86 210.23 117.43 91.08 97.52 73.65 59.40 45.56 

 ±3.11e ±3.61g ±2.49 f ±2.39 e ±2.16 g ±2.67 g ±1.09 g ±1.94 f 

ACM 16.00 31.09 17.40 14.37 26.59 26.60 ±17.45 10.25 

 ±1.13 b ±2.13 b ±1.53 c ±0.33 c ±2.01 b ±1.39 c ±0.66 c ±0.84 b 

ACU 16.62 44.22 18.61 16.69 31.25 28.34 19.63 13.71 

 ±2.69 b ±1.56 c ±0.90 c ±0.62 c ±1.42 c ±0.99 c ±0.68 d ±0.52 c 

DMM: Dimethyl sulfoxide –maceration; DMU: Dimthyl sulfoxide-ultrasonic; ESM: Ethanol/water 80:20 –maceration;  

ESU: Ethanol/water 80:20–ultrasonic; EAM: Ethyl acetate-maceration; EAU: Ethyl acetate-ultrasonic; ACM: Acetonitrile-maceration;  

ACU: Acetonitrile-ultrasonic. Different letters (a-h) in the same column are significantly different (p <0.05). 
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Figure 2. Graphical representations of solvent and methodological comparisons of phenolic and flavonoid contents and antioxidant activities 

of seed extracts. A: TPC (mg GAE/g); B:TFC mg QUE/g; C: FRAP (mg TEAC/g); D: FRAP mg AAE/g); E: DPPH (mg TEAC/g); F: DPPH (mg 

AAE/g): G:ABTS mg (TEAC/g); H: ABTS (mg AAE/g) 
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Graphical representations of solvent and 

methodological comparisons of phenolic and flavonoid 

contents and antioxidant activities of seed extracts are 

given in Fig 2. 

In another study conducted in Turkey, the whole fruit 

(WF), pulp (P), and seeds (S) of Rosa pimpinellifolia (black 

rosehip) were analyzed for TPC, DPPH, ABTS, and 

CUPRAC (cupric reducing antioxidant capacity). It was 

determined that the seed TPC values were lower 

compared to those of  WF and P; however, the seeds 

exhibited higher values in all three antioxidant activity 

assays than the other parts. The researchers, using an 

acidified ethanol-water mixture (50:50, v/v) as the 

solvent, employed the ultrasound-assisted extraction 

(UAE) method with three repetitions (30 minutes at 

temperatures ranging from 30 to 40 °C ) for the extraction 

process [29].  

TPC and TCF values in rosehip seeds may vary 

according to regional and methodological differences. In 

some studies conducted on Rosa canina seeds collected 

from Gümüşhane-Erzurum regions, TPC values were 

reported to be between 2.55 mg GAE/g and 52 mg GAE/g 

[30]. In a study using 80% methanol, 70% acetone and 

60% ethanol as solvents by maceration method, ABTS 

values in rosehip seed powders were determined as 

approximately 2.5 mg TEAC/g for methanol and 

acetone, while ethanol was found to be lower, and TPC 

was determined as 2.55 mg GAE/g in the same study 

[31]. Çürük et al. determined DPPH value as 16.2 mg 

TEAC/g in rosehip seed powder obtained by 

supercritical carbon dioxide extraction method [32]. In 

another study, the DPPH value of 75% methanolic and 

0.1% formic acid extract of dried and frozen rosehip seed 

powder in liquid nitrogen was found to be 5.38 mg 

TEAC/g. [30]. 

In recent years, the use of different extraction 

methods other than the traditional maceration-solvent 

extraction method, such as ultrasonic assisted extraction 

(UAE), microwave assisted extraction (MAE), and 

supercritical fluid extraction (SFE) has increased. UAE 

uses a combination of thermal and mechanical effects to 

elicit bioactive components and is generally effective at 

low frequencies of 20–100 kHz. Higher frequencies can 

do more harm than good [33,34].  

In ultrasound-assisted extraction, several variables 

must be considered: sonication time, frequency, and 

temperature, along with the solvent/solute ratio, which 

are identified as the main variables [35]. In this study, 

both maceration and UAE methods were applied using 

the same solvents. When comparing the UAE and 

maceration methods, the highest values in terms of 

antioxidant activity, TPC, and TFC content were found 

in the EAM and EAU solutions. Among these, EAU 

exhibited statistically significantly higher TFC and ABTS 

values (mg TEAC/g and mg AAE/g, respectively) than 

EAM (P < 0.05). Ultrasonic extracts of dimethyl sulfoxide 

and acetonitrile (DMU and ACU) had higher values for 

all antioxidant parameters compared to the extracts 

obtained by maceration (DMM and ACM).  These 

increases were more distinctive in DMU. After ethyl 

acetate extracts, ESM and ESU extracts exhibited the 

highest antioxidant parameters, with the exception of 

DPPH (mg TEAC/g), where ESM showed higher values 

than ESU.  

In general, it is reported that increasing the 

ultrasonication time will increase the mass transfer to the 

solvent and accordingly the amount of phenolic and 

flavonoid substances will increase, but the phenolic 

content may decrease due to the structural degradation 

of phenolic compounds as the ultrasonication time 

increases [36]. In a study, antioxidant activity and 

penolic content were compared by ultrasonically 

assisted extraction of rosehip fruits using variable 

parameters consisting of 3, 6, 9, 12, and 15 minutes 

sonication time, 25, 50 and 100 % amplitude and 20, 30, 

and 50 °C temperature. It was shown that ultrasonication 

time and temperature increased the amount of phenolic 

matter, but amplitude was not effective [35]. 

3.2. Results of the antimicrobial activity of different 

rosehip extracts 

3.2.1. Results of agar well diffusion method 

Results of the antimicrobial activity of different rosehip 

extracts against 7 microorganisms were shown in       

Table 3.  

In this study, all rosehip seed powder extracts 

showed significant antimicrobial activity against A. 

hydrophilia and K. pneumonia strains. It was found that the 

highest activities were shown by DMU, ESU, and DMM 

extracts against A.hydrophila strain (24.43, 23.23, and 

22.23 mm, respectively). No antimicrobial activity of any 

extract was detected against E. facialis. Against S. aureus, 

activity was seen only in EAM and EAU.  It was also 

determined that ACM and ACU only exhibited activity 

against A. hydrophila and K. pneumoniae strains. Rosa 

canina is a well-known and extensively studied 

medicinal plant for its antimicrobial activity. However, 

most studies on antimicrobial activity have focused 

primarily on the fruit and flowers. Extraction methods, 

solvents used, the time of fruit collection, and climatic 

conditions are influential factors in the expression of the 

plant's antimicrobial properties [13,37]. In a study with 

methods similar to ours, Rosa pimpinellifolia plant parts, 

including seeds, were extracted using UAE with a 

solvent consisting of an ethanol-water (50:50) mixture. In 

the antimicrobial activity analyses, it was observed that 

the seed extract was effective against B. cereus and S. 

aureus, but exhibited a lower effect compared to the 

whole fruit [31]. 
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In a homogenization-based study, evaluating rosehip 

fruit samples from Samsun, Türkiye, where phosphate 

buffer was used as the solvent, it was observed that, in 

contrast to our study, E. facialis and S. aureus strains were 

effectively inhibited by the rosehip fruits [37]. 

Phytochemical components of the extract may show 

different effects against different microorganisms. For 

example, citric acid has a pronounced antimicrobial 

effect against Staphylococcus aureus and Klebsiella 

aerogenes, and quinic acid against S. aureus. Researchers 

suggest that solvents may play an important role in 

antimicrobial activity in this case [28,38].                                                           

3.2.2. Results of minimal inhibitory concentrations of 

extracts 

The minimal inhibitory concentration (MIC) values of 

the extracts obtained by maceration and UAE methods 

with different solvents against various microbial strains 

are given in Table 4.   

In this context, a lower MIC value indicates a higher 

level of antimicrobial activity. When the extracts were 

evaluated in terms of both solvent and method, it was 

determined that the minimum inhibitory concentrations 

(MICs) varied according to the microorganisms.  

The lowest MIC values were observed against the 

Gram (-) bacteria A. hydrophila and K. pneumoniae in the 

EAU and EAM extracts (0.29 and 0.30 mg/mL, 

respectively). All other extracts had lower MIC values 

against these two strains compared to other 

microorganisms. The highest MIC values were observed 

against E. faecialis. DMM and DMU had the highest MIC 

values against S. aureus, E. faecialis, A. hydrophila, and K. 

pneumoniae compared to the other extracts. Extracts 

obtained by UAE and maceration exhibited similar MIC 

values for the same solvents, and these values varied 

depending on the microorganisms. 

In antimicrobial activity analyses of Rosa canina fruit 

extracts prepared using the maceration method and six 

different solvents, it was observed that methanolic 

extracts showed the lowest MIC values against C. 

albicans, B. cereus, and S. aureus strains, followed by 

aqueous extracts. In this study, chloroform and n-hexane 

exhibited no activity, while ethyl acetate showed activity 

only against S. aureus, and acetone demonstrated activity 

against all strains except B. cereus [28].  

Table 3. Result of  antimicrobial activity of different rosehip extracts (zone diameter mm) 

Extracts S. aureus E. faecialis C. albicans P. vulgaris A.hydrophila B. cereus K. pneumoniae 

DMM NI NI 
11.43 16.70 22.23 

NI 
17.53 

±0.31 ±0.72 ±0.67 ±0.67 

DMU NI NI NI 
15.43 24.43 

NI 
17.70 

±0.50 ±0.91 ±0.72 

ESM NI NI 
15.50 15.40 23.23 12.57 15.33 

±0.66 ±0.46 ±0.70 ±0.68 ±0.35 

ESU NI NI 
14.63 15.63 20.60 12.10 15.03 

±0.40 ±0.55 ±0.46 ±0.36 ±0.61 

EAM 
15.70 

NI 
19.90 

NI 
19.33 10.70 16.90 

±0.46 ±0.56 ±0.38 ±0.44 ±0.56 

EAU 
15.60 

NI 
14.00 

NI 
20.73 10.67 17.57 

±0.36 ±0.75 ±0.68 ±0.25 ±0.47 

ACM NI NI NI NI 
21.40 

NI 
15.40 

±0.89 ±0.53 

ACU NI NI NI NI 
19.87 

NI 
16.73 

±0.60 ±0.60 

CHL 
26.63 25.73 30.10 30.63 25.10 22.93 30.40 

±0.31 ±0.51 ±0.80 ±0.86 ±0.62 ±0.74 ±0.85 

DMSO NI NI NI NI NI NI NI 

CHL: Chloramphenicol; DMSO: as a negative control NI: No inhibition. Results were given mean ± Standard deviation (SD) 

 

 

Table 4. Results of minimal inhibitory concentrations (MIC)  of seed extracts (mg/mL) 

Extracts S. aureus E. faecialis C. albicans P. vulgaris A.hydrophila B. cereus K. pneumoniae 

DMM 3.85 3.85 1.92 0.96 0.48 3.85 0.48 

DMU 3.21 3.21 3.21 0.80 0.40 1.61 0.40 

ESM 2.84 2.84 0.71 0.71 0.36 0.71 0.36 

ESU 3.07 3.07 0.77 0.77 0.38 0.77 0.38 

EAM 0.60 2.40 0.60 2.40 0.30 1.20 0.30 

EAU 0.57 2.30 0.57 2.30 0.29 1.15 0.29 

ACM 2.05 2.05 2.05 2.05 0.26 2.05 0.26 

ACU 2.50 2.50 2.50 2.50 0.31 2.50 0.31 

CHL 0.02 0.01 0.001 0.001 0.02 0.01 0.01 

DMSO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CHL: Chloramphenicol as antibiotic; DMSO: Dimethyl sulfoxide as  negative control. The results are presented in mg/mL (mean ± Standard 

deviation (SD). 
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3.3. Results of α-amylase enzyme inhibitory activity of 

extracts 

Results of α-amylase enzyme inhibitory activity of 

extracts were given in Table 5. α-Glucosidase hydrolyzes 

starch and disaccharides in the intestine and ensures the 

absorption of glucose [39]. α-Amylase breaks down 

polysaccharides into maltose and glucose.  Both of these 

enzymes have the effect of increasing glucose 

concentration in the blood, and inhibitors of these 

enzymes are used in diabetes treatments [40,41].  

The IC50 values presented in the table reflect the 

inhibitory activity of various extracts on α-amylase 

enzyme activity, with lower IC50 values indicating 

greater enzyme inhibition. This analysis is crucial as α-

amylase plays a significant role in carbohydrate 

metabolism, making its inhibition relevant for 

conditions such as diabetes and obesity [40]. 

In our study, ACM and EAU extracts had the highest 

inhibitory effect on α-amylase with the lowest IC50 

values (20.48 and 22.97 mg/mL, respectively). In 

contrast, DMM (DMSO Mas) exhibited the least 

inhibition, with an IC50 of 38.48 mg/mL, indicating it is 

less effective compared to the other extracts. In general, 

the inhibitory effects of rosehip extracts on α- amylase 

enzyme were found to be weaker than acarbose, which 

is an α-amylase inhibitor. The effects of solvents on the 

bioactivity of extracts via phytochemicals may also 

apply to enzyme inhibition. Indeed, in a study 

conducted to determine the α-glucosidase enzyme 

inhibitory effect of rosehip fruits and using acetone, 

methanol, ethyl acetate, and n-hexane as solvents, it was 

reported that acetone extract had the strongest inhibitory 

effect, followed by methanol and ethyl acetate, while n-

hexane showed a very low effect [42]. However, in a 

study showing the α-amylase inhibitory effect of rosehip 

fruit extract dissolved in liquid nitrogen and extracted 

with methanol, it was determined that the fruit extract 

showed 100% inhibitory effect at a concentration of 5.5 

mg/ml. [43].  

 

While their efficacy is lower than that of acarbose, 

their natural origin and potential for fewer side effects 

make them an attractive area of study. The role of 

solvents in enhancing bioactivity further underscores the 

importance of optimizing extraction methods to 

maximize the therapeutic potential of plant-based 

extracts. 

4. Conclusion 

This study demonstrates the critical role of solvent 

selection and extraction methodology in efficiently 

unlocking the bioactive potential of Rosa canina seeds. 

Ethyl acetate combined with ultrasound-assisted 

extraction (EAU) yielded extracts with the highest 

phenolic (63.86 mg GAE/g) and flavonoid (210.23 mg 

QE/g) content, alongside superior antioxidant activity in 

FRAP, DPPH, and ABTS assays. Ethyl acetate 

maceration (EAM) also showed exceptional 

performance, confirming the solvent’s efficacy in 

enhancing bioactive compound recovery.  

In particular, acetonitrile maceration (ACM) is 

thought to be used to control postprandial blood glucose 

levels in diabetes based on its concentration of α-

amylase enzyme inhibition (IC50 = 20.46 mg/mL). 

Antimicrobial analysis revealed broad-spectrum efficacy 

against Aeromonas hydrophila and Klebsiella pneumoniae, 

though activity varied against other microbial strains. 

This finding highlights the potential for developing 

targeted antimicrobial formulations. 

The aim of this study was to present feasible 

strategies to maximize the bioactivity of Rosa canina 

seeds by optimizing solvent polarity and extraction 

dynamics. The results are expected to bring new 

solutions and approaches in health and other plant-

based industrial fields such as functional foods, natural 

preservatives and herbal therapeutic products. 
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Abstract 

The present research investigates the removal of Brilliant Green (BG) and Remazol Brilliant Blue R (RBBR) dyes by an adsorption system utilizing 

drinking water treatment sludge (DWTS) as an adsorbent for the first time in the literature. It aims to contribute to sustainable treatment methods 

by evaluating waste sludge as a low-cost and environmentally friendly adsorbent. In the study, the significant parameters affecting the adsorption 

process were systematically investigated. During the experiments, the effects of factors such as initial pH of the solution, equilibrium time, 

adsorbent amount, and initial dye concentration on the adsorption efficiency were evaluated. The obtained data were tested with Langmuir and 

Freundlich isotherm models, and it was determined that adsorption occurred on both homogeneous and heterogeneous surfaces. The maximum 

adsorption capacity of DWTS was calculated as 100.0 mg/g and 38.9 mg/g for BG and RBBR, respectively. Kinetic analyses were performed to 

understand the dynamics of the adsorption process. Pseudo-first order and Pseudo-second order kinetic models were evaluated and it was noticed 

that the pseudo-second order model explained the adsorption data better. As a result, DWTS has been proven to be an effective adsorbent in the 

removal of BG and RBBR. The findings indicated that DWTS has significant potential for evaluation in advanced treatment processes in terms of 

environmental sustainability. 

Keywords:  Adsorption, brilliant green, drinking water treatment sludge, dye, Remazol Brilliant Blue R 

1. Introduction

With the industrial revolution, rapidly increasing 

human activities have brought about various types of 

environmental pollution, and among these, water 

pollution has posed major threats to the ecosystem and 

human health [1]. Since water resources are 

indispensable for human survival, water pollution 

constitutes the most critical factor among environmental 

problems. Water pollutants can be divided into two 

main categories: organic and inorganic pollutants. 

Inorganic pollutants include toxic metals and metalloids; 

organic pollutants include surfactants, phenolic 

compounds, and anionic and cationic dyes, especially 

those originating from the textile, chemical, or food 

industries. These pollutants, which reach the 

environment, especially water resources, as a result of 

industrial activities, cause irreversible damage to the 

ecosystem and threaten the health of living beings [2,3]. 

In this context, it is necessary to develop economical and 

efficient treatment processes in order to effectively treat 

polluted water. 

Dyes are considered to be among the most dangerous 

pollutants due to their chemically stable structure, 

resistance to degradation and potential carcinogenic 

properties [4–6]. In addition to these harmful effects, the 

contamination of natural waters with dyes reduces the 

rate of light penetration and affects the ecosystem by 

degrading the overall water quality. In addition, bacteria 

in the water consume dissolved oxygen to break down 

the dyes, further degrading the quality of the water [7]. 

Dyes that pass into human metabolism through the food 

chain can have serious adverse effects on human health. 

These include acute health problems such as allergic 
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reactions, skin rashes, dermatitis, digestive system 

disorders, headaches, nausea, vomiting, as well as 

serious disorders such as reproductive problems, 

developmental disorders and liver failure [8,9]. 

Therefore, it is of great importance that dyes in industrial 

wastewater are effectively treated before they are 

released into the natural environment. For this purpose, 

methods such as liquid-liquid extraction [10], ion 

exchange [11], advanced oxidation [12], coagulation [13], 

flocculation [14] and adsorption [15] have been 

developed. The adsorption technique offers high 

efficiency in removing pollutants from water, air and 

soil. It has important advantages such as being 

applicable to different pollutant types and 

concentrations, providing a wide range of applications, 

generally not being operationally complex and 

consuming less energy compared to some other 

treatment methods. In addition, by selecting the 

appropriate adsorbent, it can focus on specific pollutants 

and offers an effective solution for the separation of 

certain substances in industrial applications [16,17]. 

Adsorption, which is an environmentally friendly 

method with low chemical use, also stands out in terms 

of sustainability with the fact that some adsorbents can 

be recycled in an environmentally friendly way. 

However, the high cost of adsorbents to be used in the 

adsorption process can reduce the interest of wastewater 

producing factories in the treatment process [18]. For this 

reason, it is of great importance to develop low-cost, 

easily available and high adsorption capacity adsorbents 

for use in wastewater treatment. For this purpose, 

adsorbents such as acid and base activated Symplocos 

racemosa agro-waste [19], H3PO4-functionalized bagasse 

[20], okara [21], used-tea powder [22], Ficus benghalensis 

tree leaves [23], fava bean peels [24], and watermelon 

and corn peels [25] have previously been tested by 

various researchers for the removal of dyes from water. 

Such adsorbents will both contribute to environmental 

sustainability and help industrial applications become 

more widespread [26,27]. In recent years, the usage of 

drinking water treatment sludge (DWTS) as an 

adsorbent has also attracted the interest of researchers 

[28,29].  

DWTS is the solid waste generated during processes 

such as coagulation, flocculation, sedimentation, and 

filtration, which are used to treat water and make it 

suitable for drinking water standards. Some chemicals 

added during water treatment cause the sedimentation 

of suspended solids and these sediments accumulate as 

waste sludge over time. The disposal of this waste 

sludge is challenging and is primarily carried out 

through storage. Alternatively, under specific 

conditions, it can be used as a soil improver in 

agriculture and as a road filler or cement additive in the 

construction sector. As a result, the proper management 

of DWTS is very important in terms of both 

environmental sustainability and economic benefit. 

Today, various studies are being conducted on the 

recycling of this sludge and its use in alternative areas 

[30]. In this context, in the present research, a cheap and 

effective adsorption method was developed by using 

DWTS as an adsorbent for the removal of cationic 

Brilliant Green (BG) and anionic Remozal Brilliant Blue 

R (RBBR) dyes from aqueous solutions.  

2. Materials and methods 

2.1. Preparation and characterization of adsorbent 

In this study, drinking water treatment sludge (DWTS) 

used as adsorbent was supplied from a water treatment 

plant in Trabzon. The samples were homogeneously 

collected from a mixed sludge reservoir using sterile 500 

mL containers. After the DWTS was collected, it was 

dried without any chemical or physical activation 

process, then ground to <180 μm and stored in petri 

dishes. 

Scanning Electron Microscope (ZIESS EvoLs10) and 

Fourier Transform Infrared Spectrometer (Perkin Elmer 

Spectrum One) were used to elucidate the 

morphological structure of DWTS and to obtain 

information about the surface functional groups. The 

crystal structure of DWTS was investigated by X-Ray 

Diffraction (XRD) measurements (Rigaku TTR III) with 

Cu Kα radiation (λ = 1.5406 Å) in the 2Ɵ range of 5-80°. 

2.2. Chemicals and instruments 

All chemicals used in the study were of analytical 

grade and were supplied by Fluka (Buch, Switzerland) 

or Merck (Darmstadt, Germany). To prepare stock BG 

and RBBR solutions at a concentration of 5000 mg/L, 

1.250 g of solid dyes were weighed and dissolved, and 

the final volume was completed to 250 mL with distilled 

water. Calibration and working solutions were obtained 

by diluting these stock solutions. Na2CO3 and Na3PO4 

were used to evaluate the effects of salts on dye 

adsorption. Perkin Elmer Lambda 25 model UV-Vis 

spectrophotometer was used to determine the dye 

concentration in the solution medium before and after 

adsorption, Hanna pH-2221 model desktop pH meter 

was used to prepare solutions at desired pHs and to 

determine the pH values of the solutions, BOECO PSU-

15i model mechanical shaker was used for adsorption 

experiments, BOECO S-8 model centrifuge was used to 

separate the adsorbent from the solution, Sartorius 

BP1106 model analytical balance was used for weighing 

the adsorbent and other chemicals. 

2.3. Batch adsorption experiments 

Adsorption experiments were carried out by batch 

method. For this purpose, certain amounts of DWTS (1.0-
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20.0 g/L for BG and 1.0-15.0 g/L for RBBR) were weighed 

into 15 mL polypropylene centrifuge tubes. Then 10 mL 

each of BG solutions with an initial concentration range 

of 10-750 mg/L (at its natural pH) and a series of RBBR 

solutions with a concentration range of 10-600 mg/L 

(adjusted to an initial pH of 2.0) were added to the tubes 

and the resulting mixtures were shaken at 300 rpm on a 

mechanical shaker for 1-120 min. At the end of the 

determined periods, the adsorbate solutions were 

separated from the adsorbent by centrifuging at 3500 

rpm for 5 min. The concentration of the dye remaining 

unadsorbed in the solution was determined by 

analyzing with a UV-Vis Spectrophotometer at 625 and 

592 nm wavelengths for BG and RBBR, respectively. The 

amount of dye adsorbed by 1 g of DWTS was calculated 

as mg g–1 using Eq. 1. 

 

m

VCC
q

−
=

)( eo

e

  
(1) 

 

Here, qe (mg g–1) represents the amount of BG or 

RBBR retained by 1 g of DWTS, C0 (mg/L) is the initial 

concentration of BG or RBBR, Ce (mg/L) is the 

concentration of each dye remaining in the aqueous 

solution at equilibrium because of not being adsorbed by 

the DWTS, V (L) is the volume of dye solution added on 

the DWTS, and m (g) is the mass of DWTS. 

3. Results and discussion 

3.1. Characterization of DWTS  

To identify the functional groups responsible for the 

adsorption of dyes on the surface of DWTS, the FTIR 

spectrum of DWTS was analyzed. According to the 

spectrum shown in Fig. 1, the peaks at 990 cm⁻1 and 694 

cm⁻1 are attributed to Si–O groups, the peak at 3385 cm⁻1 

is associated with O–H, and the peak at 1635 cm⁻1 is 

attributed to C=C stretching vibrations [30]. 

 
Figure 1. FTIR Spectrum of DWTS 

 SEM images, obtained at different magnifications 

(5000x and 10000x), were used to investigate the surface 

morphology of the DWTS (Fig. 2). These images reveal 

that the DWTS surface is relatively rough with 

indentations and lacks significant porous structures or 

channels. There are agglomerated particles of varying 

sizes observed in the structure suggesting a non-uniform 

texture. This structure of the surface may affect the 

adsorption capacity of dyestuffs. In addition, according 

to EDX data, it is noticed that there is a significant 

amount of Si (52%) and Al (18%) in the DWTS structure. 

XRD spectrum was obtained to get an idea about the 

crystal structure of DWTS (Fig. 3). In spectrum, 

characteristic peaks of kaolinite, quartz, muscovite and 

calcite minerals were observed at specific 2θ angles. As 

a result of the analysis, intense diffraction peaks were 

determined at 24.9° for kaolinite (JCPDS No: 01-078-

1996), 26.6° for quartz (JCPDS No: 01-085-0795), 29.5° for 

muscovite (JCPDS No: 01-076-0663) and 23° for calcite 

(JCPDS No: 01-072-1652). These peaks were verified by 

comparing them with standard patterns registered in the 

JCPDS (ICDD) database. Based on these comparisons, it 

can be stated that DWTS is primarily composed of 

kaolinite, quartz, muscovite and calcite minerals [30]. 

3.2. Influences of initial pH 

In the adsorption of anionic and cationic dyes, pH is a 

critical parameter to optimize as it influences both the 

chemical structure of the dye and the surface properties 

of the adsorbent [31]. The effect of pH on the adsorption 

of BG and RBBR was tested in the range of pH 2.0-8.0 

using 5.0 g/L DWTS at an initial dye concentration of 100 

mg/L. The adsorption efficiency of BG, a cationic dye, is 

low at low pH values but increases with rising pH, 

reaching an optimum at pH 5.0, beyond which no 

significant changes are observed. While the adsorption 

efficiency of RBBR, which is an anionic dye, is 6.49 mg/g 

at pH 2.0, it decreases to 0.30 mg/g at pH 8.0. The effect 

of pH on the adsorption of dyes can be explained by 

considering the pHpzc value of DWTS. The pHpzc value 

for DWTS is calculated as 8.4. At low pH values 

(pH<pHpzc), the surface of the adsorbent is generally 

protonated and carries a positive charge, while at high 

pH values, the protons on the surface are separated and 

the adsorbent surface becomes negatively charged 

(pH>pHpzc). Since BG is positively charged in aqueous 

solution, it creates a stronger electrostatic attraction with 

the negatively charged adsorbent surface at high pH 

values and the adsorption efficiency increases. However, 

since RBBR is negatively charged in aqueous solution, it 

shows a weak adsorption efficiency due to the repulsive 

forces with the negatively charged adsorbent surface at 

low pH values. However, at low pH values, when the 

surface is positively charged, electrostatic attractive 

forces increase RBBR adsorption [32]. The pH of the 

aqueous solution affects not only electrostatic 

interactions but also van der Waals forces, hydrogen 

bonds and hydrophobic interactions.  
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Figure 2. SEM-EDX images of DWTS 

 

Figure 3. XRD Spectrum of DWTS 
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Therefore, the optimal pH range in each system must be 

determined experimentally. In general, lower pH values 

enhance the adsorption efficiency of anionic dyes 

(pH<pHpzc), while higher pH values (pH>pHpzc) improve 

the adsorption efficiency of cationic dyes. As a result, 

further studies on the adsorption of BG onto DWTS were 

carried out at the natural pH value of the dye, while the 

optimum pH for RBBR was determined as 2.0. 

3.3. Influences of contact time and the kinetic studies 

The equilibrium time plays a crucial role in ensuring the 

effective completion of the developed adsorption 

process. Data obtained from the equilibrium time study 

help to interpret the rate control mechanism of 

adsorption such as film diffusion, intraparticle diffusion 

or chemical bonding. In industrial applications, systems 

with short equilibrium times are preferred both to save 

time and to be more economical. However, the 

equilibrium time of the adsorption system is 

significantly affected by the surface area and pore 

structure of the adsorbent, the molecular size and 

concentration of the adsorbate, and the properties of the 

medium such as temperature and pH. In this study, the 

effect of equilibrium time for BG and RBBR adsorption 

on DWTS was investigated in detail. For this purpose, 10 

mg of DWTS for BG and 50 mg of DWTS for RBBR were 

weighed separately and then 10 mL of BG (100 mg/L) at 

natural pH value and RBBR (100 mg/L) solution adjusted 

to pH 2.0 were added to them. After shaking at different 

time intervals, the adsorbate and adsorbent mixtures 

were separated from each other by centrifugation and 

the dye concentrations remaining unadsorbed in the 

solution were determined by UV-Vis Spectrophotometer 

and then the amount of dye (qt) adsorbed by 1 g DWTS 

at different time intervals were calculated. In the initial 

stages of both BG and RBBR adsorption (1-5 min time 

interval), the adsorption rate is high due to the presence 

of many active binding sites on DWTS. In the initial 

stages, the active binding sites that are empty on DWTS 

promote rapid diffusion. After the 5 min, the adsorption 

rate decreases as the active sites on the DWTS surface 

begin to be filled with BG and RBBR molecules. 

Intraparticle diffusion is effective at this stage. After the 

90 min for BG and the 60 min for RBBR, an equilibrium 

occurs between the dye concentration in the solution and 

the adsorbed amount on DWTS, and after this stage, no 

significant change occurs in the adsorption amount [33]. 

Therefore, in subsequent studies for BG and RBBR, the 

equilibrium time of 90 and 60 min was accepted as 

optimum, respectively (Fig. 4). 

Kinetic models are essential for understanding the 

adsorption rate, mechanism, and controlling steps of BG 

and RBBR on DWTS. The experimental data obtained 

from kinetic studies were analyzed using the pseudo-

first order (PFO) and pseudo-second order (PSO) 

models. 

 
Figure 4. Effect of contact time on the adsorption of RBBR and BG onto 

DWTS 

The PFO model is used to describe cases where 

adsorption is controlled by physical processes, while the 

PSO model is more appropriate for situations where 

chemical adsorption dominates. 

The linear equations for the PFO [34] and PSO [35] 

models are given in Eq. 2 and Eq. 3, respectively. 

  

𝑙𝑛( 𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛 𝑞𝑒 − 𝑘1𝑡 (2) 
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In the equations, qe (mg g–1) and qt (mg g–1) are the 

amounts of BG and RBBR adsorbed on the DWTS at 

equilibrium and at any time t (min), respectively. k1 (min–

1) and k2 (g mg–1min–1) are the rate constants of the PFO 

and PSO models, respectively. According to the PFO 

kinetic model, k1 and qe values are obtained from the 

slope and intercept of the ln (qe–qt) graph against t, 

respectively. Considering the PSO kinetic model, qe and 

k2 values are calculated from the slope and intercept of 

the figure plotted between t/qt–t, respectively. The 

constants obtained for each kinetic model, together with 

the relevant correlation coefficients (R2), are shown in 

Table 1. 

 

Table 1. Kinetic parameters in the adsorption of RBBR and BG onto 

DWTS 

 Adsorbate 

Kinetic models RBBR  BG 

qe exp (mg/g) 15.8  52.0 

PFO     

k1 (min-1)  -0.024  -0.040 

qe cal (mg/g) 3.64  44.6 

R2 0.7968  0.9780 

PSO    

k2 (g mg-1 min-1) 0.041  0.012 

qe cal (mg/g) 15.8  58.5 

R2 0.9994  0.9962 
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Figure 5. Pseudo-second order kinetics model 

The qe,exp values for BG and RBBR were calculated as 

52.0 mg/g and 15.8 mg/g, respectively. After applying the 

PFO kinetic model to the experimental data, the qe,cal 

values for BG and RBBR were determined to be 44.6 

mg/g and 3.64 mg/g, respectively, with R2 values of 0.978 

and 0.797, respectively. By applying the PSO kinetic 

model, the qe,cal values for BG and RBBR were found to 

be 58.5 mg/g and 15.8 mg/g, respectively, with R2 values 

exceeding 0.995 for both adsorbates (Fig. 5). Considering 

these data, it is noticed that the PSO kinetic model is 

dominant in the adsorption mechanism of both BG and 

RBBR on DWTS, as the experimentally calculated qe 

values are close to the qe values observed by applying the 

model. On the other hand, higher R2 values were also 

obtained by applying the PSO kinetic model. This result 

indicates that chemisorption plays a significant role in 

the adsorption mechanism. 

3.4. Influences of initial dye concentration and 

adsorption isotherms 

The efficiency of the adsorption process and the 

adsorbent capacity are significantly affected by the 

 

 
Figure 6. Effect of initial dye concentration on the adsorption efficiency 

of a) BG b) RBBR 

 initial dye concentration. As the initial concentration of 

dye molecules in solution increases, a concentration 

gradient is formed between the molecules in the solution 

and the DWTS surface, which increases the rate of dye 

molecules moving to the adsorbent surface. However, 

the active sites on the adsorbent surface are rapidly 

saturated at high dye concentrations. The initial 

concentration also influences the amount of dye 

adsorbed per unit of adsorbent (qe). Generally, as the 

initial concentration increases, qe increases because more 

dye molecules are adsorbed onto the adsorbent surface; 

however, after a certain stage, qe remains constant 

because the surface reaches saturation [36]. 

In order to evaluate the effect of initial dye 

concentration on the adsorption efficiency of BG and 

RBBR on DWTS and to obtain the adsorption isotherm 

data, adsorption studies were carried out with dye 

solutions with initial concentrations ranging from 10 to 

750 mg/L for BG and 10 to 600 mg/L for RBBR. The 

results obtained from the experimental studies showed 

that with the increase of BG concentration from 10 mg/L 

to 750 mg/L and RBBR concentration from 10 mg/L to 

600 mg/L, the adsorbed dye amount increased from 10.0 
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mg/g to 100.0 mg/g (Fig. 6a) and from 1.78 mg/g to 35.0 

mg/g (Fig. 6b), respectively. 

The Langmuir [37] and Freundlich [38] isotherm 

models, based on different assumptions, were applied to 

the experimental data to mathematically represent the 

adsorption process and interpret its mechanism. The 

Langmuir isotherm model is based on the assumption 

that adsorption occurs in a single layer on the adsorbent 

surface, that all active sites on the adsorbent surface have 

equal energy, and that there is no interaction between 

molecules adsorbed on the surface. According to the 

Freundlich isotherm model developed to explain the 

adsorption processes occurring in multilayers on 

heterogeneous surfaces, the active sites on the adsorbent 

surface have different binding energies. The linear 

equations of these isotherm models are given in Eq. 4 

and Eq. 5, respectively. 
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In these equations, qe (mg g-1); is the amount of BG or 

RBBR adsorbed per unit DWTS mass, Ce (mg L-1); is the 

dye concentration in the aqueous solution at 

equilibrium, b (L mg-1); is the free energy of adsorption, 

qmax (mg g-1); is the maximum monolayer adsorption 

capacity, Kf (mg g-1); is the adsorption capacity, and n is 

a unitless constant representing the adsorption 

density.In addition, the applicability of an adsorption 

process is estimated by evaluating the RL parameter 

calculated with the help of Eq. 6. RL values between 0 and 

1 reveal suitable adsorption. 
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Ce/qe versus Ce plots (for Langmuir isotherm) and lnqe 

versus lnCe plots (for Freundlich isotherm) for BG and 

RBBR are given in Fig. 7 and Fig. 8, respectively. The 

constants for both isotherm models were calculated from 

the slope of the plots and the point where they intersect 

the ordinate axis, and the values are provided in Table 2. 

When the data obtained for BG and RBBR adsorption 

were evaluated, the R2 values obtained from both the 

Langmuir and Freundlich isotherm models were higher 

than 0.95, providing an idea that the DWTS surface 

exhibits both homogeneous and heterogeneous 

properties in its adsorption behavior. This indicates that 

the DWTS surface has a complex structure and contains 

active sites with different binding energies. It also 

indicates that DWTS can support both monolayer and 

multilayer adsorption processes. The DWTS surface 

exhibiting both homogeneous and heterogeneous 

properties can be attributed to several factors. DWTS 

generally contains various inorganic and organic 

components. The presence of clay minerals, metal oxides 

(such as Fe and Al oxides), and organic matter can 

contribute to both homogeneous and heterogeneous 

characteristics of the surface. On the other hand, the 

DWTS surface may contain various functional groups 

responsible for adsorption. The irregular distribution of 

these groups can lead to homogeneous adsorption in 

some regions, while causing heterogeneous adsorption 

in others. Using the Langmuir isotherm model, the 

maximum adsorption capacities of DWTS for BG and 

RBBR were calculated as 100.0 mg/g and 38.9 mg/g, 

respectively. The proposed adsorbent exhibits a higher 

adsorption capacity than many of the adsorbents listed 

in Table 3 [19–25]. The RL values obtained from the 

Langmuir isotherm model were in the range of 0.645–

0.024 for BG concentrations of 10–750 mg/L and in the 

range of 0.862–0.094 for RBBR concentrations of 10–600 

mg/L, supporting that the adsorption process was 

suitable under the studied conditions [39]. In addition, 

the n value obtained from the Freundlich isotherm 

model also gives an idea about the suitability of the 

adsorption process. The fact that this value is in the 

range of 1-10 indicates the suitability of the adsorption 

process [40]. The n values for BG and RBBR were 

calculated as 4.20 and 2.02, respectively, and this result 

supports the interpretation made for RL. 

3.5. Influences of adsorbent amount 

During the adsorption process, the amount of DWTS 

directly influences the number of active sites available 

for binding with BG and RBBR molecules in the solution, 

making it one of the key parameters that determine the 

adsorption efficiency. The increase in the amount of 

adsorbent increases the number of active sites, which can 

lead to an increase in adsorption capacity. However, this 

increase continues up to a certain point; after this point, 

the adsorption process may reach saturation, and further 

increases in the amount of adsorbent do not provide a 

significant change in adsorption efficiency [41]. The 

effects of DWTS amount on the removal efficiency of BG 

and RBBR from aqueous media were evaluated for 

DWTS amounts in the range of 1.0-20.0 g/L and 1.0-15.0 

g/L, respectively. The equilibrium BG and RBBR 

amounts and dye removal efficiency percentages are 

plotted against DWTS amounts in Fig. 9a and Fig. 9b, 

respectively. The increase in the amount of DWTS 

caused an increase in the active adsorption sites, and the 
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Figure 7. a) Langmuir isotherm model b) Freundlich isotherm model 

for the adsorption of BG 

adsorption percentage increased from 20.1% to 97.4% 

and from 36.8% to 79.8% for BG and RBBR, respectively. 

However, since the excess amount of DWTS caused the 

formation and agglomeration of unsaturated adsorption 

surfaces, the amount of BG and RBBR adsorbed per gram 

of adsorbent decreased from 100.6 mg/g to 24.4 mg/g and 

from 73.5 mg/g to 10.6 mg/g, respectively. 

3.6. Influences of foreign ions 

During the adsorption process, the salts present in the 

solution can affect the electrostatic interactions between 

the adsorbent and the adsorbate, which can increase or 

decrease the adsorption efficiency. Therefore, the effects 

of various salts containing ions that can be commonly 

found in wastewater on the adsorption efficiency of BG 

and RBBR on DWTS were tested. Na2CO3 and Na3PO4 

were used as model salts. 

 

 
Figure 8. a) Langmuir isotherm model b) Freundlich isotherm model 

for the adsorption of RBBR 

 

Table 2. Isotherm parameters for the adsorption of RBBR and BG 

  RBBR  BG 

Langmuir isotherm model     

qmax (mg/g)  38.9  100.0 

b (L mg-1)  0.016  0.055 

R2  0.9725  0.9947 

Freundlich isotherm model     

Kf  (mg/g)  1.93  23.3 

n  2.02  4.2 

R2   0.9877  0.9639 

 

Table 3. Comparison of the maximum dye adsorption capacities of 

various adsorbents 

Adsorbent Dye 
qmax 

(mg/g) 
Reference 

Acid activated Symplocos racemosa agro-

waste 
BG 62.9 [19] 

Base activated Symplocos racemosa agro-

waste 
BG 71.0 [19] 

H3PO4-functionalized bagasse BG 139 [20] 

Okara BG 64.33 [21] 

Used tea leaves BG 101.01 [22] 

Ficus benghalensis Tree Leaves BG 19.5 [23] 

Fava bean peels BG 28.14 [24] 

Watermelon peel  RBBR 1.046 [25] 

Corn peel RBBR 0.047 [25] 

DWTS BG 100.0 This Study 

DWTS RBBR 38.9 This Study 

    

 

Ce (mg/L) 
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In order to investigate the effect of salts on BG 

adsorption, BG solutions containing 10 mg DWTS at a 

concentration of 150 mg/L and salt solutions with a 

concentration of 0.01–0.10 M (at natural pH value) were 

treated separately for 90 min. In order to investigate the 

effect of salts on RBBR adsorption, RBBR solutions 

containing 50 mg DWTS at a concentration of 50 mg/L 

and adjusted to pH 2.0 and salt solutions with a 

concentration of 0.01–0.10 M were treated separately for 

60 min. After determining the concentration of BG and 

RBBR remaining unadsorbed in the solution, the amount 

of BG and RBBR adsorbed per gram of DWTS (qe) was 

plotted against the concentration of salts with the 

obtained data (Fig. 10a and Fig. 10b). No significant 

change was observed in the adsorption efficiency by 

increasing the concentrations of Na2CO3 and Na3PO4 

from 0.01 M to 0.10 M for both dyes. This shows that the 

developed adsorption process will be effectively applied 

to wastewaters containing high concentrations of salt. 

4. Conclusions 

In the present study, drinking water treatment sludge 

(DWTS) has been utilized as a low-cost and effective 

adsorbent for the removal of Brilliant Green (BG) and 

Remozal Brilliant Blue R (RBBR) dyes from waters and 

wastewaters. This study is an original research in which 

DWTS is used as an adsorbent for the first time in the 

removal of BG and RBBR dyes. In this context, DWTS, 

which has no economic value and is formed as a waste, 

has been functionalized as an adsorbent in this study and 

has been created as an alternative to other adsorbents 

that are generally high cost and require the use of 

chemicals. This approach not only contributes to the 

solution of an environmental problem but also offers a 

sustainable waste management strategy.  

In batch adsorption experiments, the adsorption of 

BG onto DWTS was found to be most efficient at the 

  

 

 

Figure 9. Influences of adsorbent dosage on the adsorption of a) BG b) 

RBBR 

Figure 10. Effect of foreign salts on the adsorption efficiency of DWTS in 

the adsorption of a) BG b) RBBR 
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dye’s natural pH, whereas the optimum pH for RBBR 

was determined to be 2.0. The equilibrium time for the 

most efficient adsorption of BG and RBBR was 

optimized as 90 min and 60 min, respectively. Using the 

Langmuir isotherm model, the maximum adsorption 

capacity of DWTS was obtained as 100 mg/g for BG and 

38.9 mg/g for RBBR. This adsorption capacity is 

observed to be higher than many difficult-to-prepare 

adsorbents reported in the literature.  

In further studies, it is suggested to investigate the 

potential of DWTS not only for the removal of other dyes 

but also for the removal of inorganic pollutants. Such 

studies may offer new opportunities for the 

development of environmentally friendly and 

economical adsorbents. 
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Abstract 

This study investigates the adsorption of Pb2+ ions from aqueous solutions onto pine bark (Pinus brutia Ten.) using non-linear regression analysis 

to evaluate kinetic and equilibrium data. Adsorption experiments were conducted over a range of initial concentrations, and the equilibrium data 

were fitted to various two-parameter isotherm models, including Langmuir, Freundlich, Temkin, Dubinin-Radushkevich (D-R), and Jovanovic, 

as well as advanced three-parameter models like Dubinin -Astakhov (D-A), Tóth, Sips, Redlich-Peterson (R-P), and Brouers-Sotolongo (B-S). 

Kinetic data were analyzed using pseudo-first order (PFO), pseudo-second order (PSO), Elovich, Avrami, and Brouers-Sotolongo (B-S) models. 

Non-linear regression was performed using Microsoft Excel Solver, a readily accessible tool that eliminates the need for expensive software. 

Model parameters were optimized, and the goodness of fit was evaluated using multiple error functions, including SSE, ARE, HYBRID, MPSD, 

and MAE. 

Results indicate that the Brouers-Sotolongo (B-S) model provided the best fit for both kinetic and isotherm data, reflecting the heterogeneous 

surface characteristics of the adsorbent. The adsorption process was found to involve a combination of physical and chemical interactions, as 

evidenced by the B-S kinetic constants (αBS and nBS) and the half-reaction time (τ1/2). Among the equilibrium models, three-parameter isotherms, 

particularly the B-S, Tóth, and Sips models, showed superior performance over two-parameter models, highlighting the complex nature of 

adsorption mechanisms in this system.  

This study underscores the efficacy of pine bark as a low-cost and eco-friendly adsorbent for heavy metal removal and demonstrates the utility 

of non-linear regression and advanced error analysis in adsorption studies. This approach is thought to improve the precision of model selection 

and the understanding of adsorption mechanisms, contributing to the literature. 

Keywords:  Adsorption, error function, excel solver, isotherm, kinetics and equilibrium data, non-linear regression 

1. Introduction

The process of adsorption is a cornerstone of 

environmental protection technologies, particularly for 

the removal of pollutants from aqueous environments. It 

is a versatile and efficient technique employed in 

wastewater treatment, heavy metal recovery, and the 

purification of drinking water. As the demand for 

cleaner water and more sustainable industrial practices 

grows, optimizing adsorption processes becomes 

increasingly important. The accurate interpretation of 

adsorption equilibrium and kinetic data is essential for 

designing efficient adsorbents and scaling up industrial 

applications. While traditional models provide 

foundational insights, recent advancements in 

computational techniques and error analysis have 

significantly enhanced the accuracy and predictive 

power of adsorption studies [1–3]. 

Adsorption equilibrium data, typically analyzed 

through isotherm models like Langmuir, Freundlich, 

Temkin, and Dubinin-Radushkevich, describe the 

relationship between the adsorbate concentration in the 

solution and the amount adsorbed onto the surface of the 

adsorbent. These models provide essential information 

mailto:a.ramazan.gundogdu@gmail.com
https://doi.org/10.51435/turkjac.1626570
https://envirochem.org.tr/
https://orcid.org/0000-0002-9594-4121
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about the adsorption capacity, surface heterogeneity, 

and the affinity of the adsorbate towards the adsorbent. 

However, the fitting of experimental data to these 

models can sometimes yield large deviations, especially 

when dealing with complex systems or heterogeneous 

adsorbents [4]. Researchers have therefore employed 

advanced techniques, including non-linear regression 

and error analysis, to enhance the reliability of 

adsorption isotherm model fitting. This is crucial 

because the accuracy of model predictions directly 

impacts the effectiveness of the adsorbent in real-world 

applications [4–6]. 

Non-linear regression, particularly when 

implemented through accessible tools like Microsoft 

Excel Solver, enables more precise fitting of data to 

isotherm models by minimizing the residuals (sum of 

squared errors). This approach reduces systematic bias 

often encountered with linearized versions of the 

models, where data transformations can distort the 

relationships between variables [7,8]. The use of error 

metrics such as the root mean square error (RMSE), 

coefficient of determination (R²), and adjusted R² can 

further guide the selection of the most appropriate 

model, ensuring that it best describes the experimental 

data [9,10].  

Adsorption kinetics studies the time-dependent 

behavior of adsorbate molecules on adsorbent surfaces. 

Traditional models, such as the pseudo-first order and 

pseudo-second order kinetic models, are commonly 

used to describe the rate of adsorption. However, these 

models often assume simple, linear adsorption 

mechanisms and do not always capture the complexities 

of real systems, where multiple factors (e.g., diffusion 

limitations, surface heterogeneity, chemical interactions) 

may influence the adsorption rate [11]. Recent studies 

have proposed hybrid kinetic models that combine 

multiple rate-limiting steps to better represent complex 

adsorption systems [12]. In these models, non-linear 

regression is again critical for fitting experimental data, 

as it provides a direct way to optimize parameters 

without introducing biases that can arise from 

linearization [13]. Non-linear regression methods, on the 

other hand, provide a more accurate and robust 

approach for fitting adsorption data, especially when 

dealing with complex adsorption behaviors [5]. 

Error analysis is particularly important when 

interpreting kinetic data. One key aspect is the 

propagation of error through model parameters. For 

example, when fitting experimental data to kinetic 

models, small measurement errors or uncertainties in the 

initial concentration of adsorbates can lead to significant 

discrepancies in the estimated rate constants [14]. To 

mitigate these issues, researchers often use methods 

such as bootstrapping or Monte Carlo simulations to 

assess the robustness of their kinetic models and 

quantify the uncertainty in parameter estimates. These 

approaches allow for a more comprehensive 

understanding of how errors in the experimental setup 

may influence the interpretation of adsorption dynamics 

[15]. 

While traditional methods of data analysis remain 

valuable, the increasing complexity of adsorption 

systems has driven the adoption of advanced 

computational tools. Non-linear regression, enabled by 

software like Microsoft Excel Solver, is one such tool that 

offers a more accessible and cost-effective alternative to 

more specialized programs like MATLAB, OriginPro, or 

Python. Solver works by adjusting the parameters of a 

predefined model to minimize the error between 

predicted and experimental data. This optimization 

approach eliminates the need for data transformations 

and offers a more direct way to assess model fit. 

Moreover, recent studies have shown that Solver, when 

combined with error analysis techniques, can achieve 

results that are comparable to those obtained with more 

advanced software packages, making it an attractive 

option for researchers in the field of adsorption [10,16]. 

In this study, the adsorption data of Pb2+ ions from 

aqueous solution onto pine bark (Pinus brutia Ten.) [17] 

were analyzed using non-linear regression models. The 

primary objective is to compare and interpret the kinetic 

and equilibrium data obtained from experiments by 

fitting them to widely used adsorption models, 

including pseudo-first order, pseudo-second order, 

Elovich, Avrami, and Brouers-Sotolongo (B-S) for kinetic 

analysis, and Langmuir, Freundlich, Temkin, Dubinin-

Radushkevich (D-R), Jovanovic, Dubinin-Astakhov (D-

A), Redlich-Peterson (R-P), Sips, Toth, and Brouers-

Sotolongo (B-S) models for adsorption equilibrium. To 

evaluate the goodness of fit, several error functions were 

applied, including sum of squared errors (SSE), average 

relative error (ARE), hybrid fractional error (HYBRID), 

Marquardt’s percent standard deviation (MPSD), and 

mean absolute error (MAE). The use of Microsoft Excel 

Solver for non-linear regression fitting is demonstrated, 

emphasizing its simplicity, accessibility, and cost-

effectiveness, especially when compared to other more 

complex and expensive software options. 

Through this study, the goal is not only to provide a 

comprehensive comparison of these adsorption models 

but also to address some of the inconsistencies and 

inaccuracies found in the literature regarding the 

application of adsorption models. A significant issue in 

the literature is the frequent misapplication and 

misinterpretation of mathematical models, which can 

lead to misleading conclusions. By employing non-linear 

regression and performing error analysis, this study 

aims to provide more accurate and reliable results, 

contributing to a better understanding of Pb2+ adsorption 

processes and advancing the knowledge in this area. 
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Another aim of this study is to facilitate data analysis by 

enabling the Solver add-in in the low-cost and readily 

available Microsoft Excel and to propose it as a strong 

alternative to expensive software used for this purpose. 

2. Material and method 

2.1. Materials used and calculations 

The preparation and characterization of the adsorbent, 

pine bark (Pinus brutia Ten.), are detailed in the literature 

[17]. The chemicals, materials, apparatus, and solutions 

employed in the adsorption tests are also described in 

the same reference. 

The Pb2+ concentrations adsorbed onto the pine bark 

(qe or qt, mg/g) were calculated using the equation in 

Formula (1), based on the difference between the initial 

(Co, mg/L) and residual (Ce, mg/L) Pb2+ concentrations in 

the solution.  

 

q
e  

or q
t
=

(Co − Ce)∙V

m
                                                               (1) 

 

Where qe represents the amount of Pb2+ adsorbed per 

unit mass of adsorbent at equilibrium (mg/g), qt denotes 

the amount of Pb2+ adsorbed per unit mass of adsorbent 

at a specific time (mg/g), V is the solution volume (L), 

and m is the mass of the adsorbent (g). 

2.2. Statistical evaluation 

Each adsorption test was performed at least three times, 

and the average values were used. Microsoft Office 365 

Excel was employed for data analysis and error function 

evaluations, while the Excel Solver add-in was utilized 

for non-linear regression analyses. 

3. Theory 

In this study, Pb2+ adsorption onto pine bark was 

investigated through equilibrium and kinetic analyses 

using non-linear regression methods. For the kinetic 

evaluation, the mathematical equations of the pseudo-

first order (PFO), pseudo-second order (PSO), Elovich, 

Avrami, and Brouers-Sotolongo (B-S) models were 

applied. The adsorption equilibrium was analyzed using 

the mathematical equations of isotherm models, 

including Langmuir, Freundlich, Temkin, Dubinin-

Radushkevich (D-R), Jovanovic, Dubinin-Astakhov (D-

A), Redlich-Peterson (R-P), Sips, Toth, and Brouers-

Sotolongo (B-S). 

3.1. Adsorption kinetics models 

3.1.1. Pseudo-first order (PFO) kinetic model 

PFO kinetic model, proposed by Lagergren (1898), 

describes the adsorption rate based on the assumption 

that the rate of change in adsorption capacity is 

proportional to the difference between the adsorption 

capacity at equilibrium and the amount of adsorbed 

solute at any given time [18]. 

The equation for this model is: 

 

𝑞t = 𝑞e(1 − 𝑒−𝑘1𝑡)                                                                      (2) 

 

where: 

• qt is the amount of solute adsorbed at time t (mg/g), 

• qe is the amount of solute adsorbed at equilibrium 

(mg/g), 

• k1 is the rate constant of the pseudo-first order kinetic 

(1/min). 

3.1.2. Pseudo-second order (PSO) kinetic model 

The PSO model, proposed by Ho (2006), assumes that the 

rate of adsorption is proportional to the square of the 

difference between the equilibrium adsorption capacity 

and the amount of solute adsorbed at any given time. 

This model is widely used for its accuracy in modeling 

the adsorption of pollutants in aqueous solutions [19]. 

The equation for this model is: 

 

𝑞t =
𝑞e

2𝑘2𝑡

𝑞e𝑘2𝑡 + 1
                                                                             (3) 

 

where k2 is the rate constant of the pseudo-second order 

kinetic (g/mg∙min). 

This model often fits well with adsorption data from 

aqueous solutions, especially for systems where the 

adsorption process is dominated by chemisorption [19]. 

3.1.3. Elovich kinetic model 

The Elovich adsorption kinetic model is an empirical  

rate equation that shows adsorption energy grows 

linearly with surface coverage. This model holds that 

adsorption occurs at specified places, adsorbed ions 

interact, and the adsorbate concentration remains 

constant. It is suitable for both gas adsorption and 

wastewater treatment [20]. 

The equation for this model is: 

 

𝑞t =
1

𝛽E

𝑙𝑛(1 + 𝛼E𝛽E𝑡)                                                               (4) 

 

where: 

• αE is the initial adsorption rate (mg/g∙min), 

• βE is related to the adsorption capacity (g/mg), 
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3.1.4. Avrami kinetic model 

The primary goal of the Avrami model is to understand 

the rate and mechanism of crystallization or reaction 

processes. The Avrami kinetic model is also widely used 

in the processes of pollutant removal from aqueous 

environments through adsorption. Adsorption refers to 

the transition of pollutants from the liquid phase to a 

solid adsorbent surface. This process typically exhibits 

kinetic characteristics similar to crystallization and other 

physical-chemical reactions, which is why the Avrami 

model is suitable for understanding the rate and 

mechanism of adsorption reactions [21–23]. 

The Avrami equation is: 

 

q
t
= q

e
[1 − exp(−kAtnA)]                                                    (5) 

 

where kA is the rate constant, and nA is the Avrami 

exponent, a parameter that determines the adsorption 

mechanism and geometry. The unit of the rate constant 

kA depends on the time unit (t) used. 𝑘A ≈ 𝑡−𝑛A 

• n = 1: One-dimensional adsorption on the surface or 

edge.  

• n = 2: Two-dimensional adsorption (e.g., on planar 

surfaces).  

• n = 3: Three-dimensional adsorption (e.g., in porous 

structures).  

• n = 4: Three-dimensional adsorption with continuous 

nucleation (e.g., continuous formation of new 

adsorption sites) [23]. 

3.1.5. Brouers-Sotolongo (B-S) kinetic model 

This model goes beyond traditional first and second-

order kinetic models by including a fractal time 

parameter and a fractional order parameter. It provides 

better data fitting and helps in understanding the nature 

of processes. This model is especially useful for better 

understanding complex reactions and adsorption 

processes. 

The Brouers-Sotolongo (B-S) kinetic model is 

represented by the following equation: 

 

𝑞n,α(𝑡) = 𝑞e [1 − (1 + (𝑛BS − 1) (
𝑡

𝜏C

)
𝛼BS

)

−1

(𝑛BS−1)

]     (6) 

 

Where qn,α(t) ) is the amount of substance adsorbed at 

time (t). qe is the equilibrium adsorption capacity. nBS is 

the fractional order parameter. αBS is the fractal time 

parameter, and τC is the characteristic time constant. 

The parameter nBS allows the model to interpolate 

between different kinetic orders, providing flexibility in 

describing various kinetic processes. The parameter αBS 

accounts for the complexity and irregularity of the 

kinetic process over time. τC, this is a scaling factor that 

adjusts the time scale of the process. 

The half-reaction time, denoted as τ1/2, represents the 

duration required to absorb half of the equilibrium 

amount. It is calculated using the following equation: 

 

[1 + (𝑛BS − 1) (
𝑡

𝜏C

)
𝛼BS

]

−1

(𝑛BS−1)

=
1

2
                                       (7) 

 

which gives 

 

𝜏1/2 = 𝜏C [
2(𝑛BS−1) − 1

𝑛BS − 1
]

1

𝛼

                                                          (8) 

 

τ1/2 represents the half-life time, which is the time 

required for the quantity of the substance to reduce to 

half of its initial value. 

The B-S model is particularly useful in describing 

complex adsorption processes and drug release kinetics, 

offering a more accurate fit to experimental data 

compared to traditional kinetic models [24–27]. 

3.2. Adsorption isotherm models 

3.2.1. Two-parameter isotherms  

3.2.1.1. Langmuir adsorption isotherm: 

The Langmuir adsorption isotherm assumes that 

adsorption occurs on a homogeneous surface with a 

finite number of identical sites. Each site can hold only 

one molecule, and the adsorption process is reversible. It 

is one of the most commonly used models for describing 

monolayer adsorption [28,29]. 

The non-linear Langmuir equation is: 

 

𝑞e =
𝑞m𝐾L𝐶e

1 + 𝐾L𝐶e

                                                                              (9) 

 

where: 

• qe is the amount adsorbed at equilibrium (mg/g), 

• qm is the maximum adsorption capacity (mg/g), 

• KL is the Langmuir constant related to adsorption 

enthalpy (L/mg), 

• Ce is the equilibrium concentration of solute (mg/L). 

3.2.1.2. Freundlich adsorption isotherm: 

The Freundlich model is an empirical model that 

describes adsorption on heterogeneous surfaces. Unlike 

Langmuir, it does not assume uniform adsorption sites, 

adsorption is more favorable at lower concentrations, 

and Freundlich allows for multilayer adsorption. It is 

applicable to systems with a wide range of energy. 
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The non-linear equation is: 

 

𝑞e = 𝐾F𝐶e

1

𝑛F                                                                                 (10) 

 

where KF is the Freundlich constant related to adsorption 

capacity (L/g), and 1/nF is an empirical constant 

representing the intensity or heterogeneity of 

adsorption. If (1/nF)<1, adsorption is favorable, and 

(1/nF)>1, adsorption is less effective. This model is widely 

used in environmental chemistry for predicting the 

adsorption behavior of various solutes [4,30]. 

Linear adsorption (𝑛F=1): The adsorption follows a 

simple linear relationship, indicating no cooperative or 

competitive effects. 

Chemical interaction (𝑛F<1): Adsorption involves 

strong chemical interactions between the adsorbate and 

the surface. 

Physical interaction (𝑛F>1): The adsorption process is 

dominated by weaker physical forces, such as van der 

Waals interactions [4]. 

3.2.1.3. Temkin adsorption isotherm: 

The Temkin adsorption isotherm considers the 

interactions between the adsorbent (surface) and the 

adsorbate (molecule). This isotherm assumes that the 

heat of adsorption decreases linearly with increasing 

coverage of the surface. It is particularly useful for 

describing adsorption processes at low to moderate 

concentrations [31]. The model takes into account the 

non-uniform energy distribution on the surface and 

performs particularly well in the medium concentration 

range. 

The Temkin isotherm equation is expressed as: 

 

𝑞e =
𝑅𝑇

𝑏M

𝑙𝑛(𝐾M𝐶e)                                                                     (11) 

 

where R is the universal gas constant with a value of 

8.314 J/(mol∙K). T represents the temperature in Kelvin. 

bM is the Temkin constant related to the heat of sorption, 

measured in J/mg, and KM is the Temkin isotherm 

constant, measured in L/g [32]. 

3.2.1.4. Dubinin-Radushkevich (D-R) adsorption isotherm:  

The D-R isotherm is used to describe adsorption on 

microporous materials and is often applied to study the 

adsorption of gases and small molecules. Unlike 

Langmuir, it does not assume monolayer adsorption. It 

is based on the potential energy distribution on the 

surface of the adsorbent [32]. 

The non-linear equation for the D-R model is: 

 

𝑞e = 𝑞mexp(−𝐾DR𝜀2)                                                              (12) 

𝜀 = 𝑅𝑇𝑙𝑛 (1 +
1

𝐶e

)                                                                   (13) 

where: 

• KDR is a constant related to the adsorption energy 

(mol²/kJ²), 

• ℰ is the Polanyi potential (kJ/mol),  

• R is the universal gas constant, 

• T is the temperature (K). 

 

This model is particularly useful for describing the 

adsorption of small molecules on solid adsorbents, 

especially in low-concentration regimes [33]. 

3.2.1.5. Jovanovic adsorption isotherm: 

The Jovanovic adsorption isotherm is an extension of the 

Langmuir model, focusing on monolayer adsorption 

without lateral interactions between adsorbed 

molecules. It considers mechanical contact between 

adsorbing and desorbing molecules, making it suitable 

for systems involving localized adsorption. The 

isotherm can describe both physical and chemical 

adsorption processes and transitions to Henry's Law at 

low concentrations [32].  

Jovanovic’s mathematical equation is: 

 

𝑞e = 𝑞m(1 − 𝑒−𝐾J𝐶e)                                                                (14) 

 

where KJ is the Jovanovic constant in L/mg [34]. The 

mathematical equation of the Jovanovic isotherm model 

shows significant similarity to the equation of the 

pseudo-first order kinetic model (Eq. 2). 

3.2.2. Three-parameter isotherms 

3.2.2.1. Dubinin-Astakhov (D-A) adsorption isotherm: 

The D-A adsorption isotherm is a widely used model for 

describing adsorption in microporous materials, such as 

activated carbon and zeolites. It is an extension of the D-

R isotherm, incorporating energy heterogeneity of the 

adsorbent surface. This model is commonly applied to 

describe the adsorption of organic or inorganic 

compounds from aqueous solutions [35]. 

The isotherm is mathematically expressed as: 

 

𝑞e = 𝑞m exp [− (
𝜀

√2𝐸
)

𝑛DA

]                                                    (15) 

 

Where ℇ is the Polanyi potential in kJ/mol (see Eq. 

(13)), as in the D-R equation. E is the characteristic 

adsorption energy (kJ/mol), indicating the energy barrier 

of the adsorption process, and nDA is the exponent 

reflecting the heterogeneity of the adsorbent surface [36]. 
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In the D-A adsorption isotherm, the nDA parameter is 

known as a heterogeneity factor that expresses the 

surface heterogeneity of the adsorbent. This parameter 

reflects the homogeneity or heterogeneity of the pore 

distribution on the surface where adsorption occurs. The 

nDA value indicates how diverse the pore sizes on the 

surface are; higher nDA values indicate a wider pore size 

distribution. The nDA value typically ranges between 2 

and 10. This range can vary depending on the surface 

heterogeneity and pore structure of the adsorbent. 

A high 𝐸 value suggests chemisorption, while a low 

𝐸 value is indicative of physisorption [37]. 

3.2.2.2. Redlich-Peterson (R-P) adsorption isotherm: 

The R-P adsorption isotherm is a hybrid model that 

combines features of the Langmuir and Freundlich 

isotherms. It is designed to describe adsorption on both 

homogeneous and heterogeneous surfaces and is 

particularly effective for systems operating over a wide 

concentration range. 

The isotherm is mathematically expressed as: 

 

𝑞e =
𝐾RP𝐶e

1 + 𝛼RP𝐶e
𝛽RP

                                                            (16) 

 

where KRP and αRP are the R-P constant (L/g) and R-P 

energy constant (L/mg or L/mmol), respectively. βRP is 

the empirical parameter (0<βRP≤1), reflecting the 

heterogeneity of the adsorbent surface. When βRP=1, the 

isotherm reduces to the Langmuir model. When βRP<1, 

the isotherm resembles the Freundlich model. Lower βRP 

values indicate greater surface heterogeneity. 

The isotherm can describe adsorption on both 

homogeneous and heterogeneous surfaces and fits 

experimental data over a wide concentration range. The 

R-P isotherm is widely used in liquid-phase adsorption 

systems, particularly for modeling the adsorption of 

heavy metal ions, organic pollutants, and other 

contaminants from aqueous solutions [4,38,39]. 

3.2.2.3. Sips adsorption isotherm: 

The Langmuir and Freundlich isotherms are 

undoubtedly the most recognized models in adsorption 

studies. The Sips isotherm integrates features of both 

models. It was introduced to overcome the limitations of 

the Freundlich model at higher adsorbate concentrations 

and to describe adsorption behavior in heterogeneous 

systems. At low concentrations, the Sips isotherm 

behaves similarly to the Freundlich model, while at high 

concentrations, it approaches the Langmuir isotherm. 

The mathematical equation of the Sips adsorption 

isotherm is given in Eq. (17).  

𝑞e =
𝑞m𝐾S𝐶e

𝛽S

1 + 𝐾S𝐶e
𝛽S

                                                                         (17) 

 

where KS is Sips equilibrium constant (L/mg), and βS is 

Sips model exponent [32,39].   

3.2.2.4. Tóth adsorption isotherm: 

In 1971, József Tóth proposed an isotherm model to 

provide both experimental and mathematical insights 

into gas adsorption. The Tóth model gained widespread 

recognition due to its accurate description of adsorption 

across the entire pressure range, effective parameter 

interpretation, and its ability to serve as a basis for 

deriving other isotherm equations [34,40]. 

The three-parameter Tóth isotherm, an empirical 

extension of the Langmuir model, was developed to 

improve alignment with experimental data. It effectively 

describes adsorption on heterogeneous surfaces at both 

low and high concentration extremes [4]. 

While originally formulated for gas adsorption, the 

Tóth isotherm has also proven applicable to adsorption 

phenomena in solution [41]. The mathematical 

expression for the Tóth isotherm is provided in Eq. (18). 

 

𝑞e =
𝑞m𝐾T𝐶e

[1 + (𝐾T𝐶e)
𝑛T]

1

𝑛T

                                                            (18) 

 

where KT is the Tóth equilibrium isotherm constant 

(L/mg), and nT is a dimensionless parameter. The model 

simplifies to the Langmuir isotherm when nT=1. Thus, nT 

serves as an indicator of the system's heterogeneity; as nT 

deviates from 1, the degree of heterogeneity in the 

adsorption system increases. 

3.2.2.5. Brouers–Sotolongo (B-S) isotherm model: 

This isotherm is constructed as a modified exponential 

function to describe adsorption on heterogeneous 

surfaces, inspired by Langmuir’s suggestion to adapt his 

isotherm for nonuniform adsorbent surfaces. The model 

assumes that the adsorbent’s surface is divided into 

distinct patches, each containing active sites with 

identical energy levels. The B-S equation is specifically 

designed to account for these features, making it suitable 

for complex adsorption scenarios involving surface 

heterogeneity. 

The mathematical equation of the B-S isotherm model is: 

 

𝑞e = 𝑞m [1 − 𝑒
(−𝐾BS𝐶e

𝛼BS)
]                                                      (19) 

 

where the parameter KBS ensures that the exponential 

term is dimensionless. Therefore, the unit of KBS must 

cancel out the unit of 𝐶e
𝛼BS. If qe and qm are expressed in 
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mg/g, and Ce is in mg/L, then the unit of KBS can be 

determined as (
𝐿

𝑚𝑔
)

𝛼BS
. 

The parameter αBS represents the distribution of 

adsorption energy and reflects the degree of 

heterogeneity of the adsorbent surface at a specific 

temperature. It characterizes how adsorption energy 

varies across different active sites, providing insights 

into the energy profile and structural diversity of the 

adsorbent [42,43]. 

3.3. Error function 

Error analysis plays a crucial role in comparing 

experimental data with theoretical results, as it helps 

assess the accuracy and reliability of the model. In 

experimental fields such as adsorption studies, error 

analyses are used not only to evaluate how well the data 

fit the model but also to test the accuracy and validity of 

the model. The choice of error analysis method depends 

on the nature of the data and the complexity of the 

model. Generally, a combination of different error 

analysis methods is preferred to ensure reliable results 

and to prevent misinterpretations of model 

performance. 

The following section outlines several common error 

analysis methods, providing concise definitions and 

their associated formulas [4,16,34,44–49]. The symbols 

used in these formulas and their meanings are as 

follows: 

 

• qe,exp,i : Experimental adsorption capacity at 

equilibrium for the i-th data point (mg/g). 

• qe,cal,i :  Calculated adsorption capacity at equilibrium 

for the i-th data point based on the model (mg/g) 

• 𝑞
e,exp

 : Mean of experimental data (mg/g) 

• 𝑞
e,cal

 : Mean of calculated data (mg/g) 

• N : Total number of experimental data points. 

• p : Number of independent variables in the model. 

• R2 : Coefficient of determination, representing the 

proportion of variance explained by the model. 

3.3.1. Sum of squared errors (SSE) 

The sum of squared errors (SSE) provides the total of the 

squared differences between calculated and 

experimental data. SSE is used to determine how close 

the model is to the experimental data. This method 

minimizes the sum of squared errors to optimize the 

model parameters.  

 

𝑆𝑆𝐸 = ∑(𝑞e,exp,𝑖 − 𝑞e,cal,𝑖)
2

𝑁

𝑖=1

                                           (20) 

 

SSE is simple to compute and interpret, and SSE 

offers a clear sense of the total error in the model. 

However, large errors are disproportionately penalized 

due to the squaring of the differences by SSE. In addition, 

SSE should be used in conjunction with other methods 

for a more comprehensive assessment.   

3.3.2. Average relative error (ARE) 

ARE is a measure of how well a model predicts 

experimental data, expressed in terms of the relative 

error between calculated and experimental values. It 

evaluates the percentage deviation of calculated values 

from experimental ones, averaged across all data points. 

 

𝐴𝑅𝐸 =
1

𝑁
∑ |

𝑞e,exp,𝑖 − 𝑞e,cal,𝑖

𝑞e,exp,𝑖

|

𝑁

𝑖=1

× 100                         (21) 

 

ARE represents the error in percentage form, making 

it suitable for comparing datasets with different units or 

scales. It is easy to interpret, as it provides a clear 

measure of percentage deviation. Unlike RMSE or SSE, 

ARE does not excessively penalize large errors due to the 

absence of squaring. However, when qe,exp,i values are 

small, ARE can become disproportionately large or even 

undefined. Additionally, larger deviations in qe,exp,i are 

weighted more heavily due to their relative nature. ARE 

is also sensitive to outliers and noise in experimental 

data. 

3.3.3. Hybrid fractional error (HYBRID) 

The HYBRID function is an error function used to 

evaluate the accuracy of a model by combining both 

absolute and fractional errors. It is commonly used in 

adsorption tests to assess the differences between 

experimental and calculated values. 

 

𝐻𝑌𝐵𝑅𝐼𝐷 =
1

𝑁 − 𝑝
∑ [

(𝑞e,exp,𝑖 − 𝑞e,cal,𝑖)
2

𝑞e,exp,𝑖

] × 100

𝑁

𝑖=1

         (22) 

 

The HYBRID function combines both absolute and 

fractional errors, providing a more accurate measure of 

model performance. It is suitable for datasets with 

varying magnitudes and scales, and helps penalize 

errors relative to the experimental values, offering a 

more balanced evaluation. However, it is sensitive to 

small or zero values in the experimental data, which can 

result in inflated error values. Additionally, it can be 

more complex to interpret compared to simpler metrics 

like MAE or RMSE. 
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3.3.4. Marquardt’s percent standard deviation (MPSD) 

Marquardt’s Percent Standard Deviation (MPSD) is an 

error analysis metric used to evaluate the fit of a model 

to experimental data. It is particularly useful in 

adsorption studies, where it helps quantify the deviation 

between experimental and calculated values in terms of 

a percentage. MPSD is similar to RMSE but is 

normalized by the experimental values, making it less 

sensitive to large magnitudes in the data. 

 

𝑀𝑃𝑆𝐷 = 100 × √
1

𝑁 − 𝑝
∑(

𝑞e,exp,𝑖 − 𝑞e,cal,𝑖

𝑞e,exp,𝑖

)

2𝑁

𝑖=1

            (23) 

 

MPSD expresses error as a percentage, making it 

easily interpretable and comparable across different 

datasets. By accounting for variations in the magnitude 

of experimental values, it reduces bias from large 

datasets. MPSD is particularly effective for comparing 

different models or adsorption isotherms to identify the 

best fit. However, similar to ARE, MPSD can be 

disproportionately influenced when qe,exp,i values are 

small, potentially leading to large errors or undefined 

values. Additionally, MPSD requires knowledge of the 

number of parameters (p), making it less straightforward 

than simpler metrics such as SSE or RMSE. MPSD can 

also be sensitive to outliers in experimental data. 

3.3.5. Mean absolute error (MAE) 

MAE calculates the average of the absolute errors 

between experimental and calculated values. It directly 

quantifies the magnitude of errors without considering 

their direction. 

 

𝑀𝐴𝐸 =
1

𝑁
∑|𝑞e,exp,𝑖 − 𝑞e,cal,𝑖|

𝑁

𝑖=1

                                             (24) 

 

MAE directly represents the magnitude of errors and 

does not excessively penalize larger errors, offering a 

balanced approach. However, it does not differentiate 

between large and small errors in terms of their impact. 

Additionally, MAE lacks sensitivity to variations in error 

size across different parts of the data. 

3.3.6. Coefficient of determination (R²) 

R² measures how well the model explains the variance in 

the data. A value close to 1 indicates a good fit, while 

values near 0 suggest poor model performance. The 

coefficient of determination (R²) is also equal to the 

square of the correlation coefficient (R). 

 

𝑅2 =

[
 
 
 ∑ (𝑞e,exp,𝑖 − 𝑞

e,exp
) (𝑞𝑒,𝑐𝑎𝑙,𝑖 − 𝑞

e,cal
)

√∑(𝑞e,exp,𝑖 − 𝑞
e,exp

)
2
∑(𝑞e,cal,𝑖 − 𝑞

e,cal
)

2

]
 
 
 
2

    (25) 

 

R² provides a quick measure of model accuracy and 

is both widely used and easily interpretable. However, it 

can be misleading for non-linear data or when the model 

is poorly specified. A high R² value does not necessarily 

guarantee accurate predictions, particularly for non-

linear models. 

3.3.7. Adjusted R-squared (Adjusted R² or R²-adj) 

The Adjusted R² statistic is used to evaluate the goodness 

of fit of a model (e.g., isotherm or kinetic model) to the 

experimental qe data. It adjusts for the number of 

parameters in the model, providing a more accurate 

assessment of how well the model describes the 

adsorption process while penalizing unnecessary 

complexity. 

 

𝑅2-adj = 1 − [
(1 − 𝑅2)(𝑁 − 1)

𝑁 − 𝑝 − 1
]                                         (26) 

 

Adjusted R² prevents overfitting by accounting for 

the number of parameters, allows for better comparison 

between different adsorption models, and provides a 

more reliable measure of model fit. However, Adjusted 

R² is still sensitive to outliers, does not imply causality, 

and can be difficult to interpret in complex models. 

4. Results and discussions 

4.1. Minimization process with Excel Solver 

Fig. 1 and Fig. 2 illustrate the minimization process for 

non-linear regression solutions in Excel Solver. Fig. 1 

demonstrates the minimization/optimization process in 

the Solver using the HYBRID function for the two-

parameter Langmuir isotherm. Fig. 2 illustrates the 

process for the three-parameter Redlich-Peterson (R-P) 

model using the SSE function. 

In the Excel sheet, follow the sequence: File – More 

options – Options – Add-ins – Solver Add-in to add the 

Solver command to the menus. Then, navigate to the 

Data tab and run the Solver command. 

In columns A and B in Fig. 1 and Fig. 2, the 

experimental Ce (Ce,exp) and corresponding experimental 

qe values (qe,exp) are placed. Column C represents the qe 

values (qe,cal) calculated by the model at the end of the 

process. Columns D and E contain the calculations for 

the error function, which minimizes the differences 

between qe,exp and qe,cal. 
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In Fig. 1, Cells A14 and B14 contain the Langmuir 

model constants (KL and qm). The primary objective of the 

minimization process is to estimate these constants with 

the highest accuracy. To achieve this, the error function 

seeks to minimize the differences between qe,exp and qe,cal. 

In other words, KL and qm values must be assigned to 

cells A14 and B14 such that the error function value in 

cell E14 is minimized. 

Before running Solver, it is necessary to assign initial 

estimates to cells A14 and B14. (A14, B14, and C14 in    

Fig. 2) This is because Solver cannot operate if these cells 

are empty, as the calculated qe,cal values (C3–C11) would 

be undefined. Once initial estimates are assigned, Solver 

will use a trial-and-error method to minimize the 

differences between qe,exp and qe,cal through the selected 

error function, ultimately determining the most accurate 

values for KL and qm (KRP, αRP, and βRP for R-P isotherm in 

Fig. 2). 

Once the necessary cells are filled, Solver is run, and 

the “Solver Parameters” dialog box appears on the 

screen, as shown in Fig. 1 and Fig. 2. Click the arrow 

button next to the “Set Objective” bar and select the cell 

containing the value of the error function to be 

minimized (E14) as the target. Since error functions 

perform minimization, select the “Min” option in the 

dialog box. 

Next, click the arrow button to the right of the “By 

Changing Variable Cells” bar and select the model 

parameters cells (A14:B14 for the Langmuir model, 

A14:C14 for the R-P model). If there are any constraints 

related to the model, as in the R-P model shown in        

Fig. 2, click “Add” under the “Subject to the 

Constraints” section and enter the necessary constraints 

in the window that appears. The constraints will be 

displayed in the dialog box (Fig. 2). 

Since a non-linear solution is being performed, select 

“GRG Nonlinear” from the list under “Select a Solving 

Method” in the dialog box. Finally, click the “Solve” 

button to allow Solver to perform the minimization and 

estimate the qe,cal values and the model parameters. 

Similar steps are, of course, applied to kinetic data as 

well. In this case, experimental t (min) values are entered 

into cells A3–A11, and experimental qt,exp values are 

entered into cells B3–B11. The remaining steps are 

carried out as described above. 

4.2. Error function analysis for the kinetics models 

Error functions are tools that help accurately estimate 

model parameters. These functions work to minimize 

the difference between experimental data and data 

calculated from the model as much as possible. 

In this study, five different error functions were 

employed for data minimization: SSE, ARE, HYBRID, 

MPSD, and MAE. Table 1 presents the results of 

minimization performed using these five error functions 

with Solver for each kinetic model. The rows detail the 

parameter values obtained for each kinetic model using 

the respective error function. For example, when 

minimization for the PFO kinetic model was conducted 

with SSE in Solver, the qt value was 10.15784 mg/g, while 

it was 10.41159 mg/g with ARE, 9.89718 mg/g with 

HYBRID, 9.35466 mg/g with MPSD, and 10.41206 mg/g 

with MAE. 

In the respective tables, error function values are also 

provided both vertically and horizontally. When the 

same error function is aligned vertically and horizontally 

in these tables, the value read in the intersecting cell 

represents the result obtained when the solution is 

performed under that error function. For instance, in 

Table 1, when the horizontal SSE is aligned with the 

vertical SSE, the intersecting cell value is 5.61275. 

However, when the horizontal SSE aligns with the 

vertical ARE, the intersecting cell value becomes 9.41517. 

This value (9.41517) represents the ARE calculated under 

SSE minimization conditions, where the qe,cal values 

estimated via SSE are substituted into the mathematical 

equation for ARE. This approach was used to generate 

the values in Table 1, Table 3, and Table 4. As shown, 

each function provides the lowest minimization under 

its specific conditions. 

At the end of Table 1, Table 3, and Table 4, SNE (Sum 

of Normalized Errors) values are provided for each 

model. SNE is a normalization process that identifies 

which error function minimizes the differences between 

qe,exp and qe,cal the most. Thus, SNE helps determine 

the most appropriate error function for a given model 

and allows for a more accurate prediction of the 

compatibility of experimental data with the model. 

An example of SNE calculation from Table 1 is as 

follows: The error function values in each row are 

divided by the largest value in that row, resulting in five 

different normalized values (note that one of these 

values will always equal 1). The same process is repeated 

for the other four rows. Finally, the SNE value for each 

error function is obtained by summing up the 

normalized values for each column. 

The error function with the relatively smallest SNE 

value is the one that should be preferred for the 

minimization of the corresponding model in Solver. 
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Figure 2. Optimization and solution of the three-parameter Redlich-Peterson (R-P) isotherm model using the SSE error function in Excel Solver 
• The qe_cal values in cells C3–C11 are calculated in Excel using the Redlich-Peterson equation as follows: =($A$14*A3)/(1+$B$14*(A3^$C$14)), =($A$14*A4)/(1+$B$14*(A4^$C$14)), …. , 

=($A$14*A11)/(1+$B$14*(A11^$C$14)) 

• Res. (Residuals) are calculated as the differences between qe_exp and qe_cal (e.g., =B3-C3, =B4-C4, ...., =B11-C11). Then, the squares of these differences are calculated in cells E3–E11 (e.g., 

=D3^2, D4^2, …. D11^2). SSE is ultimately the sum of the squares of these differences; SSE=SUM(E3:E11).  

• Determination coefficient, R2 =RSQ(B2:B11;C2:C11) 

Figure 1. Optimization and solution of the two-parameter Langmuir isotherm model using the HYBRID error function in Excel Solver 
• The qe_cal values in cells C3–C11 are calculated in Excel using the Langmuir equation as follows: =($B$14*$A$14*A3)/(1+$A$14*A3), =($B$14*$A$14*A4)/(1+$A$14*A4), …. 

=($B$14*$A$14*A11)/(1+$A$14*A11) 

• In cells D3–D11, the squares of the differences (Res.2) between qe_exp and qe_cal are calculated (e.g., =(B3-C3)^2, =(B4-C4)^2, ...., =(B11-C11)^2). In cells E3–E11, the values in D3–D11 are 

divided by the qe_exp values in B3–B11 (e.g., =D3/B3, =D4/B4, ...., =D11/B11); HYBRID=SUM(E3:E11). 

• Coefficient of determination, R2 =RSQ(B2:B11;C2:C11) 
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Table 1.  Kinetic model constants with five different error analysis in Microsoft Excel Solver 

Kinetic models SSE ARE HYBRID MPSD MAE 

Pseudo-first order (PFO) 

qt (mg/g) 10.15784 10.41159 9.89718 9.35466 10.41206 

k1 (1/min) 0.07023 0.09935 0.09186 0.13775 0.06720 

R2 0.96996 0.95218 0.95737 0.92437 0.97119 

R2–Adj 0.96138 0.93851 0.94519 0.90276 0.96295 

SSE 5.61275 9.41517 6.62396 11.79655 5.98032 

ARE 13.35946 12.29921 13.02401 14.70117 13.18084 

HYBRID 17.16781 19.09022 15.13926 19.54712 18.12834 

MPSD 25.19315 21.47662 21.60214 19.18431 25.66247 

MAE 0.63672 0.70318 0.73162 1.00242 0.59712 

SNE 3.87970 4.14975 3.79357 4.74756 3.92664 

Pseudo-second order (PSO) 

qt (mg/g) 10.78276 10.89592 10.57112 10.16293 10.91555 

k2 (g/mg∙min) 0.01020 0.01097 0.01250 0.01689 0.01052 

R2 0.99369 0.99236 0.98997 0.97969 0.99307 

R2–Adj 0.99188 0.99018 0.98710 0.97389 0.99109 

SSE 1.15192 1.49209 1.49687 3.29579 1.38196 

ARE 6.75051 6.23831 6.76816 8.41013 6.39992 

HYBRID 5.14998 4.89708 4.34811 5.97884 5.01204 

MPSD 15.58695 14.10526 12.88466 11.20023 14.69183 

MAE 0.27226 0.27191 0.34589 0.54170 0.26400 

SNE 3.51614 3.42046 3.45134 4.71856 3.44851 

Elovich  

αE (mg/g∙min) 5.81997 3.30410 4.19424 3.57695 7.57775 

βE (g/mg) 0.64626 0.55775 0.60294 0.57811 0.65356 

R2 0.98244 0.97774 0.98081 0.97905 0.98223 

R2–Adj 0.97743 0.97138 0.97533 0.97306 0.97715 

SSE 2.59144 4.14707 2.92915 3.43097 3.62022 

ARE 8.07160 5.31391 6.43614 5.67360 9.49963 

HYBRID 5.49977 5.34174 4.30429 4.62875 9.80496 

MPSD 12.44534 7.54710 7.98919 7.27624 18.55071 

MAE 0.46489 0.48227 0.47149 0.47828 0.45524 

SNE 3.67031 3.51102 3.23113 3.28062 4.81691 

Avrami 

kA (𝐦𝐢𝐧−𝒏𝐀) 0.20583 0.19139 0.19721 0.19300 0.19618 

nA 0.54050 0.56350 0.55483 0.56390 0.55076 

R2 0.99906 0.99887 0.99899 0.99891 0.99889 

R2–Adj 0.99880 0.99854 0.99870 0.99860 0.99858 

SSE 0.14050 0.18638 0.15811 0.18733 0.16781 

ARE 1.70353 1.04928 1.27732 1.19222 1.16089 

HYBRID 0.33165 0.29921 0.27052 0.28954 0.30130 

MPSD 3.04051 1.99572 2.09374 1.93974 2.18486 

MAE 0.08498 0.08555 0.08379 0.09397 0.07696 

SNE 4.65432 4.07985 3.98981 4.21085 4.02343 

Brouers-Sotolongo (B-S) 

qt (mg/g) 11.07665 11.06952 11.09914 11.14210 11.07287 

τ𝑪 (min) 13.22303 13.21365 13.17745 13.04019 13.22493 

αBS 0.64608 0.63511 0.64283 0.63573 0.64583 

nBS 1.47640 1.48059 1.47811 1.46878 1.47454 

τ1/2 (min) 9.74988 9.71516 9.71075 9.52562 9.73986 

R2 0.99958 0.99955 0.99957 0.99954 0.99956 

R2–Adj 0.99915 0.99910 0.99914 0.99907 0.99912 

SSE 0.06234 0.07943 0.06296 0.06825 0.07532 

ARE 1.11769 0.90266 1.06123 0.96652 1.09833 

HYBRID 0.12815 0.15190 0.12697 0.13233 0.15316 

MPSD 1.63236 1.63037 1.57112 1.52857 1.84393 

MAE 0.06708 0.06209 0.06576 0.06344 0.06150 

SNE 4.50677 4.60932 4.40352 4.36279 4.84779 
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Accordingly, based on the SNE data in Table 1 and 

Table 2, the HYBRID error function provides the best 

minimization for all kinetic models except for PSO and 

B-S. For PSO and B-S, the most suitable minimizations 

are achieved using ARE and MPSD, respectively. Based 

on the SNE values of the kinetic models presented in 

Table 1, the ranking of error functions from best to worst 

can be determined as follows: for PFO, HYBRID > SSE > 

MAE > ARE > MPSD; for PSO, ARE > MAE > HYBRID > 

SSE > MPSD; for Elovich, HYBRID > MPSD > ARE > SSE 

> MAE; for Avrami, HYBRID > MAE > ARE > MPSD > 

SSE; and for B-S, MPSD > SSE > HYBRID > ARE > MAE. 

Fig. 3 illustrates the t−qt plots obtained for each model 

when analyzed separately in Solver using five different 

error functions. As illustrated in Fig. 3, for PFO and PSO 

kinetic models, MPSD is not regarded as a suitable 

minimization function in Excel Solver when compared 

to other error functions. Table 1 also demonstrates that 

the SNE values for MPSD in PFO and PSO kinetic 

models are significantly higher relative to the other error 

functions. Notably, the Avrami and B-S kinetic models 

exhibit consistent trends across all error functions. In 

particular, for the B-S kinetic model, the qt,cal values 

obtained from each error function are remarkably close 

to each other, with their respective curves nearly 

overlapping entirely. 

Consequently, it is evident that selecting an 

appropriate error function is crucial for non-linear 

solutions of the PFO kinetic model, as well as for the PSO 

and Elovich kinetic models. However, this choice is less 

critical for the Avrami and B-S kinetic models. 

Another noteworthy point in Table 1 is that all error 

function values for the B-S model are the lowest among 

all models. Relatively low error function values indicate 

that the qt,exp and qt,cal values are very close to each other, 

signifying that the corresponding model represents the 

experimental data exceptionally well. 

As seen in Fig. 3, the experimental data is best 

represented by the B-S model, followed by the Avrami 

model. Fig. 4 further supports this conclusion, providing 

a visual representation of the t−qt plots drawn using the 

error functions with the lowest relative SNE values 

(Table 2). As illustrated in Fig. 4, the kinetic models that 

best represent the experimental data are, in order, the B-

S and Avrami kinetic models. The PSO kinetic model, on 

the other hand, ranks as the third most suitable model in 

this analysis. However, it can also be stated that both the 

Elovich and PFO kinetic models fail to adequately 

represent the experimental data. 

Fig. 5 presents the detailed version of Fig. 4, showing 

the results for each model individually. As is evident 

from the figure, the two models that best represent the 

data are the B-S and Avrami models. Likewise, Fig. 5 

suggests that the PSO kinetic model can be considered a 

suitable model for adequately representing the 

experimental data. 

In conclusion, based on the relevant tables and 

graphs, the kinetic model that best describes the 

adsorption of Pb2+ onto pine bark is the Brouers-

Sotolongo (B-S) model, while the least representative 

model is the pseudo-first order (PFO) kinetic model. 

4.3. Analysis of the kinetics model constants 

In Section 3.1.5, it was stated that the 4-parameter B-S 

kinetic model provides a more precise and accurate 

description of the adsorption kinetics process compared 

to the classical PFO and PSO models, owing to its 

consideration of additional factors such as a fractal time 

parameter (αBS) and a fractional order parameter (nBS).  

In this study, based on the data presented in Table 1, 

the αBS value for the B-S kinetic model is 0.63573 

(obtained through MPSD minimization). This value (αBS 

< 1) indicates that the system is significantly 

heterogeneous, reflecting the heterogeneity of the pine 

bark surface. Additionally, the nBS value derived from 

Table 1 is 1.46878. When nBS = 1, the system follows PFO 

kinetics, whereas nBS = 2 indicates PSO kinetics. Given 

that 1 < nBS < 2 for this study, it can be concluded that a 

mixed kinetic mechanism is at play, where adsorption 

occurs as a combination of physical and chemical 

interactions. On the other hand, for 0 < nBS < 1, adsorption 

proceeds predominantly through physical mechanisms. 

Consequently, the reaction order and pathway can be 

determined with greater precision using the B-S kinetic 

model. 

τ1/2 represents the time required for half of the total 

adsorbed adsorbate ions/molecules to be adsorbed 

during the adsorption process. For this study, this 

duration is τ1/2 = 9.74988 minutes (Table 1).  

For the Avrami kinetic model, which was determined 

to be consistent with the experimental data, an 

examination of the model constants in Table 1 reveals 

that the nA exponent, which provides information about 

the adsorption mechanism and geometry, is 0.55483 

(obtained through minimization using the HYBRID 

error function). When 0 < nA< 1, it indicates that 

adsorption progresses through physical pathways on 

heterogeneous surfaces with limited and weak 

interactions. 

Another parameter of the Avrami model, kA, being 

less than 1 (in this study, kA ≈ 0.2) suggests that the 

adsorption process has relatively slow kinetics, with a 

low adsorption rate, or that one or more steps in the 

process are rate-limiting.  

Unlike PFO, what perhaps makes the PSO kinetic 

model more appealing in many studies is the overlap 

between qt,exp and the qt,cal values. It should be noted, 
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however, that the choice of the error function type is 

crucial when performing analyses with PFO and PSO. 

When Fig. 3 is carefully examined, it becomes evident 

that the selection of the error function for PFO is critical. 

In Fig. 3, when MPSD is chosen as the error function for 

both PFO and PSO, neither model yields particularly 

reliable results. Therefore, identifying the error function 

that provides the most accurate results is essential. This 

study focuses specifically on this objective. However, 

when ARE or MAE is preferred for both models, the 

difference between qt,exp and the qt,cal values becomes 

significantly smaller (Table 1, Fig. 3). Nevertheless, in 

Table 1 and Table 2, the most optimal error function for 

PFO is found to be HYBRID. This is due to the sharper 

inflection point of the t–qt curve in ARE and MAE, as 

well as the experimental data in this region being farther 

from the curve (Fig. 3). It can be observed from Fig. 3 that 

the Elovich kinetic model does not align well with the 

data, particularly near equilibrium. Although the 

Elovich model does not represent the experimental data 

in a fully satisfactory manner, certain interpretations can 

still be derived from the model constant values. Based on 

the values obtained using HYBRID minimization in 

Table 1, the αE value for the Elovich model is 4.19424, and 

the βE value is 0.60294. When αE > 1, it indicates that 

adsorption is quite rapid at the initial stages, suggesting 

strong interactions between the adsorbent and the 

adsorbate. Additionally, when βE > 0.5, a more 

pronounced slowing of the adsorption rate is observed, 

indicating that active sites are filling up quickly. 

4.4. Error function analysis for the isotherm models 

A similar evaluation to the one conducted for kinetic 

models can undoubtedly be performed for isotherm 

models as well. Table 3 lists the minimization results 

obtained using five different error functions in Excel 

Solver for two-parameter isotherms, while Table 4 

provides the corresponding results for three-parameter 

isotherms. 

When evaluating the SNE values collectively 

presented in Table 5, it can be observed that many two- 

and three-parameter isotherm models are better 

minimized using the HYBRID error function. For the 

Temkin model, SSE; for the D-R model, ARE and SSE; 

and for the Jovanovic and D-A models, ARE provided 

better minimization results. In contrast, for the 

remaining models, the HYBRID function yielded the 

best minimization results. Overall, for both kinetic and 

isotherm models, the HYBRID error function generally 

offered superior minimization performance. 
 

Figure 1. Comparison of experimental and model-predicted kinetic 

data using five different error functions (SSE, ARE, HYBRID, MPSD, 

and MAE) in Excel Solver for various kinetic models 
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Table 2. SNE values of the error functions for the kinetic models 

  SNE values of the error functions 

Kinetic models SSE ARE HYBRID MPSD MAE 

Pseudo-first order (PFO) 3.87970 4.14975 3.79357 4.74756 3.92664 

Pseudo-second order (PSO) 3.51614 3.42046 3.45134 4.71856 3.44851 

Elovich 3.67031 3.51102 3.23113 3.28062 4.81691 

Avrami 4.65432 4.07985 3.98981 4.21085 4.02343 

Brouers-Sotolongo (B-S) 4.50677 4.60932 4.40352 4.36279 4.84779 

 

 
Figure 2. Comparison of the kinetic models optimized in Excel Solver 

Fig. 6 and Fig. 7 illustrate the Ce–qe plots for each 

isotherm model, generated by minimizing the 

differences between qe,exp and qe,cal using five error 

functions in Solver. In Fig. 6, except for the D-R and 

Jovanovic models, the Ce–qe graphs generated for the 

other two-parameter isotherms after minimization with 

the five error functions are quite similar to each other. 

However, as with the kinetic models, the MPSD function 

provided poorer minimization results compared to the 

others. Similarly, in Fig. 7, for the four isotherms other 

than the D-A isotherm, the results obtained from the five 

error functions were closely aligned. 

From the SNE data in Table 3, Table 4, and Table 5, 

the error functions providing the best minimization 

results are as follows: for the Temkin model, SSE; for the 

D-R, Jovanovic, and D-A models, ARE; and for all other 

isotherms, the HYBRID function. Additionally, the same 

tables reveal that MPSD yielded the highest SNE values 

for the Freundlich and Temkin isotherms. 

Unlike the two-parameter isotherms, the three-

parameter isotherms produced more consistent results 

across the five error functions, as illustrated in Fig. 7. For 

the three-parameter isotherms other than D-A, the five 

error functions provided nearly identical results, with all 

Ce–qe graphs almost entirely overlapping. Therefore, the 

choice of error function for minimizing these three-

parameter isotherms, excluding D-A, is not critical. 

To ensure more accurate parameter estimation and, 

consequently, a better understanding of the adsorption 

process, it is essential to select the error function with the 

smallest SNE value for minimizing each isotherm model, 

as summarized in Table 5. 

 
Figure 3. Single representations of the kinetic models optimized in 

Excel Solver 
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Table 3.  Two-parameter isotherms constants with five different error analysis in Microsoft Excel Solver 

  SSE ARE HYBRID MPSD MAE 

Langmuir 

KL (L/mg) 0.01116 0.01428 0.01439 0.01863 0.01003 

qm, (mg/g) 40.69627 38.04907 38.43876 35.98128 41.49816 

R2 0.98715 0.98075 0.98047 0.96900 0.98859 

R2–Adj 0.98286 0.97433 0.97396 0.95866 0.98478 

SSE 22.87550 30.00669 28.80803 49.32668 24.09545 

ARE 7.57277 7.00233 7.25302 8.60763 7.70209 

HYBRID 24.73757 21.10073 20.67920 25.11808 29.12894 

MPSD 16.05378 13.26780 13.04970 11.87321 17.72985 

MAE 1.15155 1.35836 1.39217 1.88286 1.04587 

SNE 3.70984 3.61598 3.61199 4.53198 3.93875 

Freundlich 

KF (L/mg) 4.33510 3.23827 3.81191 3.48659 4.35667 

nF (mg/g) 2.98694 2.57897 2.80287 2.68231 2.95498 

R2 0.99068 0.98454 0.98910 0.98704 0.99053 

R2–Adj 0.98758 0.97939 0.98547 0.98272 0.98738 

SSE 13.85285 29.56261 16.12031 20.74284 18.78967 

ARE 5.19552 3.67535 4.55495 4.11212 4.95398 

HYBRID 9.23253 10.93279 7.42953 8.27996 11.56317 

MPSD 8.29636 5.82268 5.94497 5.40667 9.16491 

MAE 0.97761 1.10162 1.04825 1.08950 0.89804 

SNE 4.05970 4.28821 3.66474 3.78812 4.40430 

Temkin  

KM (L/mg) 0.19314 0.29209 0.22476 0.25643 0.13608 

bM (mg/g) 331.07572 367.02597 346.77202 364.91014 305.20117 

R2 0.99150 0.98840 0.99105 0.99000 0.98883 

R2–Adj 0.98866 0.98453 0.98807 0.98666 0.98510 

SSE 12.37752 20.91711 14.16483 21.68239 22.03380 

ARE 5.74074 5.29550 5.59892 5.72607 6.25771 

HYBRID 12.03239 14.54045 10.56052 12.12317 30.31467 

MPSD 10.62228 9.68113 8.93485 8.43623 18.71355 

MAE 0.89423 1.11944 1.01901 1.23140 0.74194 

SNE 3.16987 3.70161 3.19093 3.74981 4.60252 

Dubinin-Radushkevich (D-R) 

qm (mg/g) 31.87089 31.83077 30.76107 29.51396 31.83077 

KDR (mol2/kJ2) 0.00025 0.00019 0.00020 0.00018 0.00019 

R2 0.87572 0.86254 0.86704 0.85890 0.86254 

R2–Adj 0.83429 0.81672 0.82272 0.81186 0.81672 

SSE 217.06002 225.37728 225.17758 250.99127 225.37728 

ARE 22.04778 20.17248 21.05657 20.48773 20.17248 

HYBRID 178.33015 178.75627 173.45011 177.60889 178.75627 

MPSD 39.65376 39.23137 38.80529 38.59592 39.23137 

MAE 3.83446 3.65788 3.87830 3.97469 3.65788 

SNE 4.82714 4.72253 4.77686 4.89615 4.72253 

Jovanovic 

KJ (L/mg) 0.00853 0.00944 0.01170 0.01692 0.00849 

qm (mg/g) 35.14928 34.09320 33.21288 30.80221 34.44130 

R2 0.97164 0.96662 0.95154 0.91493 0.97183 

R2–Adj 0.96219 0.95550 0.93539 0.88657 0.96244 

SSE 59.50168 62.20115 75.24534 130.46033 62.53696 

ARE 12.49796 11.75927 12.01660 12.85726 12.47312 

HYBRID 59.03252 55.01072 50.27353 61.79123 61.59891 

MPSD 23.95852 22.67810 19.79322 17.73674 24.47825 

MAE 1.98414 1.94592 2.32689 2.98063 1.93578 

SNE 4.02794 3.86097 3.91426 4.72459 4.09582 
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Table 4.  Three-parameter isotherms constants with five different error analysis in Microsoft Excel Solver 

  SSE ARE HYBRID MPSD MAE 

Dubinin-Astakhov (D-A) 

qm (mg/g) 36.28594 35.04878 33.01061 29.89269 35.04883 

E (J/mol) 1740.32884 2370.09386 4451.71100 8034.88356 2370.07518 

nDA 1.00000 1.00000 1.00000 1.00000 1.00000 

R2 0.94460 0.93697 0.91760 0.89393 0.93697 

R2–Adj 0.91136 0.89915 0.86815 0.83030 0.89915 

SSE 97.34395 100.55178 124.23476 204.90305 100.55154 

ARE 15.25030 13.82581 15.44667 15.65526 13.82583 

HYBRID 112.40611 100.25168 89.25787 107.71588 100.25194 

MPSD 33.73092 30.76576 25.23452 22.75592 30.76584 

MAE 2.43443 2.41772 3.04288 3.66897 2.41772 

SNE 4.11272 3.83680 3.96452 4.63291 3.83680 

Redlich-Peterson (R-P) 

KRP (L/g) 1.15686 1.83274 1.50019 2.05691 1.06898 

αRP (L/mg) 0.12401 0.25510 0.19890 0.34257 0.11967 

βRP  0.77903 0.73916 0.74688 0.71147 0.76908 

R2 0.99755 0.99674 0.99711 0.99558 0.99734 

R2–Adj 0.99608 0.99478 0.99538 0.99292 0.99574 

SSE 3.59616 5.46455 4.21248 6.55358 4.89234 

ARE 2.85815 2.15054 2.58705 2.63208 2.69613 

HYBRID 3.43104 3.83036 2.90971 3.45425 4.56374 

MPSD 5.50514 4.88051 4.39294 4.03415 6.56932 

MAE 0.48725 0.45206 0.51910 0.61325 0.42101 

SNE 3.93307 3.90563 3.70067 4.29188 4.37635 

Sips 

qm (mg/g) 59.29319 72.03273 64.01559 71.94951 63.07625 

KS (L/mg) 0.03439 0.03615 0.03531 0.03444 0.03298 

βS  0.59838 0.52561 0.56595 0.53194 0.58558 

R2 0.99897 0.99838 0.99884 0.99831 0.99886 

R2–Adj 0.99836 0.99740 0.99814 0.99730 0.99817 

SSE 1.50396 2.81605 1.68900 2.46553 2.12054 

ARE 1.78491 1.32273 1.63663 1.79113 1.61391 

HYBRID 1.42883 1.84973 1.27027 1.46051 1.60914 

MPSD 3.55774 3.32658 3.02625 2.84654 3.58978 

MAE 0.30239 0.28083 0.31194 0.39150 0.26307 

SNE 4.06653 4.38250 3.84006 4.45807 4.19596 

Tóth 

qm (mg/g) 78.99030 87.54891 99.49835 149.45298 84.73605 

KT (L/mg) 0.31601 0.32634 0.42686 0.57620 0.30829 

nT 0.35793 0.34153 0.29781 0.23384 0.35192 

R2 0.99853 0.99836 0.99831 0.99747 0.99837 

R2–Adj 0.99765 0.99738 0.99730 0.99594 0.99740 

SSE 2.15017 2.91173 2.46090 3.71978 2.95932 

ARE 2.16364 1.96322 1.99460 2.10850 2.00727 

HYBRID 2.05032 2.47813 1.79285 2.09525 2.66427 

MPSD 4.25420 4.68729 3.53843 3.29990 4.95859 

MAE 0.36618 0.30745 0.38921 0.47329 0.30643 

SNE 3.97924 4.21515 3.79232 4.42643 4.37074 

Brouers–Sotolongo (B-S) 

qm (mg/g) 45.03682 51.10940 46.66169 49.60118 49.25654 

KBS [(L/mg)α] 0.04954 0.05273 0.05101 0.05113 0.05077 

αBS 0.54724 0.49742 0.52976 0.50955 0.51526 

R2 0.99930 0.99871 0.99922 0.99887 0.99897 

R2–Adj 0.99888 0.99794 0.99875 0.99819 0.99835 

SSE 1.02876 2.28147 1.13739 1.64635 1.83074 

ARE 1.49086 1.13223 1.39978 1.56782 1.24023 

HYBRID 1.04753 1.52039 0.95228 1.08274 1.18017 

MPSD 3.10315 3.03517 2.72203 2.58492 2.70323 

MAE 0.24226 0.23513 0.24984 0.32666 0.22761 

SNE 3.83243 4.42005 3.65970 4.26676 3.93762 
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Figure 4. Comparison of experimental and model-predicted adsorption isotherm data using five different error functions (SSE, ARE, HYBRID, 

MPSD, and MAE) in Excel Solver for two-parameter isotherm models 
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Table 5. SNE values of the error functions for each isotherm model 
 SNE values of the error functions 

Isotherm models SSE ARE HYBRID MPSD MAE 

Two-parameter isotherms 

Langmuir 3.70984 3.61598 3.61199 4.53198 3.93875 

Freundlich 4.05970 4.28821 3.66474 3.78812 4.40430 

Temkin 3.16987 3.70161 3.19093 3.74981 4.60252 

Dubinin-Radushkevich (D-R) 4.82714 4.72253 4.77686 4.89615 4.72253 

Jovanovic 4.02794 3.86097 3.91426 4.72459 4.09582 

Three-parameter isotherms 

Dubinin-Astakhov (D-A)  4.11272 3.83680 3.96452 4.63291 3.83680 

Redlich-Peterson (R-P)  3.93307 3.90563 3.70067 4.29188 4.37635 

Sips 4.06653 4.38250 3.84006 4.45807 4.19596 

Tóth 3.97924 4.21515 3.79232 4.42643 4.37074 

Brouers–Sotolongo (B-S)  3.83243 4.42005 3.65970 4.26676 3.93762 

Figure 5. Comparison of experimental and model-predicted adsorption isotherm data using five different error functions (SSE, ARE, HYBRID, 

MPSD, and MAE) in Excel Solver for three-parameter isotherm models 
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Fig. 8 collectively illustrates the Ce–qe plots drawn for 

each model based on the error functions with the lowest 

SNE values. Fig. 9 provides this representation 

individually. From these graphs, the model that best 

represents (or describes/explains) the experimental data 

can be selected. 

When examining Fig. 8, and especially Fig. 9 and    

Fig. 10, it becomes evident that the isotherms that least 

represent the experimental data are D-R and D-A. Except 

for D-A, all three-parameter isotherms represent the 

experimental data very well. In Fig. 8 and Fig. 10, 

distinguishing between the R-P, Sips, Toth, and B-S 

isotherms is particularly challenging. All these isotherms 

were best minimized using the HYBRID error function. 

Therefore, a ranking among the models can be made 

using the HYBRID error function values in Table 4. 

According to this, the ranking for best representation of 

the experimental data is as follows: B-S > Sips > Toth > R-

P. 

These four isotherms are followed by Freundlich > 

Temkin > Langmuir > Jovanovic > D-A > D-R. From these 

results, it can be concluded that D-A and D-R fail to 

represent the experimental data, whereas the others 

represent it to some extent. Let us now analyze the 

isotherms that best represent the experimental data in 

order. 

In this study, the Brouers–Sotolongo (B-S) isotherm 

model undoubtedly provides the best representation of 

Pb²⁺ adsorption onto pine bark from aqueous solutions. 

The B-S parameters (constants) determined in this study 

are KBS = 0.05101 and αBS = 0.52976. The KBS value indicates 

that the binding energy between the adsorbent and 

adsorbate is low to moderate. This suggests that the 

adsorption process does not require high binding energy 

and that the energy levels of the adsorption sites on the 

surface are limited. The αBS parameter typically ranges 

between 0 and 1. An αBS value of approximately 0.5 

reflects a heterogeneous surface structure, indicating 

that the adsorption sites on the surface exhibit varying 

energy levels. The B-S isotherm can be considered a 

hybrid model, essentially an adaptation of the Langmuir 

isotherm for heterogeneous surfaces. The perfect fit of 

the experimental data to this model indicates that the 

material possesses a structure that combines both 

homogeneous and heterogeneous surface 

characteristics. 

The experimental data also show excellent 

compatibility with other three-parameter isotherms, 

such as the R-P, Sips, and Tóth models, similar to the B-

S model. Three-parameter isotherm models are designed 

to describe more complex adsorption mechanisms that 

two-parameter models, like Langmuir and Freundlich, 

fail to explain adequately. The compatibility of the data 

with these models suggests that the adsorption process 

involves a more intricate nature, encompassing both 

homogeneous and heterogeneous surface characteristics 

with diverse energetic and structural features. 

The Tóth isotherm is an empirical extension of the 

Langmuir model; however, by incorporating the 

dimensionless parameter nT in its mathematical 

expression, it accounts for surface heterogeneity, which 

is neglected in the Langmuir model. As will be evident 

from the results obtained in this study, this adjustment 

enhances its fit with experimental data. In Table 4, the nT 

parameter for the Tóth isotherm is approximately 0.30 

(as determined by HYBRID minimization). The fact that 

nT < 1 indicates that the adsorbent surface possesses a 

relatively heterogeneous structure.    

A similar approach can also be applied to the Sips 

isotherm, which presents a hybrid model by combining 

the characteristics of both the Langmuir and Freundlich 

isotherms. The critical parameter in this model is βS. In 

this study, the calculated βS value is approximately 0.57 

(Table 4). The dimensionless heterogeneity parameter βS 

reflects surface homogeneity and the degree of deviation 

in adsorption. A βS < 1 value indicates that the adsorbent 

surface is heterogeneous and contains adsorption 

regions with varying energy levels. 

Another isotherm model with a similar approach and 

mathematical expression is the Redlich-Peterson (R-P) 

model. The mathematical expression of the R-P model is 

given in Eq. (16), where the parameter βRP takes values 

between 0 and 1. As βRP approaches 1, the model reduces 

to the Langmuir isotherm, while as βRP approaches 0, it 

resembles the Freundlich isotherm. The values of βRP 

between 0 and 1 characterize the heterogeneity of the 

adsorbent surface. In this study, βRP is approximately 

0.75 (Table 4). Consequently, most of the three-

parameter isotherms share similarities with one another. 

In this study, the models that least represent the 

experimental data, or perhaps do not represent them at 

all, are primarily the two-parameter Dubinin-

Radushkevich (D-R) isotherm, followed by the three-

parameter Dubinin-Astakhov (D-A) isotherm. The D-R 

isotherm is more suitable for describing adsorption 

behavior occurring on microporous, homogeneous 

surfaces with uniform adsorption energies. However, 

the pine bark used in this study was employed in its 

original, untreated form, characterized by a limited pore 

structure, low surface area, and heterogeneous surface 

properties. Therefore, it is unsurprising that the 

adsorption of Pb2+ does not fit this model.  

The D-A model, another isotherm model that 

struggles to represent experimental data, is actually an 

extended version of the D-R model. In the D-A model, 

the nDA parameter (Eq. (15)) ensures that the model has 

three parameters, providing information about the 

heterogeneity of the adsorbent and allowing its 
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application to adsorbents on heterogeneous surfaces. 

The E constant in Eq. (15) characterizes the adsorption 

energy. When the E value is below 8 kJ/mol, adsorption 

generally proceeds through physical interactions. In this 

study, it is observed from Table 4 that the E value is 2.37 

kJ/mol (determined by ARE minimization). In Table 4, 

the nA values for this model are exactly 1. The nA = 1 

condition indicates that adsorption occurs on 

homogeneous surfaces. However, other isotherms 

suggest that the adsorbent surface is more 

heterogeneous. Since experimental data do not strongly 

support the D-A model, it may be more appropriate to 

disregard this result. 

Among the commonly used two-parameter 

isotherms, the Langmuir and Freundlich models are the 

most well-known. The Langmuir isotherm, which is 

highly successful in describing monolayer adsorption 

processes on homogeneous surfaces, fails to fully 

describe the adsorption of Pb²⁺ onto red pine bark, which 

is determined to have a heterogeneous structure, as 

shown in Fig. 8 and Fig. 9. Specifically, experimental 

data deviate from the Langmuir model beyond the 

inflection point of the curve, as observed in Fig. 9. 

On heterogeneous surfaces, the presence of regions 

with varying energy levels causes a delay in reaching 

equilibrium after the inflection point of the adsorption 

curve. In contrast, the Langmuir model assumes that the 

adsorption sites on the surface have uniform energy, 

resulting in a rapid attainment of equilibrium and the 

formation of a flat plateau beyond the inflection point. 

This behavior highlights the limitations of the Langmuir 

isotherm in describing adsorption on heterogeneous 

surfaces. 

On the other hand, as evidenced by Fig. 8 and 

particularly Fig. 9, the experimental data are better 

represented by the Freundlich isotherm. This 

observation is further supported by the data presented 

in Table 3. The coefficient of determination (R²) values, 

which indicate the degree of fit between the models and 

the experimental data, are R² = 0.98047 for the Langmuir 

model and R² = 0.98910 for the Freundlich model. These 

results demonstrate that the Freundlich isotherm 

provides a more accurate representation of adsorption 

processes on heterogeneous surfaces. 

Compared to these two well-known models, it is 

observed that the Temkin isotherm better represents the 

experimental data (Fig. 9). The R2 value for the Temkin 

isotherm is 0.99150 (Table 3). As noted in Section 3.2.1, 

the Temkin isotherm accounts for the non-uniform 

energy distribution on the adsorbent surface. Therefore, 

the high degree of representation of the data by the 

Temkin isotherm is a reasonable outcome. 

The Jovanovic isotherm is the third least 

representative model for the experimental data. In   

Table 3, the Jovanovic parameters are reported as KJ = 

0.00944 L/mg, qm ≈ 34 mg/g, and R2 = 0.96662. These 

results indicate that the Jovanovic model weakly 

explains the adsorption process in the system. Similar to 

the Langmuir model, the Jovanovic isotherm focuses on 

homogeneous surfaces and monolayer adsorption 

processes. Therefore, such a result is not surprising. 

5. Conclusions 

This study provides a comprehensive evaluation of Pb2+ 

ion adsorption onto pine bark, emphasizing the use of 

advanced modeling and error analysis techniques to 

enhance the reliability of kinetic and equilibrium data 

interpretation. Key findings are as follows: 

Pine bark demonstrated moderate to high adsorption 

capacity, making it a viable, low-cost material for heavy 

metal removal from aqueous solutions. 

The Brouers-Sotolongo (B-S) kinetic model best 

described the adsorption kinetics, indicating a mixed 

mechanism involving both physical and chemical 

interactions. The half-reaction time (τ1/2 = 10.99 min) and 

fractal time parameter (αBS = 0.64329) highlighted the 

system’s heterogeneity. 

Figure 6. Comparison of two- and three-parameter isotherms optimized in Excel Solver 
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Three-parameter isotherms, particularly the B-S, 

Tóth, and Sips models, provided the most accurate 

representation of experimental data. These models 

effectively captured the complexity of the adsorption 

process, including surface heterogeneity and variable 

energy distributions. 

Non-linear regression using Microsoft Excel Solver 

proved to be an accessible and effective tool for 

optimizing adsorption model parameters. The HYBRID 

error function was identified as the most robust method 

for evaluating model performance. 

The results reinforce the potential of using pine bark 

as an environmentally friendly adsorbent in wastewater 

treatment applications. Furthermore, this study 

highlights the importance of selecting appropriate 

models and error functions to ensure accurate data 

interpretation, particularly for systems with complex 

adsorption mechanisms. 

In conclusion, this research contributes to the 

understanding of Pb2+ adsorption processes and 

demonstrates the practical application of advanced 

modeling techniques in environmental remediation 

studies. This study also contributes to the literature by 

Figure 7. Single representations of two-parameter isotherms optimized in Excel Solver 
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demonstrating how the minimization of error functions 

using Microsoft Excel Solver enables more accurate 

interpretation and representation of equilibrium and 

kinetic data. This approach facilitates the selection of 

purpose-specific adsorbents and provides a deeper 

understanding of adsorption mechanisms. In addition, it 

is suggested that the selected method in this study can 

help eliminate the complexities and confusions found in 

the literature regarding this topic. It has been concluded 

that using Excel Solver with a non-linear approach 

allows for more accurate processing of adsorption data 

and better reflects the adsorption mechanism of the 

selected adsorbent. 
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Abstract 

The aim of this study was to develop an analytical method to determine the amount of thymol loaded into the structure of a gelatin hydrogel 

developed to struggle varroosis infestation of honey bees and released into a model release system. Chromatographic separation was achieved 

using a high-performance liquid chromatograph, C18 column, and acetonitrile:water (75:25) mobile phase with an isocratic flow rate of 1 mL/min. 

To validate the method, specificity, precision, linearity, detection and measurement limit, accuracy, robustness, solution stability, and system 

suitability parameters were studied. Hydrolytic, thermal, oxidative, and photolytic degradation studies were performed for stress testing. The 

method is linear in the range of 0.25-15 μg/mL (R2 = 0.999). LOD was calculated as 6.22 ng/mL and LOQ as 18.84 ng/mL. Intra-day and inter-day 

precision study %RSD values were ≤ 2%. The average recovery for the hydrogel was 100.3% (±2.12) and for the air sample was 99.9% (±3.14).  The 

analytical method proved to be specific, linear, precise, and robust. This study presents a sensitive, convenient, and practical method for the 

detection of thymol in gelatin-based hydrogel structure and model release atmosphere. 

Keywords:  Controlled release, HPLC, hydrogel, thymol, validation, varroosis 

1. Introduction

Thymol (known as 2-isopropyl-5-methylphenol) is a 

phenolic compound found in the extract and essential oil 

of Thymus vulgaris L. [1,2]. The utilization of thymol has 

been sanctioned for the management of pests 

encompassing bacteria, fungi, viruses, and parasites in 

both indoor and outdoor environments. [3]. Since the 

1980s, thymol has been utilized in the management of 

varroosis, an infestation characterized by the 

proliferation of the mite Varroa destructor (Anderson and 

Trueman), which inflicts considerable damage on honey 

bee colonies [4,5]. When thymol is applied to the hive, it 

sublimates and diffuses into the hive atmosphere. In 

mites exposed to thymol vapour, GABA-gated chloride 

channels are blocked, resulting in excitation and 

convulsions in the central nervous system, leading to 

acaricidal effects [6]. However, when thymol is applied 

to colonies, acaricidal activity efficiency may vary 

because of environmental factors [7]. It is known that 

thymol has a highly volatile nature due to its structure 

and may decompose and cause loss in the environmental 

conditions in which it is applied [2,8–10]. Consequently, 

a hydrogel system was developed using gelatin polymer 

and thymol, hypothezising that it could limit the 

volatility and degradation of thymol and enable its 

controlled release [11]. The development and validation 

of analytical methods to quantify active substances in 

such studies (e.g., loading efficiency and release tests) 

are crucial for the advancement of controlled release 

systems research and development [12,13] and for the 

quantification of thymol in air [14–17].  

Qualitative and quantitative determination of thymol 

active substance can be done by chromatographic 

techniques such as high performance liquid 

chromatography (HPLC) systems equipped with UV 

(ultraviolet) or DAD (diode array detector). 
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Quantification of thymol in the animal skin matrix 

was performed by the HPLC-UV system at 278 nm in a 

method using an RP-C18 column and a mobile phase 

containing acetonitrile:water (35:65 v/v) [18]. 

In another study, determination of thymol in 

aromatic juice of Origanum onites L. was carried out 

using an HPLC-UV system at 254 nm and 273 nm using 

an XBridge C18 column and mobile phase containing 

acetonitrile:water (42:58 v/v) [19]. 

A method for the measurement of thymol in a 

tincture prepared with thymol, glycerol, ethyl alcohol, 

and purified water using a Microsob Varian C18 (4.6 × 

250 mm, 5 μm) column and HPLC-UV system at 274 nm 

using a mobile phase containing acetonitrile:water (50:50 

v/v) is reported [20]. 

It has been reported that the determination of thymol 

in a controlled release system in the form of a 

nanocapsule developed using Poly D, L-lactide-co-

glycolide and Poly(ethylene glycol)-block-

poly(propylene glycol)-block-poly(ethylene glycol) was 

performed by an HPLC-DAD system with an ODS 

Hypersil C18 (250 mm x 4.6 mm, 5 μm) column, 

acetonitrile:water (78:22 v/v) mobile phase, and a 

detection wavelength of 278 nm [21]. 

The migration amount of thymol loaded into 

polypropylene packaging films [12] and the release of 

thymol in films formed using silver nanoparticles and 

polylactic acid [13] were measured at 274 nm using an 

HPLC-UV system, acetonitrile:water (40:60 v/v) mobile 

phase, LiChrospher 100 RP18 column (250 mm × 5 mm × 

5 μm, Agilent Technologies). 

It was reported that the amount of thymol in swab 

samples taken from a cultural heritage mask exhibited in 

a museum was measured using a Jones C18 column (4 

μm, 4.6 × 250 mm), acetonitrile:water (90:10 v/v) mobile 

phase, and HPLC-UV system at 225 nm [16]. 

In a study, the stability of thymol in Nigella sativa oil 

contained in gelatin capsules was investigated by HPLC-

UV under different stress conditions. Inertsil ODS-3v 

C18 (250 mm × 4.6 mm 5-μm) column, 0.1 % aqueous 

formic acid:methanol (40:60 v/v) mobile phase, and 

measurements were made at 254 nm wavelength [22]. 

Although there are differences between studies in 

terms of analytical method components with placebo or 

matrix in which the amount of thymol is investigated, it 

is seen that methods are generally established with 

isocratic flow of acetonitrile, methanol and water or 

aqueous formic, C18 column and UV, DAD detectors in 

the wavelength range of 225-278 nm. 

However, no published study was found for the 

determination of thymol in the developed CRS using 

gelatin polymer, glutaraldehyde crosslinker, sunflower 

oil, and thymol. For this reason, it was necessary to 

develop an analytical method to perform quantitative 

determination analyses for the gelatin based CRS. 

The present study aims to develop and validate a 

stable HPLC-DAD method for the determination of 

thymol in a gelatin-based hydrogel and model release 

system atmosphere [11]. 

2. Material and methods 

2.1. Reagents, solvents and materials 

The hydrogel production materials included powdered 

bovine gelatin (Alfasol, s-Hertogenbosch, the 

Netherlands), glutaraldehyde (25%, Merck, Darmstadt, 

Germany), sunflower oil (Yudum, Ayvalık, Türkiye), 

thymol (99% purity, Sigma-Aldrich, St. Louis, MO, 

USA), and distilled water. For chromatographic 

analyses, a thymol reference standard (99.6% purity, Dr. 

Ehrenstorfer, Teddington, UK), a p-cumenol reference 

standard (99.6% purity, Dr. Ehrenstorfer, Augsburg, 

Germany), N-methyl-2-pyrrolidone (BASF 

Ludwigshafen, Germany), hydrochloric acid (%37, 

Scharlau, Sentmenat, Spain) sodium hydroxide (Sigma-

Aldrich, St. Louis, MO, USA), Hydrogen peroxide (%30, 

(Sigma-Aldrich, St. Louis, MO, USA), acetonitrile (HPLC 

grade, Sigma-Aldrich, Darmstadt, Germany), and 

distilled water were used. 

2.2. Instrumentation and analytical conditions 

All chromatographic analyses were performed on an RP-

HPLC-DAD (Dionex Ultimate 3000, Thermo Scientific, 

Waltham, Massachusetts, USA) using Chromeleon 7.2.9 

chromatography software (Thermo Scientific, Waltham, 

Massachusetts, USA). Analytical separation was 

performed on an ACE 5 C18, 250x4.60 5 μm column 

(Advanced Chromatography Technologies Ltd, 

Aberdeen, Scotland). A PTFE 0.45 μm syringe tip filter 

(Isolab) was also used for sample preparation.  

The mobile phase was adjusted isocratically at a flow 

rate of 1 mL/min in a ratio of 75 % acetonitrile and 25 % 

water from different lines. The detection wavelength 

was set to 277 nm, the column oven temperature to 25°C, 

the sample injection volume to 20 μL, and the analysis 

time to 7 min. Acetonitrile was used as the solvent, and 

acetonitrile:water (80:20) was used for dilutent. 

2.2.1. Preparation of standard solutions  

p-Cumenol and thymol standards were first prepared 

with acetonitrile at 1000 μg/mL. Stock solutions of p-

cumenol 10 μg/mL, thymol 100 μg/mL, and thymol 10 

μg/mL were then prepared by dilution with diluent. All 

solutions were placed in an ultrasonic bath for 20 min to 

ensure complete dissolution. All standards were filtered 

through a 0.45 μm PTFE (Isolab) syringe tip filter into 

glass vials prior to analysis by HPLC-DAD. 
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2.2.2. Preparation of blank, placebo and spike samples 

For the hydrogel placebo sample, thymol-free sunflower 

oil was added to the centrifuge tubes. For the 80%, 100 

%,  and 120 % accuracy samples, a thymol/sunflower oil 

solution with a concentration of 500 mg/mL was  added 

to the tubes. All tubes were then cross-linked by adding 

10 % gelatin solution and 12.5 % glutaraldehyde solution 

prepared with water, respectively.  After one night, the 

hydrogels were removed from the tubes, cut into 0.5 cm 

thick discs, and left to dry. The hydrogel discs containing 

20, 25, 30 wt % thymol were cut into smaller pieces with 

the help of a scalpel and extracted with acetonitrile in a 

water bath at 70°C for 1 hour [11]. The resulting solutions 

passed through a 0.45 μm filter. After dilution with 

diluent, the solutions were analysed by HPLC-DAD.  

For the preparation of air spike and blank samples, p-

cumenol solution with a concentration of 10 μg/mL was 

added to the centrifuge tubes as an internal standard. 

Then, a thymol solution with a concentration of 100 

μg/mL was added to the spike sample tubes with a final 

concentration of 0.25, 0.5, 1, 5, 10, and 15 μg/mL. All 

tubes were filled to volume with 10% N-methyl-2-

pyrrolidone solution prepared with water. All solutions 

were kept in an ultrasonic bath for 20 min for complete 

dissolution. As a result, a blank sample with a p-cumenol 

concentration of 2 μg/mL and air spike samples with 

concentrations of 0.25, 0.5, 1, 5, 10, 15 μg/mL were 

prepared. The solutions were filtered through a 0.45 μm 

PTFE filter into glass vials and analysed by HPLC-DAD. 

2.3.  Validation of the HPLC method 

The parameters of specificity, accuracy, precision, limit 

of detection, quantitative limit, linearity, robustness and 

system suitability [23,24], solution stability [23,25] were 

studied for the validation of the analytical method. The 

results were statistically analysed using Excel® (2010 

version, Microsoft, Washington-USA). 

2.3.1. Specificity:  

The chemicals used in the analytical method, excipients 

used in the hydrogel, and structurally closely related 

substances such as p-cumenol were compared with the 

active substance thymol. The relevant chemical and 

excipient samples were injected into the HPLC-DAD 

system, and their interaction status was analysed in 

terms of retention times.  

In addition, the thymol standard was subjected to 

hydrolytic, oxidative, thermal, and photolytic forced 

degradation conditions by stress test to investigate 

possible degradation product formation and 

interference [22]. For hydrolytic degradation, 2 mL of 

thymol solution with a concentration of 100 μg/mL was 

placed separately in 10 mL balloon jugs lined with 

aluminum foil. Then 2 mL each of 2 mol/L HCl or 1 mol/L 

NaOH solutions were added to the flasks. The flasks 

were sealed and kept at room temperature for one 

month. At the end of the period, the solutions were 

neutralised with 2 mol/L NaOH or 1 mol/L HCl. For 

oxidative degradation; 2 mL of thymol solution with a 

concentration of 100 μg/mL was placed separately in 10 

mL flasks lined with aluminium foil. Then 0.5 mL of 

hydrogen peroxide solution (30%, v/v) was added to the 

flasks. The flasks were sealed and stored at room 

temperature for one month. For photodegradation, a 100 

μg/mL concentration of thymol solution was placed in a 

10 mL transparent flask and exposed to direct sunlight 

for 6 hours. For thermal degradation, thymol solution 

with a concentration of 100 μg/mL was placed in a 10 mL 

flask covered with aluminium foil and placed in a water 

bath set at 85 °C for 2 hours.  All degradation studies 

were performed in triplicate. Degradation solutions 

were diluted with diluent to a thymol concentration of 

10 μg/mL before analyses. All samples were filtered 

through a 0.45 μm filter and transferred to glass vials. 

They were then injected into the HPLC-DAD system.  

2.3.2. Precision: 

For intraday precision, 6 samples of thymol standard 

solution with a concentration of 10 μg/mL, hydrogel, and 

air spike samples were prepared, and 3 injections of each 

were made. At the end of this study, the %RSD value 

calculated according to the peak areas corresponding to 

each injection should be ≤ 3 [26]. For interday precision, 

samples of thymol standard solution with a 

concentration of 10 μg/mL, hydrogel and air spike 

samples prepared by different analysts were analyzed 

on 2 different days with 2 different HPLC devices. The 

%RSD value of the analysis results should be ≤ 2 [27].  

2.3.3. Linearity, limit of detection (LOD) and limit of 

quantification (LOQ):  

Solutions were prepared from thymol standard at 

concentrations of 0.25, 0.5, 1, 2.5, 5, 10, and 15 ug/mL. 

Samples were injected into the HPLC-DAD system 3 

times [24]. The correlation coefficient calculated by 

plotting the concentration pilot curve against the peak 

areas should be at least 0.995 [26]. LOD is defined as the 

lowest amount of analyte that can be detected in a 

sample but does not need to be measured quantitatively 

under the specified experimental conditions, and LOQ is 

defined as the lowest amount of analyte in a sample that 

can be determined quantitatively with appropriate 

precision and accuracy [23]. These values can be 

calculated theoretically by regression of the calibration 

curve data [28]. For the verification of the theoretical 

limits, the standard prepared at the calculated LOQ level 

was injected into the HPLC-DAD system 6 times. The 

suitability was evaluated according to the criterion that 
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the RSD value between the measured field values was 

not more than 10% [20]. LOD was calculated with 

Equation 1, LOQ with Equation 2. (σ = standard 

deviation of the response, S = slope of the calibration 

curve)  

LOD = 3.3 σ/S                                                                           (1)   

LOQ = 10 σ/S                                                                            (2)   

2.3.4. Accuracy 

The recovery study was performed on hydrogel 

prepared with 80%, 100% and 120% concentration and 

air spike samples prepared with 0, 0.25, 0.5, 1, 2.5, 5, 10, 

and 15 μg/mL concentration for linearity study [29,30]. 

The recovery rate for hydrogel should be in the range of 

95-105% [6] and the recovery for air should be in the 

range of 80-110% [5]. The percentage recovery rate was 

calculated separately for each concentration level with 

Equation 3. 

 

Recovery (%) =
Concentration of   analysis results

Theoretical concentration
𝑥 100          (3)   

2.3.5. Robustness 

In order to test the robustness of the analytical method, 

it is recommended to evaluate the potential effects of 

changes to be made in at least 3 of the method 

components with factorial design on the analysis results 

[31]. For the robustness study, the test was carried out 

with changes made in the mobile phase flow rate, 

organic solvent ratio in the mobile phase and column 

temperature components presented in Table 3 [18]. The 

%RSD between the results obtained under normal 

conditions and the results obtained with the changes 

should be <2.0 [32]. 

2.3.6. Solution stability:  

In order to evaluate the stability of analytical solutions, 

injections of p-cumenol and thymol standard solutions at 

a concentration of 10 μg/mL, which were kept at room 

and refrigerator conditions, were carried out into the 

HPLC DAD system at certain intervals. The difference 

between the peak areas obtained for the injections was 

calculated. The difference should be ≤ 2% for stability 

acceptance [23,25]. 

2.3.7. System suitability:  

Six injections of 10 μg/mL concentration thymol solution 

were performed. After the analysis, the retention times 

and peak areas obtained were calculated for 

repeatability, and the theoretical plate number, 

resolution, peak symmetry parameters were calculated 

to evaluate the suitability in terms of pharmacopoeia 

limits [33,34]. 

3. Results and discussion 

3.1. Results of HPLC method validation 

3.1.1. Specificity 

The chemicals used in the analytical method and the 

excipients used in the hydrogel not caused any 

interference in the retention time of thymol (Fig. 1 and 

Fig. 2). In the oxidative degradation experiment, thymol 

interacted with the free oxygen groups provided by 

hydrogen peroxide and almost completely degraded. 

This is expected in terms of the reported antioxidant 

properties of thymol [9,10]. In acidic degradation 

experiments, an average of 47% of thymol degraded, and 

in alkaline degradation experiments, 37%. Although 

degradation is also expected in acidic and basic 

conditions low levels [2], in present study, the 

degradation probably occurred at a high level due to 

long-term exposure. There was no significant change in 

the amount of thymol in photolytic and thermal 

degradation experiments. No interference was observed 

in the retention time of thymol with the formed 

degradation products (Fig. 3). The findings prove that 

the analytical method is stability-indicating.  

3.1.2. Precision:  

intraday and interday precision results are within the 

acceptance limits as presented in Table 1. 

 

Table 1. Precision standard solution, hydrogel, and air spike samples 

(10 μg/mL) 

 
intra-day precision inter-day precision 

SD % RSD SD % RSD 

Thymol standard 

sol.  
0.0175 0.17% 0.127 1.29% 

Hydrogel 0.0333 0.33% 0.166 1.66% 

Air Spike 0.0399 0.40% 0.174 1.74% 

3.1.3. Linearity, LOD and LOQ:  

It was calculated that the correlation coefficient (R2) 

values calculated by plotting the concentration pilot 

curve against the peak areas were greater than or equal 

to  0.995 and that the method was linear in the 

concentration range studied (Fig. 4). Then, regression 

analysis was performed on the linearity graph data with 

Excel® package program (2010 version, Microsoft, 

Washington, USA) at a 95 % confidence level [28]. The 

remaining standard error of the y-axis data was 

calculated with the regression analysis. With the help of 

formulas, LOD was determined as 6.2261 ng/mL and 

LOQ as 18.866 ng/mL. The standard prepared at the 

LOQ level was injected into the HPLC-DAD system 6 

times, and %RSD was calculated as 1.64. As a result of 

the evaluation, the detection limit was confirmed as 

18.866 ng/mL [27]. 
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Figure 1. HPLC chromatograms of a) mobil phase, b) standard thymol solution (10 μg/mL), c) hydrogel plasebo, d) hydrogel sample (10 μg/mL 

thymol) 

 

Figure 2. HPLC chromatograms of a) mobil phase,  b) air blank sample (2 μg/mL p-cumenol) and c) air spike sample(2 μg/mL p-cumenol, 10 

μg/mL thymol) 

 

Figure 3. HPLC chromatograms of a) thymol standard solution, b) acid, c) base, d) oxidative, e) light and f) thermal induced forced degradation 

of thymol 
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3.1.4. Accuracy:  

The mean recovery was calculated as 100.3% (±2.12) for 

hydrogel spike samples and 99.9% (±3.14) for air spike 

samples. The results are within the acceptance limits 

[26,30]. 

 
Figure 4. Linearity plot of thymol standard solutions (0-0.25-0.5-1-5-10-

15 μg/mL) 

 

Table 2. Robustness study results of thymol standard solution (10 μg/mL) 

Mobil phase 

(acetonitril/water) 

Column Temperature 

(°C) 

Flow 

(mL/min) 

Difference 

(%) 

74-26 %  23 0.9 0.099 

74-26 %  23 1.1 0.100 

76-24 %  23 0.9 0.101 

76-24 %  23 1.1 0.098 

76-24 %  27 0.9 0.098 

76-24 %  27 1.1 0.100 

74-26 %  27 0.9 0.099 

74-26 %  27 1.1 0.100 

 

 

Table 3. System suitability test for thymol standard solution (10 μg/mL) 

Parameter Thymol Acceptance limits 

Hydrogel   

Repeatability – Retention time 0.08% %RSD < 1% 

Repeatability – Peak areas 0.18% %RSD < 1% 

Theoretical plates (N) 22597 N ≥ 2000 

Resolution  7.06 ≥  2.0 

Peak symmetry 1.1 0.8–1.8 

 

3.1.5. Robustness: 

As presented in Table 2, the difference in the comparison 

between the areas obtained with the changes made in the 

method and the areas obtained under normal conditions 

is less than 2%. The analytical method is successful in the 

robustness test against small changes [32]. 

3.1.6. Solution stability;  

Thymol and p-cumenol standard solutions are stable for 

42 hours at room temperature and 90 days under 

refrigerator conditions. 

3.1.7. System suitability:  

As shown in Table 3, the results obtained for thymol 

standard solution 10 μg/mL meet the acceptance criteria 

[27,33,34]. 

In the present study, similar to previous studies, 

acetonitrile and water were preferred as HPLC system, 

DAD detector and mobile phase components 

[12,13,16,19–21]. The ideal ratio of mobile phase, 

acetonitrile, and water was determined as 75:25 (v/v), 

which provided ideal separation between the internal 

standard p-cumenol and thymol. In addition, no 

interference was observed between thymol peaks and 

chemicals used in the analytical method and excipients 

used in hydrogel production. Ideal resolution and peak 

symmetry values were obtained in the system suitability 

test using the ACE 5 C18 column, which has a similar 

structure to the columns used in previous studies. In the 

selection of reference wavelength, investigations were 

performed in the range of 225-278 nm, and optimum 

intensity and baseline appearance were obtained at the 

277 nm wavelength.  

Acetonitrile was successful in the dissolution of 

thymol and p-cumenol when used in standard solution 

and hydrogel extraction. However, it tended to volatilise 

when used in the model release system. For this reason, 

a 10 % N-methyl-2-pyrrolidone solution was tried in the 

model release medium. 10% N-methyl-2-pyrrolidone 

solution showed a successful performance in terms of 

recovery and stability of gaseous thymol. 

Only one of the previous studies [22], which included 

methods for the determination of thymol, included a 

stress test for selectivity. In the present study, a stress test 

was performed under the specified conditions. As a 

result of thymol degradation in the oxidative 

degradation experiment, peaks of degradation products 

could be observed in the chromatogram. These peaks, 

which did not interfere with the thymol standard peak, 

could not be observed in the previous study [22]. This is 

thought to be due to the difference in the selectivity of 

the columns used in the methods. 

In addition, an average of 47% of thymol was 

degraded in acidic degradation and 37% in alkaline 

degradation experiments. In a previous study, thymol 

was expected to show low levels of degradation under 

acidic and basic conditions [2], whereas in the present 

study, degradation was observed at high levels. This is 

probably due to the difference between the application 

times of acidic and basic conditions between the two 

methods. 

In terms of peak retention time and analysis times, 

this method provides the advantage of faster thymol 

determination compared to previous studies [18–21]. 

When the LOD and LOQ values were compared with 

a reported study [18], it was determined that the LOD 

y = 0.2723x + 0.0083

R² = 0.9999
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and LOQ values of this study were at similar levels. For 

these reasons, it is thought that a rapid and sensitive 

method has been developed. 

4. Conclusion 

In this study, the analytical method required for the 

determination of thymol in gelatin-based controlled 

release system development stages was developed using 

HPLC-DAD. In order to ensure that the measurements 

made with the analytical method are consistently 

accurate and sensitive, the analytical method was tested 

and validated in terms of specificity, accuracy, precision, 

LOD, LOQ, linearity, robustness, system suitability and 

solution stability parameters determined for 

quantitative determination by HPLC. In addition, 

thymol degradation products were detected by stress 

test study. In conclusion, it is thought that this rapid and 

sensitive analytical method with stability indicator for 

thymol determination in gelatin-based hydrogel will 

contribute to the development of controlled release 

systems. 
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Abstract 

This study investigates the selective recovery of lithium (Li) from geothermal brines using a chitosan-coated lithium manganese oxide composite 

(CTS/LMO). Geothermal brines from Germencik and Tuzla in Türkiye, characterized by distinct physicochemical properties, were used to 

evaluate adsorption performance. This study introduces a novel application of CTS/HMO adsorbent for selective lithium separation from real 

geothermal water samples from the Germencik and Tuzla regions, marking the first such investigation. The Freundlich isotherm provided the 

best fit for the adsorption data, indicating heterogeneous and multilayer adsorption, with maximum adsorption capacities of 3.622 mg/g for 

Germencik and 3.556 mg/g for Tuzla derived from the Langmuir isotherm. Kinetic studies revealed that lithium adsorption followed a pseudo-

first-order model for Germencik (R2 = 0.992) and a pseudo-second-order model for Tuzla (R2 = 0.914). The intraparticle diffusion model identified 

boundary layer diffusion as a significant rate-limiting step, with diffusion rate constants of 0.365 mg/g·h0.5 for Germencik and 0.588 mg/g·h0.5 for 

Tuzla. Mechanistic studies demonstrated ion exchange as the dominant adsorption mechanism, supported by adsorption energy values of 8.64 

kJ/mol for Germencik and 9.13 kJ/mol for Tuzla. Optimal conditions yielded lithium recovery efficiencies of 95% for Germencik and 80% for Tuzla, 

with the differences attributed to variations in salinity and ionic composition. CTS/LMO effectively retained Li up to 241 BV with 69.03% 

efficiency, while desorption peaked at 43 mg/L at 9 BV, achieving 76% elution efficiency in column operation with a model solution. These findings 

demonstrate the potential of CTS/LMO as an efficient and sustainable adsorbent for Li recovery from geothermal brines, contributing to the 

growing demand for Li in renewable energy applications. 

Keywords:  Adsorption, geothermal water, lithium, selective separation 

1. Introduction

Lithium (Li) naturally occurs in various Earth 

environments, including igneous, volcanic, and 

sedimentary rocks, with concentrations ranging from 20 

to 60 mg/kg [1]. It is also found in seawater at 

approximately 0.18 ppm, brines and salt marshes 

(sabkhas) at around 1000 ppm, and thermal fluids 

ranging from 15 to 350 ppm [2]. The high volatile content 

in late-stage magmatic fluids, combined with slow 

magma cooling, promotes the formation of Li-rich 

minerals in larger structures like pegmatites. These 

pegmatites often contain minerals such as phlogopite, 

tourmaline, spodumene (LiAlSi2O6), and zinwaldite (a 

Li-bearing mica found in certain granites). Globally, an 

estimated 31.1 million tons of Li are available from 

natural sources, with the largest reserves in brines (21.6 

million tons), followed by pegmatites (3.9 million tons) 

[3,4]. Deposits of hectorite and jadarite account for about 

3.4 million tons, while geothermal fluids contribute to 2 

million tons [5]. Despite lower Li concentrations in 

geothermal waters than in brines, they still represent a 

significant source. Li concentrations in geothermal 

waters vary by region [6–9]. In Türkiye, sediments 

associated with thermal springs also have elevated Li 

concentrations [10–13]. The rising demand for electric 

vehicles has notably increased the need for Li, with 

about 8 kg required for a 60 kWh Li-ion battery. Global 

Li consumption, 280,000 tons in 2018, is expected to rise 

significantly to 1.2–1.6 million tons by 2030. Given the 

growing economic importance of Li, extracting valuable 

metals from geothermal fluids has become crucial for 

environmental and economic reasons [14–16].  
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Extracting Li from brines remains one of the most 

cost-effective methods and has been utilized for a long 

time. Various techniques can be employed to recover Li 

from aqueous sources. Namely, the precipitation of Li as 

Li-aluminate has been documented, and the highest 

yield was achieved at room temperature [17]. Traditional 

liquid-liquid extraction methods, such as the beta-

diketone/trioctylphosphine oxide process and more 

recent ionic liquid-based techniques, have also been 

employed [18]. Membrane technologies, such as 

electrodialysis with bipolar membranes and membrane 

electrolysis, have proven effective for Li recovery [19,20]. 

In addition, membranes containing (2-ethylhexyl)-

diphenyl phosphate selectively separate Li+ ions from 

Mg2+ and Ca2+, while reverse osmosis and 

nanofiltration processes have shown 85% efficiency in 

separating Mg from Li in brines [21]. On the other hand, 

adsorption/ion exchange is emerging as a promising, 

environmentally friendly method for Li extraction from 

brines, geothermal water, and seawater, offering rapid 

recovery despite the need for large volumes of eluent 

and freshwater [22]. However, a major challenge in 

adsorption lies in the lack of suitable adsorbents for 

large-scale industrial applications, which limits its 

effectiveness in practical settings. As a mostly studied 

adsorbent type,  Li-ion sieves (LISs) exhibit excellent Li 

screening capabilities due to their stable molecular 

framework, enabling efficient Li recovery from brines 

with high rates and selectivity [23]. LISs are classified 

into manganese-based (Mn-LIS) and titanium-based (Ti-

LIS) types [24]. Mn-LISs are popular for their higher Li 

adsorption capacity, although they suffer from 

manganese loss, which may affect their cycling 

performance [25,26]. Xiao et al. synthesized a spinel-type 

Li4Mn5O12 through a solid-phase reaction, achieving a 

Li adsorption capacity of 39.62 mg/g at pH 10.1 using a 

LiCl-based model solution. Except for Mg2+, almost all 

competitor ions were fully rejected. After 55 adsorption-

desorption cycles, the adsorption capacity remained at 

2.78 mg/g [27]. In another study, Li1.6Mn1.6O4 was 

synthesized, resulting in a Li adsorption capacity of 42.1 

mg/g at pH 10.1. After six cycles, the adsorption capacity 

decreased by 11.33%, from 28.36 mg/g to 25.15 mg/g, 

while maintaining high Li selectivity [28]. Zhang et al. 

synthesized LiMn2O4, which exhibited a Li adsorption 

capacity of 16.9 mg/g at pH 9.19, with high selectivity for 

Li+, followed by divalent ions (Ca2+, Mg2+), and then 

monovalent ions (K+, Na+) [29]. Moreover, spinel-type 

λ-MnO2 was used to recover Li from the Balçova 

geothermal water sample resourced from İzmir 

province, Türkiye, by adsorption and 

adsorption/ultrafiltration (UF) hybrid methods. The 

maximum Li sorption capacity was reported to be 

powdery and granulated λ-MnO2 at 31.55 and 30.42 

mg/g, respectively. Also, the adsorption-UF hybrid 

system efficiently handled fine particles, making it a 

favorable process for Li separation from geothermal 

water [30–32]. As LISs are in powder form, their practical 

use is limited due to poor fluidity, low permeability, and 

high energy consumption from pressure drops [22,23]. 

To overcome this, methods like foaming [33], fiber 

formation [34], and granulation [35,36] are employed, 

with granulation being the most promising nanoparticle 

modification. Granulated LISs offer high water 

permeability and mechanical and chemical stability. 

Chitosan, a hydrophilic and stable binder, improves 

adsorption capacity and reduces dissolution loss, 

making it widely used in the granulation of LMOs 

(LiMn2O4, Li4Mn5O12, and Li1.66Mn1.66O4) [37]. 

This study presents the application of chitosan-

coated hydrometallurgically synthesized LMO 

(CTS/LiMn2O4) as an innovative adsorbent for Li 

extraction using geothermal brines from Germencik and 

Tuzla Geothermal Energy Power Plants located in the 

western Anatolia region of Türkiye coupling enhanced 

ease of operation due to the chitosan coating. This study 

also presents a novel approach by applying a previously 

developed CTS/HMO adsorbent to real geothermal 

water samples with varying characteristics from the 

Germencik (Aydın) and Tuzla (Çanakkale) regions for 

selective lithium separation—marking the first such 

application in the literature. While the experimental 

framework follows a classical approach, its 

implementation in actual geothermal brine systems 

yields significant and novel insights from an engineering 

perspective. The findings provide valuable implications 

for practical applications, particularly in advancing 

lithium recovery strategies. Furthermore, using a 

column method enhances the study’s relevance for 

industrial-scale applications, reinforcing its potential for 

large-scale implementation. 

2. Experimental 

2.1.  Materials  

CTS/LiMn2O4 (CTS/LMO) adsorbent was synthesized, 

and the CTS/HMn2O4 (CTS/HMO) form of the adsorbent 

was prepared using the same method described in the 

literature [38]. A 1.0 mol/L manganese (II) nitrate 

(Mn(NO3)2) solution (100 mL) was prepared by 

dissolving 28.7 g of manganese (II) nitrate hexahydrate 

(Mn(NO3)2·6H2O) in deionized water, while 11.4 g of 

ammonium peroxodisulfide ((NH4)2S2O8) and 8.4 g of 

lithium hydroxide monohydrate (LiOH·H2O) were used 

to prepare 0.5 mol/L (NH4)2S2O8 and 2.0 mol/L LiOH 

solutions, respectively. The LiOH solution was 

gradually added to the Mn(NO3)2 solution with vigorous 

mixing, followed by 42.0 g of LiOH·H2O until a white 

precipitate formed. The mixture was left at 25°C for 2 h, 
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then heated to 80°C before (NH4)2S2O8 was added 

dropwise over 10 h. The black precipitate was filtered, 

washed, dried under vacuum at 120°C for 12 h, and 

sintered at 600°C for 24 h. Finally, the Li1.6Mn1.6O4 

(LMO) powder was ground.  

To form the granulated adsorbent, 3 g of chitosan was 

dissolved in 97 mL of 2% glacial acetic acid at room 

temperature. After achieving a uniform solution, 2 g of 

LMO was added and thoroughly mixed until a 

consistent black mixture was obtained. This mixture was 

then dispensed into a 1 mol/L NaOH solution using a 

needle-tipped syringe, resulting in spherical CTS/LMO 

granules. The granules were rinsed with deionized 

water until the pH stabilized at 7 and then dried at 60°C 

for 12 h.  

To modify the adsorbent, 5 g of CTS/LMO was mixed 

with 75 mL of deionized water containing 0.075 g of 

NaCl and 0.35 mL of epichlorohydrin. After adding 0.3 

g of KOH (dissolved in 2 mL of water) dropwise for 15 

min, the mixture was stirred at 25°C for 16 h. The 

resulting solid was filtered, washed with distilled water, 

and dried overnight at 70°C.  

CTS/HMO was prepared by shaking CTS/LMO in 

0.25 M HCl for 12 h, replacing Li⁺ with H⁺ ions. This 

process caused the adsorbent to develop a slightly dark 

red/brown hue due to its manganese content. The 

mixture was then filtered, rinsed with deionized water 

until the pH stabilized at 4–5, and dried at 60°C for 12 h. 

The final adsorbent exhibited a uniform spherical shape 

with a diameter of approximately 1–2 mm. 

Geothermal water samples with different 

physicochemical properties were collected from two 

locations in the geothermal-rich western Anatolia region 

of Türkiye: Germencik (Aydın) and Tuzla (Çanakkale) 

Geothermal Energy Power Plants. These water samples 

were characterized using various analytical methods, 

with detailed analysis results in Table 1. 

2.2.  Methods 

2.2.1. Investigation of the effect of adsorbent dosage on Li 

recovery from geothermal waters 

The effect of CTS/HMO composite adsorbent dosage on 

Li recovery was investigated using water samples 

collected from the Germencik and Tuzla geothermal 

fields. Various amounts of adsorbent (0.05 g, 0.1 g, 0.2 g, 

0.3 g, 0.4 g, and 0.5 g) were contacted with 25 mL 

geothermal water samples at 25°C in a water bath shaker 

operating at 180 rpm for 24 h. After 24 h, the adsorbent 

was filtered out, and the concentrations of Li were 

measured in the remaining solution using the ICP-OES 

instrument. Li recovery or separation efficiency 

percentages were calculated for each adsorbent dosage, 

and the optimal adsorbent amount was determined. The 

% Li separation efficiency was calculated using the 

following equation: 

 
𝐿𝑖 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = [(𝐶0 − 𝐶𝑒) 𝐶0⁄ ] × 100                          (1) 

 

where C0 represents the initial Li concentration in the 

geothermal water (mg/L), and  Ce denotes the 

equilibrium Li concentration after adsorption (mg/L).  

The Li adsorption capacity (qe, mg/g) is calculated 

using the equation: 

 
𝑞𝑒 = [(𝐶0 − 𝐶𝑒) × 𝑉] 𝑚⁄                                                            (2) 

 

where V is the volume of the solution (L), and m is the 

amount of adsorbent used (g). 

Moreover, the findings obtained from these studies 

were further analyzed using adsorption isotherms such 

as Langmuir, Freundlich, and Dubinin-Radushkevich 

(D-R), providing a theoretical explanation of the 

adsorption behavior. 

 

Table 1. The physicochemical properties of the geothermal water sample collected from Germencik (Aydın) and Tuzla (Çanakkale) 

Geothermal Energy Power Plants 

Cation species 

Concentration 

(mg/L) 
Anion 

species 

Concentration 

(mg/L) 

Germencik Tuzla Germencik Tuzla 
eLi+ 6.56 32.27 bHCO3- 1264.10 132.19 

eNa+ 1178.95 16920.53 aCl- 1254.99 35170 
eK+ 80.24 2121.71 aF- 9.37 4.05 

eCa2+ 14.75 2737.53 aNO3- *N.D. 4.64 
eMg2+ 3.15 134.14 aSO42- 36.43 205.43 
aNH4+ *N.D. 105.19 aPO43- *N.D. *N.D. 

 Germencik Tuzla 
cpH 8.94 6.71 

dConductivity (mS/cm) 2.79 83.4 
dSalinity (ppt) 1.50 58.6 

bTotal alkalinity (mg/L as CaCO3) 1036.15 108.36 
eB (mg/L) 39.48 24.56 

eAs (µg/L) 110 37.11 
fSiO2 (mg/L) 152 230 

aIon chromatography (Thermo Scientific Dionex ICS-5000), bTitrimetric method, cpH meter (Thermo, Orion Star A111), dMultimeter (YSI Model 

30M), eICP-OES (Agilent Technologies, 5110), fSpectrophotometer (Hach-DR5000), *not determined (below the detection limit) 
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The Langmuir model postulates that adsorption 

occurs at distinct, homogeneous sites within the 

adsorbent, where each site can accommodate only a 

single Li+ ion. Once occupied, no further adsorption can 

occur at that site. Additionally, the model assumes the 

absence of lateral movement of adsorbed species across 

the surface, leading to uniform adsorption energies 

[39,40]. The Langmuir isotherm model is given in Eq. (3), 

and to evaluate the favorability of adsorption for the 

Langmuir isotherm, the effect of the adsorption isotherm 

shape, was investigated using the dimensionless 

constant 'RL', also known as the separation factor or 

equilibrium parameter. The 'RL' value was calculated 

using Eq. (4) provided below, and if the value is between 

0 and 1, the adsorption is favorable. 

 
𝑞𝑒 = [(𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒) (1 + 𝐾𝐿𝐶𝑒)⁄ ]                                              (3) 

 
𝑅𝐿 = 1 (1 + 𝐾𝐿𝐶0)⁄                                                                     (4) 

 

where qmax (mg/g) is the maximum adsorption capacity 

and KL (L/mg) is the Langmuir constant related to the 

affinity of the binding sites. 

The Freundlich model is an empirical equation 

describing adsorption as an exponential function, where 

the adsorbate concentration on the adsorbent surface 

increases with rising bulk-phase concentration. This 

model suggests that adsorption initially occurs at the 

highest-affinity binding sites, with subsequent 

occupation of weaker sites as adsorption progresses. It 

characterizes sorption on heterogeneous surfaces or 

surfaces with sites of varying binding strengths [41]. The 

Freundlich isotherm is described in Eq. (5) as follows: 

 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1 𝑛⁄                                                                                 (5) 

 

where KF (L/g) and n are Freundlich constants for the 

adsorption capacity and adsorption intensity of the 

adsorbent, respectively. The value of n also describes the 

adsorption characteristics so that if n>1, the adsorption 

is favorable. 

The D-R isotherm [42], as given in Equations 6, 7, and 

8, allows for determining the nature of the adsorption 

process (physical or chemical) occurring on the surface 

of the adsorbent and can be used to calculate the mean 

free energy of adsorption (E). The value of this 

parameter helps determine the adsorption mechanism. 

If E<8 kJ/mol, the process is physical adsorption; if 

8<E<16 kJ/mol, the process is driven by ion exchange; 

and if 16<E<40 kJ/mol, chemical adsorption occurs. 

 
𝑞𝑒 = 𝑞𝑠𝑒𝑥𝑝(−𝛽𝜀2)                                                                      (6) 
 
𝜀 = [𝑅𝑇𝑙𝑛(1 + 1 𝐶𝑒⁄ )]                                                                (7) 

 

𝐸 = 1 (2𝛽)0.5⁄                                                                              (8) 
 

where β is the model constant (mol2/kJ2), and ε is the 

Polanyi potential (kJ/mol). T is the absolute temperature 

(K), and R (8.314 J/mol.K) is the related universal gas 

constant. 

2.2.2. Investigation of the effect of contact time on Li recovery 

from geothermal waters and adsorption kinetics 

The effect of contact time on Li recovery from 

geothermal waters and adsorption kinetics was studied 

by adding 3 g of adsorbent to 750 mL of geothermal 

water (4 g/L) and continuously stirring at 250 rpm. 

Samples of 5 mL were taken from the solution at specific 

time intervals (0, 5, 10, 15, 20, 30, 45, 60, 90, 120, 180, 240, 

360, 480, and 1440 minutes) to evaluate the adsorption 

process. 

The results obtained from the kinetic studies were 

evaluated using pseudo-first-order, pseudo-second-

order, and intra-particle diffusion kinetic models. 

The pseudo-first-order kinetic model [43] is given in Eq. 

(9): 

 
𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡                                                          (9) 

 

where qe is the adsorption capacity at equilibrium 

(mg/g), qt is the adsorption capacity (mg/g) at time t (h), 

and k1 is the rate constant of the pseudo-first-order 

model (1/h). 

The pseudo-second-order kinetic model related to 

equilibrium adsorption [44,45] is expressed in Eq. (10): 

 
𝑡 𝑞𝑡⁄ = 1 (𝑘2𝑞𝑒

2)⁄ + 𝑡 𝑞𝑒⁄                                                           10) 

 

where k2 is the rate constant of the pseudo-second-order 

model (g/mg·h). 

Since the kinetic models above cannot describe the 

diffusion mechanism, the intra-particle diffusion model, 

proposed by Weber and Morris [46], is an empirically 

derived functional relationship based on the theory 

expressed in Eq. (11): 

 

𝑞𝑡 = 𝑘𝑖𝑑𝑡0.5 + 𝐶𝑖                                                                         (11) 

 

where kid is the intra-particle diffusion rate constant 

(mg/g·h0.5), and Ci is a constant related to the thickness of 

the boundary layer (mg/g). 

2.2.3. Adsorption selectivity of the CTS/HMO in geothermal 

waters 

The selectivity of the adsorbent to Li+, Na+, K+, Ca2+, and 

Mg2+ was investigated from the experiment where 0.5 g 

of the CTS/HMO was contacted in 25 mL geothermal 

water samples at room temperature for 24 h. The 

distribution coefficient (Kd), separation factor (𝛼𝑀𝑒
𝐿𝑖 ), and 

concentration factor (CF) were calculated considering C0, 

Ce, and qe through Eq.’s 12 – 14 [28]:  
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𝐾𝑑 = (𝐶0 − 𝐶𝑒)𝑉 (𝐶𝑒𝑉)⁄                                                          (12) 

 

𝛼𝑀𝑒
𝐿𝑖 = 𝐾𝑑𝐿𝑖

𝐾𝑑𝑀𝑒
⁄                                                                      (13) 

 
𝐶𝐹 = 𝑄𝑒𝑀𝑒

𝐶0𝑀𝑒
⁄                                                                       (14) 

2.2.4. Li recovery studies in a continuous-flow dynamic 

packed column system using a model solution 

A glass column with a diameter of 0.7 cm and a height of 

12 cm, packed with CTS/HMO, was used for the 

chromatographic separation of Li from an aqueous 

solution. A continuous-flow packed column system was 

employed to investigate Li sorption using a solution 

with an initial Li concentration of 10 mg/L. The solution 

was fed from top to bottom at a flow rate of 0.25 mL/min 

through a column with a bed height of 1.5 cm. Li 

sorption experiments were conducted using a peristaltic 

pump (SHENCHEN model) and a fraction collector 

(BÜCHI C-660), with 3 mL fractions collected, as 

illustrated in Fig. 1. Li desorption experiments were 

performed using a 5% (v/v) H2SO4 solution at a flow rate 

of 0.12 mL/min, with 2 mL fractions collected. The Li 

concentration in the samples was also determined using 

an ICP-OES instrument (Agilent Technologies, 5110). 

 

 
Figure 1. Schematic illustration of chromatographic separation set-up 

 

The breakthrough curves representing the performance 

of fixed-bed column sorption were plotted as 

normalized concentration (C/C0), defined as the ratio of 

the effluent Li concentration (C, mg/L) to the influent Li 

concentration (C0, mg/L), against the bed volume. The 

bed volume (BV, mL solution/mL adsorbent) was 

calculated using Eq. (15) [47]: 

 
𝐵𝑉 = 𝑄. 𝑡 𝑉⁄                                                                               (15) 

 

where Q represents the feed solution flow rate (mL/min), 

t is the operation time (min), and V is the wet volume of 

the adsorbent (mL). 

The breakthrough time (tb) and breakthrough 

capacity are critical parameters in column adsorption 

processes, where the breakthrough time represents the 

operational lifespan of the adsorbent in a single 

adsorption cycle. Typically, the breakthrough time is 

defined based on the ratio of the effluent concentration 

to the influent concentration. For example, the 

breakthrough time is commonly taken in heavy metal 

removal when the effluent concentration reaches 5% of 

the feed concentration (C/C0 = 0.05). However, since this 

study focuses on recovering a valuable metal, tb is 

defined based on the Li extraction efficiency, following 

literature recommendations [48]. Specifically, the tb is 

taken as the time required for the Li extraction efficiency 

to decrease to 60%, corresponding to an effluent 

concentration of approximately 4 mg/L from an initial 

feed concentration of 10 mg/L.  

The total or stoichiometric capacity of the bed and the 

usable capacity of the bed up to the break-point 

(breakthrough) time tb of the bed are calculated by Eq. 

(16) and Eq. (17), respectively [49]: 

 

𝑡𝑡 = ∫ (1 − 𝐶 𝐶0⁄ )
∞

0
𝑑𝑡                                                           (16)  

 

𝑡𝑢 = ∫ (1 − 𝐶 𝐶0⁄ )
𝑡𝑏

0

𝑑𝑡                                                            (17) 

 

where tt is the time equivalent to the total or 

stoichiometric capacity, and tu is the time equivalent to 

the usable capacity or when the effluent concentration 

reaches its maximum permissible level. The value of tu is 

usually very close to that of tb. Numerical integration of 

Eqs. (16) and (17) was done using a spreadsheet. 

The scale-up design method was applied to estimate 

the length of bed used up to the breakpoint, HB (Eq. (18)), 

and the length of unused bed, HUNB (Eq. (19)), for a total 

bed length of HT (Eq. (20)), simulating a full-scale 

packed-bed tower [49].  

 
𝐻𝐵 = (𝑡𝑢 𝑡𝑡⁄ )𝐻𝑇                                                                          (18) 

 
𝐻𝑈𝑁𝐵 = (1 − 𝑡𝑢 𝑡𝑡⁄ )𝐻𝑇                                                            (19) 

 
𝐻𝑇 = 𝐻𝐵 + 𝐻𝑈𝑁𝐵                                                                        (20) 

 

The HUNB represents the mass transfer zone (MTZ), 

primarily influenced by fluid velocity rather than the 

total column length. To determine HUNB, experiments can 

be conducted in a small-diameter laboratory column 

packed with the chosen adsorbent at the design velocity. 

When scaling up to a full-scale adsorption system, the 

total bed height (HT) is calculated by adding the HUNB to 

the bed height required to achieve the desired 

adsorption capacity at the breakpoint (HB). This 

approach allows for an efficient transition from 

laboratory-scale testing to industrial-scale application 

[49]. 
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3.  Result and discussion  

3.1.  Characteristics of the adsorbent  

As we reported previously, the characteristics of the 

synthesized adsorbent were discussed in detail [38]. For 

example, EDX integrated with SEM analysis of 

CTS/HMO confirmed the presence of C and O from the 

raw chitosan structure and the uniform incorporation of 

Mn into both CTS/LMO and the final CTS/HMO 

product. The even distribution of Mn indicated a 

homogeneous functional structure throughout the 

composite. Additionally, the elemental composition—

31.22% C, 44.36% O, and 15.62% Mn—validated the 

successful synthesis.  

The FTIR spectrum of chitosan showed O–H and N–

H stretching (3250–3500 cm⁻¹) and peaks for –NH2 

deformation (1650 cm⁻¹) and C–N stretching (1380 cm⁻¹). 

LMO exhibited a Li–O absorption band at 530 cm⁻¹, with 

MnO6 and LiO6 groups shifting the Mn–O peak from 633 

cm⁻¹ to 901 cm⁻¹. In CTS/LMO and CTS/HMO, reduced 

peak intensity confirmed successful cross-linking. The 

absence of Li–O vibrations (500–550 cm⁻¹) in CTS/HMO 

indicated Li⁺ to H⁺ conversion. Lithium removal caused 

spectral changes, producing peaks at 520, 495, 605, and 

325 cm⁻¹, while cubic symmetry was maintained. 

The XRD diffractogram of chitosan displayed broad 

peaks at 2θ = 10° and 20°, but in CTS/LMO and 

CTS/HMO, the 10° peak disappeared, and the 20° peak 

weakened, confirming chitosan's compatibility with 

LMO. Diffractograms matched standard references, 

verifying successful LMO synthesis. Characteristic peaks 

at 2θ = 18.69°, 36.40°, 38.10°, 44.29°, 48.66°, 58.73°, 64.55°, 

and 67.83° corresponded to Li1.6Mn1.6O4 crystal planes. 

Cross-linking with epichlorohydrin reduced peak 

intensities due to increased amorphicity, though LMO 

spinel peaks remained. Acid-treated CTS/HMO showed 

further intensity reduction, indicating successful 

chitosan coating on LMO. 

The specific surface area of LMO was measured by 

BET analysis at 8.410 m2/g. In contrast, the surface area 

of CTS/HMO significantly dropped to 0.185 m2/g due to 

increased particle size from LMO granulation with 

cross-linked chitosan. This decrease is likely due to 

reduced porosity caused by chitosan covering the lattice 

and collapsing pores. 

The adsorption mechanism of the CTS/HMO 

depends on the Li+/H+ ion exchange and it is provided in 

the chemical equation below: 

 

H1.6Mn1.6O4 + Li+ ⇌ Li1.6Mn1.6O4 + H+ 

3.2.  Determination of optimum adsorbent dose and 

adsorption isotherms  

The comparative graph of the Li recovery efficiency and 

the static adsorption capacity against the adsorbent dose 

for both Germencik and Tuzla geothermal waters is 

shown in Fig. 2(a) and Fig 2(b), respectively. As the 

adsorbent amount increased, the number of functional 

groups available for Li adsorption also increased, 

resulting in an enhanced Li recovery rate. For 

Germencik, the Li recovery rapidly increased with the 

rise in adsorbent dose, reaching over 90% recovery at a 

dose of 8 g/L. However, with further increases beyond 8 

g/L, the recovery rate slowed, and after 12 g/L, it 

plateaued at around 95%. This indicates that adding 

more adsorbent does not yield further benefits. 

Therefore, the optimum adsorbent dose for effective Li 

recovery from Germencik geothermal water was 0.2 g/25 

mL of geothermal water (8 g/L). For Tuzla, Li recovery 

started at lower levels and reached approximately 65% 

at a dose of 12 g/L. After 12 g/L, the recovery rate 

increased more slowly and approached 80% at a dose of 

20 g/L. This indicates that more adsorbent is required for 

Li recovery from Tuzla water. This is because, while 

Germencik geothermal water contains 6.56 mg/L of Li, 

Tuzla geothermal water has a higher Li concentration of 

32.27 mg/L and a more saline characteristic than 

Germencik. On the other hand, despite Germencik 

having nearly one-fifth less Li, its softer characteristics 

  
Figure 2. The effect of CTS/HMO adsorbent dose on Li recovery and the adsorption capacity using (a) Germencik and (b) Tuzla geothermal waters 
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allow for a higher Li recovery of 95%, while the 

aforementioned factors can explain the lower recovery 

rate for Tuzla geothermal water. Furthermore, the 

maximum static adsorption of lithium onto CTS/HMO 

adsorbent was achieved for an adsorbent-to-solution 

ratio of 2.0 g/L, as expected. It was found to be 1.84 mg/g 

for Germencik geothermal water, while it was 3.51 mg/g 

for Tuzla geothermal water. 

Furthermore, the adsorption equilibrium is typically 

characterized by an isotherm equation that describes the 

affinity and surface properties of the adsorbent under 

specific pH and temperature conditions. These equations 

establish the relationship between the amount of 

adsorbate bound to the adsorbent and the concentration 

of the dissolved adsorbate in the liquid phase, which are 

referred to as adsorption isotherms. 

 

Adsorption isotherms help characterize any pollutant 

removal or valuable metal recovery process using an 

adsorbent and distinguish between physical/chemical 

phenomena, favorable adsorption, adsorption energy,  

and single-layer versus multi-layer adsorption 

scenarios. These equations are generally used to describe 

experimental isotherms and were developed by 

Freundlich, Langmuir, and Dubinin-Radushkevich (D-

R). 

Fig. 3 shows the linear fitting of isotherm models with 

experimental data for Germencik and Tuzla geothermal 

waters, providing information on the adsorption 

   

  
 

   
Figure 3. The trend lines of the experimental data for the adsorption behavior of Li from Germencik and Tuzla geothermal water onto CTS/HMO 

using Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) type isotherms 

 

  

  
Figure 4.  Comparison of lithium adsorption isotherm fitting and experimental data using CTS/HMO for (a) Germencik and (b) Tuzla geothermal 

waters 
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behavior of Li+ ions with CTS/HMO. Fig. 4(a) and          

Fig. 4(b) are qe vs. Ce plots for the experimental and 

theoretical data reproduced by Langmuir and 

Freundlich isotherms for lithium recovery from 

Germencik and Tuzla geothermal waters, respectively, 

using CTS/HMO adsorbent. Table 2 includes the 

isotherm model equations, associated parameters, and 

their values. 
 

Table 2. The values of the isotherm models and associated 

parameters for Li adsorption from Germencik and Tuzla geothermal 

waters using the CTS/HMO adsorbent 

Isotherm 

model 
Linear form Parameters 

Values 

Germencik Tuzla 

Langmuir 
𝑪𝒆

𝒒𝒆

=
𝟏

𝒒𝒎𝒂𝒙

𝑪𝒆 +
𝟏

𝑲𝑳𝒒𝒎𝒂𝒙

 

qmax (mg g-1) 

KL (L mg-1) 

R2 

3.622 

0.358 

0.969 

3.556 

0.073 

0.842 

Freundlich 𝒍𝒏𝒒𝒆 =
𝟏

𝒏
𝒍𝒏𝑪𝒆 + 𝒍𝒏𝑲𝑭 

KF (L/g) 

n 

R2 

0.881 

1.350 

0.992 

0.510 

2.128 

0.895 

D-R 𝒍𝒏𝒒𝒆 = −𝜷𝜺𝟐 + 𝒍𝒏𝒒𝒔 

β (mol2 kJ−2) 

E (kJ mol-1) 

qs (mg g-1) 

R2 

0.0067 

8.64 

22.88 

0.994 

0.0060 

9.13 

7.33 

0.882 

 

The experimental dataset shows strong compatibility 

with the Langmuir model, but due to the higher 

correlation coefficient of the graph plotted between lnqe 

and lnCe, it can be concluded that CTS/HMO adsorbent 

exhibits Freundlich-type adsorption behavior for Li in 

both Germencik (R² = 0.992) and Tuzla (R² = 0.895) 

geothermal waters. The Freundlich constants, n, and KF, 

were found to be 1.350 and 0.881 for Germencik 

geothermal water and 2.128 and 0.510 for Tuzla 

geothermal water, respectively. n values greater than 1 

suggest that Li+ ions are favorably adsorbed by the 

adsorbent, and the adherence to the Freundlich isotherm 

indicates that the adsorbent may have a heterogeneous 

structure. 

 

The Ce/qe vs. Ce graphs showing the adsorption of Li+ ions 

onto CTS/HMO adsorbent displayed linear relationships 

with high correlation coefficients, confirming that the 

Langmuir model applies to the current study. The 

monolayer maximum adsorption capacity (qmax) and 

Langmuir constant (KL) values were found to be 3.622 

mg/g and 0.358 for Germencik geothermal water and 

3.556 mg/g and 0.0073 for Tuzla geothermal water, 

respectively. Compared to the experimental equilibrium 

capacity (qe) values (1.571 mg/g and 2.073 mg/g) under 

specific conditions, the qmax values from the Langmuir 

isotherm did not match closely. These findings suggest 

that instead of Li+ ions adsorbing in a monolayer 

homogeneous configuration, a multilayer 

heterogeneous adsorption process occurs on the 

CTS/HMO surface, validating the Freundlich-type 

adsorption behavior. Additionally, the effect of the 

isotherm shape on the feasibility of adsorption was 

investigated for the Langmuir isotherm. On the other 

hand, the obtained RL values, which range between 0 and 

1, confirm that the adsorption process is favorable for 

both Germencik and Tuzla geothermal waters. This 

result is also strongly supported by the 1/n values 

obtained from the Freundlich isotherm. 

According to the D-R isotherm model, the E value for 

Li adsorption from Germencik geothermal water was 

determined to be 8.64 kJ/mol, and for Tuzla geothermal 

water, it was 9.13 kJ/mol. This suggests that ion exchange 

governs the adsorption mechanism of Li+ ions onto the 

CTS/HMO adsorbent. The value of the qs parameter in 

the model (22.88 mg/g for Germencik and 7.33 mg/g for 

Tuzla) reflects the porosity of the adsorbent: the larger 

this value compared to the equilibrium capacity, the 

more developed the active binding sites are. 

3.3.  The effect of contact time and adsorption kinetics 

The Li recovery efficiency from Germencik and Tuzla 

geothermal water over time is illustrated in Fig. 5(a) as a 

C/C0 vs. time graph and in Fig. 5(b) as a qe vs. time graph. 

The adsorption kinetics for both geothermal waters 

showed an initially rapid Li recovery rate, gradually 

slowing down before reaching equilibrium for Li 

adsorption onto the CTS/HMO adsorbent. With a 4 g/L 

 

  
Figure 5.   The effect of contact time on Li recovery from Germencik and Tuzla geothermal waters in terms of (a) normalized concentration 

(C/C0) vs. time and (b) adsorption capacity (qe, mg/g) vs. time 
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adsorbent dose, equilibrium was achieved after 24 h, 

with approximately 95% Li recovery efficiency from 

Germencik geothermal water and about 25% from Tuzla 

geothermal water. Despite a lower Li recovery 

percentage for Tuzla water due to its high salt content, 

the increased mass transfer caused by a stronger 

concentration polarization effect resulted in a Li 

adsorption capacity of 2.073 mg/g. In comparison, the 

adsorption capacity for Germencik geothermal water 

was determined to be 1.571 mg/g under given 

conditions.  
 

Table 3. The calculated parameters and correlation coefficients of the 

kinetic models for Li recovery from Germencik and Tuzla geothermal 

waters using the CTS/HMO adsorbent 

Kinetic model  Germencik Tuzla 

Pseudo-first order 

R2 0.992 0.875 

qe,theo (mg/g) 1.460 1.638 

k1 (h-1) 0.119 0.185 

qe, exp (mg/g) 1.571 2.073 

Pseudo-second order 

R2 0.898 0.914 

qe,theo (mg/g) 1.201 1.914 

k2 (g mg-1 h-1) 0.321 0.342 

qe, exp (mg/g) 1.571 2.073 

Inrtaparticle diffuision 
R2 0.991 0.868 

ki (g mg-1 h-0.5) 0.365 0.588 

 

Moreover, Fig. 6 presents the linear graphs of the 

three kinetic models, as the pseudo-first-order, pseudo-

second-order, and intraparticle diffusion models, 

illustrating their alignment with the experimental data 

for both Germencik and Tuzla geothermal waters. The 

linear equations and correlation coefficients (R2) 

demonstrate the compatibility. When the correlation 

coefficients of the pseudo-first-order and pseudo-

second-order kinetic models evaluated separately for the 

CTS/HMO adsorbent in Table 3 are compared, it was 

determined that Li adsorption from Germencik 

geothermal water fits the pseudo-first-order kinetic 

model. In contrast, Li adsorption from Tuzla geothermal 

water fits the pseudo-second-order model, as the 

coefficients are higher. Additionally, the kinetic 

parameters for each model were calculated. 

Furthermore, when the theoretical adsorption capacity 

(qe, theoretical, mg/g) was compared with the 

experimentally determined adsorption capacity, it was 

observed that the deviation was smaller for the kinetic 

model, showing better agreement. The rate constants for 

adsorption kinetics were calculated as 0.119 h-1 and 

0.342 g mg-1 h-1 for Germencik and Tuzla geothermal 

waters, respectively. 

When interpreting experimental kinetic data, 

determining the rate-limiting step is crucial from a 

mechanistic perspective. The transport of the adsorbate 

to the adsorbent surface involves multiple stages. For 

instance, in Li adsorption, three main steps are typically 

observed: transport of Li to the surface (film diffusion), 

transport within the pores of the adsorbent (particle 

diffusion), and adsorption onto the inner surfaces of the 

pores. The final step is generally rapid and does not 

determine the overall rate. The slowest step, which could 

be either film diffusion or pore diffusion, dictates the 

overall adsorption rate. However, the controlling step 

can vary depending on the external mass transfer and 

intraparticle diffusion mechanisms. External mass 

transfer dominates in systems with poor mixing, low 

adsorbate concentrations, small adsorbent particle sizes, 

and high adsorbate affinity for the adsorbent. 

Conversely, intraparticle diffusion becomes significant 

in well-mixed systems with larger adsorbent particle 

sizes, higher adsorbate concentrations, and lower 

adsorbate affinity for the adsorbent. 

The most common method for distinguishing 

adsorption mechanisms is fitting experimental data to 

the intraparticle diffusion model proposed by Weber 

and Morris in 1962 (Eq. (11)). In many cases documented 

in the literature, multiple linearities have been observed 

in the qt versus t0.5 plot. However, as shown in Fig. 6, 

the adsorption data of Li onto CTS/HMO for Tuzla 

geothermal water, despite some deviations, was 

represented by a single straight line. This suggests the 

dominance of external diffusion (boundary layer 

diffusion). Nevertheless, the data points do not intercept 

the origin, indicating that boundary layer diffusion is not 

the sole limiting mechanism and that other factors, such 

as repulsive forces between Li+ ions and the adsorbent 

(due to concentration gradients), also significantly 

contribute. The intercept, Ci, provides information about 

the boundary layer thickness: a higher intercept 

indicates a more pronounced boundary layer effect. The 

Ci value was found to be 0.13 mg/g. Moreover, the 

intraparticle diffusion rate constant, derived from the 

slope of the qt versus t0.5 plot, was determined to be 

0.365 mg/g h0.5 for Germencik geothermal water and 

0.588 mg/g h0.5 for Tuzla geothermal water. 

So far, the adsorption of Li from reverse osmosis (RO) 

concentrate of geothermal water has been studied using 

powdered and granulated forms of Li-selective spinel-

type manganese oxide (λ-MnO2) adsorbents. The 

interaction between Li+ ions and λ-MnO2 was examined 

through equilibrium and kinetic studies, focusing on 

adsorption capacity and uptake rate. The Langmuir 

isotherm model effectively described the adsorption of 

Li+ ions (qmax: 33.44 mg/g and 27.40 mg/g), and the 

pseudo-second-order kinetic model (k2: 0.2912 g/mg.min 

and 0.0030 g/mg.min) best represented the lithium 

uptake process by both forms of λ-MnO2 [50]. 
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3.4. Selectivity of the CTS/HMO adsorbent  

The selectivity of the adsorbent toward Li+ relative to 

competing cations can be assessed by examining the 

distribution coefficient (Kd) and selectivity coefficient 

(𝛼𝑀𝑒
𝐿𝑖 ), while the concentration factor (CF) provides a 

measure of Li enrichment efficiency and the obtained 

results are given in Table 4. In the Germencik geothermal 

water, the Kd value for Li⁺ (1.166 mL/g) is substantially 

higher than those of Na+ (0.001 mL/g), K+ (0.001 mL/g), 

Ca2+ (0.002 mL/g), and Mg²⁺ (0.003 mL/g), reflecting 

strong preferential adsorption of Li+ over these 

competing ions. This is further supported by the high 

Mg2+/Li+ selectivity coefficient ( 𝛼𝑀𝑔2+
𝐿𝑖+

 = 380.66), 

underscoring the minimal interference of Mg2+ in lithium 

uptake.  

In contrast, the Tuzla geothermal water exhibits a 

notably lower Kd for Li+ (0.201 mL/g), with comparable 

values for competing cations. Yet, the Mg2+/Li+ selectivity 

coefficient significantly declines to 58.88, indicating a 

reduced capacity of the adsorbent to distinguish 

between these ions under the given conditions. The CF 

further substantiates these findings, with Germencik 

exhibiting a higher lithium enrichment efficiency (CF = 

47.943 L/g × 10-3) than Tuzla (CF = 40.037 L/g × 10-3). The 

relatively lower CF values for competing cations, 

particularly Na+ (0.610 L/g × 10-3) and Mg2+ (2.885 L/g ×  

  

  

  
Figure 6. The trend lines of experimental data for Germencik and Tuzla geothermal waters, investigating the adsorption behavior of Li onto 

CTS/HMO, were analyzed using pseudo-first-order, pseudo-second-order, and intraparticle diffusion kinetic models 

 

 

Table 4.  Adsorption selectivity of the CTS/HMO in Germencik and Tuzla geothermal water 
 C0 (mg/L) Ce (mg/L) qe (mg/g) CF (L/g x 10-3) Kd (mL/g) 𝜶𝑴𝒆

𝑳𝒊   
Ion Germencik Tuzla Germencik Tuzla Germencik Tuzla Germencik Tuzla Germencik Tuzla Germencik Tuzla 

Li+ 6.56 32.27 0.270 6.430 0.315 1.292 47.94 40.037 1.166 0.201 1.00 1.00 

Na+ 1178.95 16920.53 1164.57 15977.4 0.719 47.156 0.610 2.787 0.001 0.003 1887.33 68.08 

K+ 80.24 2121.71 79.134 2060.53 0.055 3.059 0.686 1.442 0.001 0.001 1675.48 135.35 

Ca2+ 14.75 2737.53 14.079 2573.7 0.034 8.1915 2.281 2.992 0.002 0.003 487.66 63.13 

Mg2+ 3.15 134.14 2.972 125.570 0.009 0.4285 2.885 3.194 0.003 0.003 380.66 58.88 
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10-3) in Germencik, suggest that the adsorbent operates 

with greater specificity in this system. Conversely, in 

Tuzla, the increased CF values for Na+ (2.787 L/g × 10-3), 

Mg2+ (3.194 L/g × 10-3), and other cations point to a more 

competitive adsorption environment, which may be 

attributed to the elevated ionic strength and complex 

geochemical composition of this geothermal brine. 

Overall, the results demonstrate that while the adsorbent 

exhibits a strong affinity for lithium in both geothermal 

sources, its performance is significantly influenced by 

the competing ion matrix, with Germencik offering a 

more favorable environment for selective lithium 

recovery. 

3.5.  Fixed-bed adsorption/desorption concentration 

profiles and capacity of the column 

The chromatographic separation of Li from aqueous 

solution using CTS/HMO adsorbent was demonstrated 

through breakthrough and desorption curves, as shown 

in Fig. 7(a) and Fig. 7(b). During adsorption, the initial 

C/C0 value was close to zero, indicating effective Li 

uptake. As BV increased, C/C0 gradually rose, reaching 

approximately 0.9 at 140 BV, signifying near-saturation 

of the adsorbent. At 241 BV, C/C0 reached 1.0, confirming 

complete saturation. The breakthrough point, defined as 

the time when lithium extraction efficiency dropped to 

60%, resulted in a breakthrough capacity of 0.435 mg 

Li/mL adsorbent at 67 BV. At saturation, the total 

capacity was determined as 0.63 mg Li/mL adsorbent at 

241 BV, with a column utilization efficiency of 69.03%. 

A sharp peak of approximately 43 mg/L was 

observed during the desorption phase at 9 BV, indicating 

rapid and efficient Li desorption. The concentration then 

declined swiftly, falling below 10 mg/L at 22 BV and 

approaching 1 mg/L after 43 BV. These results 

demonstrate that the CTS/HMO adsorbent can 

effectively retain Li up to 241 BV and subsequently 

release it in a concentrated form. The majority of Li was 

recovered within the first 17 BV of the elution solution, 

with an elution efficiency of 76%. 0.25 M HCl could be 

used instead of 5% H2SO4 in batch desorption and 

conditioning processes to enhance this efficiency.  

On the other hand, the time equivalent to the usable 

capacity was found to be 144 min, and the length of the 

used bed was 1.02 cm. The total saturation time was 212 

min, resulting in 0.48 cm of unused bed. Mass transfer 

limitations, including film and pore diffusion, slowed 

adsorption, leading to a gradual increase in C/C₀ rather 

than a sharp transition. The particle size-to-column 

diameter ratio also influenced bed porosity, further 

impacting breakthrough curve behavior. Enhancing 

adsorption efficiency in dynamic column operations 

requires optimization of key parameters such as column 

configuration, flow rate, pH, and temperature. 

Adjusting the height-to-diameter ratio and adsorbent 

packing density increases residence time, ensuring 

effective interaction between the solution and adsorbent. 

Pulsed or variable flow regimes optimize Li uptake by 

extending residence time, while precise pH control 

enhances Li selectivity [51]. Sustainable adsorption-

regeneration cycles and real-time monitoring improve 

process efficiency and ensure consistent Li recovery 

under varying operational conditions. 

Table 5 summarizes key findings from this study, 

including adsorption capacity, desorption efficiency, 

and degree of column utilization (breakthrough 

capacity/total capacity) under the investigated 

conditions using CTS/HMO. 

 

Table 5. Fixed bed column operation results for Li recovery using 

CTS/HMO adsorbent 

Breakthrough capacity, mg Li/mL adsorbent 0.435 

Breakpoint time, tb, min 144 

BV at breakthrough capacity, mL solution/mL adsorbent 67 

Total capacity, mg Li/mL adsorbent 0.630 

Total saturation time, tt, min 212 

BV at total capacity, mL solution/mL adsorbent 241 

Degree of column utilization, % 69.03 

Elution efficiency, % 75.72 

Used bed length, HB, cm 1.02 

Unused bed length, HUNB, cm 0.48 

  
Figure 7. Concentration profiles for the packed bed column by CTS/HMO for Li (a) breakthrough curve (C0=10 mg/L, pHinitial=12, T=25℃, bed 

height=1.5 cm, ϑ=0.25 mL/min) and (b) elution curve (5% H2SO4, ϑ=0.12 mL/min, T=25℃) 
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Recently, electrolytic manganese dioxide (γ-MnO2) 

powder was tested as a sorbent for Li recovery from 

geothermal water obtained from the Tuzla Geothermal 

Power Plant (GPP). The sorption and desorption 

behavior of γ-MnO2 was evaluated under various 

conditions, including sorption at 360 K and 2 bars. The 

highest sorption efficiency was achieved after 1 h of 

treatment with Tuzla GPP brine. For desorption, acidic 

solutions were used, and the average concentration of Li 

in the desorption solution was 25 mg/L when 10 g of γ-

MnO2 was added to 30 mL of the acidic solution. After 

four cycles, the desorption process was repeated using 

the same solution for cumulative Li recovery, reaching a 

Li concentration of 230 mg/L [52]. Table 6 also compares 

some adsorbents available in the literature regarding Li 

source and adsorption capacity. 

 

Table 6. Comparison of some adsorbents available in the literature 

regarding lithium source and their maximum adsorption capacity 

Adsorbent Li source qmax (mg/g) Ref. 

Li1.6Mn1.6O4 Seawater 40 [53] 

Powder 𝝀-MnO2 

Granulated 𝝀-MnO2 

RO concentrate of geothermal 

water 

33.44 

27.40 
[50] 

Powder 𝝀-MnO2 

Granulated 𝝀-MnO2 
Balçova geothermal water 

31.55 

30.42 
[30] 

HZn0.5Mn1.5O4 Artifical seawater 33.1 [54] 

Li1.6Mn1.6O4 Qarhan Salt Lake brine 26.93 [55] 

Li1.6Mn1.6-xCrxO4 Lop Nor Salt Lake 25.5 [56] 

Lewatit TP-260  

ion exchange resin 
Germencik geothermal water 4.31 [4] 

CTS/HMO Model Li solution (C0=10 mg/L) 4.94 [38] 

CTS/HMO 
Germencik geothermal water 

Tuzla geothermal water 

3.62 

3.56 

This 

study 

 

4.  Conclusions 

The study demonstrated the efficacy of the CTS/HMO 

composite as a promising adsorbent for Li recovery from 

geothermal brines, leveraging the distinctive 

physicochemical properties of geothermal waters from 

Germencik and Tuzla in the western region of Türkiye. 

The adsorption process, underpinned by Freundlich-

type multilayer and heterogeneous adsorption behavior, 

showcased the versatility of the material in 

accommodating variable ionic compositions. Notably, 

the kinetic studies revealed a distinct dependence of 

adsorption dynamics on the brine source, with Li 

adsorption aligning with pseudo-first-order kinetics for 

Germencik geothermal water and pseudo-second-order 

kinetics for Tuzla geothermal water. These differences 

highlight the critical role of geothermal water 

characteristics, such as salinity and Li concentration, in 

influencing adsorption mechanisms. The D-R model 

provided insights into adsorption behavior, suggesting 

ion exchange as the dominant mechanism, with 

calculated energy values (E) between 8.64–9.13 kJ/mol. 

The intraparticle diffusion model further elucidated the 

rate-limiting steps, identifying boundary layer diffusion 

as a significant factor, especially in the case of Tuzla 

water. The results also underscore the importance of 

optimizing adsorbent dosage to balance recovery 

efficiency and operational feasibility, with recovery 

efficiencies reaching 95% for Germencik and 80% for 

Tuzla under optimal conditions. An effective 

chromatographic separation of Li using CTS/HMO 

adsorbent was achieved with a total adsorption capacity 

of 0.63 mg Li/mL adsorbent and a column utilization 

efficiency of 69.03% for a model Li solution. The 

desorption process was highly efficient, with a peak Li 

concentration of 43 mg/L at 9 BV and an elution 

efficiency of 76%. This work developed the potential of 

CTS/HMO composites as efficient, eco-friendly solutions 

for Li recovery, paving the way for their application in 

industrial-scale operations. Future research focusing on 

regenerability, economic feasibility, and the 

environmental impact of this adsorbent can further 

enhance its practical utility, especially in the context of 

rising Li demands driven by the global transition to 

renewable energy and electric vehicles. 

Acknowledgment  

This study was financially supported by the Research 

Universities Support Program of the Higher Education 

Council of Türkiye (Grant No: 2022IYTE-2-0009). We 

acknowledge “The Environmental Research and 

Development Center” for ICP-OES analyses at the Izmir 

Institute of Technology Integrated Research Center. 

References 

[1] N. Bolan, S.A. Hoang, M. Tanveer, L. Wang, S. Bolan, P. 

Sooriyakumar, B. Robinson, H. Wijesekara, M. Wijesooriya, S. 

Keerthanan, From mine to mind and mobiles–Lithium 

contamination and its risk management, Environ Pollut, 290 

(2021) 118067. 

[2] D. Chandrasekharam, M.F. Şener, Y.K. Recepoğlu, T. Isık, M.M. 

Demir, A. Baba, Lithium: An energy transition element, its role 

in the future energy demand and carbon emissions mitigation 

strategy, Geothermics 119 (2024) 102959. 

[3] G. Calvo, A. Valero, A. Valero, Assessing maximum production 

peak and resource availability of non-fuel mineral resources: 

Analyzing the influence of extractable global resources, Resour 

Conserv Recycl 125 (2017) 208–217. 

[4] Y.K. Recepoğlu, Optimized Lithium (I) Recovery from 

Geothermal Brine of Germencik, Türkiye, Utilizing an 

Aminomethyl phosphonic Acid Chelating Resin, Solvent Extr 

Ion Exch, (2024) 1–22. 

[5] P. Christmann, E. Gloaguen, J.-F. Labbé, J. Melleton, P. Piantone, 

Global lithium resources and sustainability issues, in: Lithium 

Process Chemistry, Elsevier, 2015: pp. 1–40. 

[6] R. Millot, A. Hegan, P. Négrel, Geothermal waters from the 

Taupo volcanic zone, New Zealand: Li, B and Sr isotopes 

characterization, Appl Geochem, 27 (2012) 677–688. 

[7] Z. Qin, L. He, J. Duo, M. Li, Y. Li, Q. Du, G. Zhang, G. Wu, G. 

Liu, Origin and evolution of Li-rich geothermal waters from the 

https://doi.org/10.1016/j.envpol.2021.118067
https://doi.org/10.1016/j.envpol.2021.118067
https://doi.org/10.1016/j.envpol.2021.118067
https://doi.org/10.1016/j.envpol.2021.118067
https://doi.org/10.1016/j.envpol.2021.118067
https://doi.org/10.1016/j.geothermics.2024.102959
https://doi.org/10.1016/j.geothermics.2024.102959
https://doi.org/10.1016/j.geothermics.2024.102959
https://doi.org/10.1016/j.geothermics.2024.102959
https://doi.org/10.1016/j.resconrec.2017.06.011
https://doi.org/10.1016/j.resconrec.2017.06.011
https://doi.org/10.1016/j.resconrec.2017.06.011
https://doi.org/10.1016/j.resconrec.2017.06.011
https://doi.org/10.1080/07366299.2024.2404146
https://doi.org/10.1080/07366299.2024.2404146
https://doi.org/10.1080/07366299.2024.2404146
https://doi.org/10.1080/07366299.2024.2404146
https://doi.org/10.1016/B978-0-12-801417-2.00001-3
https://doi.org/10.1016/B978-0-12-801417-2.00001-3
https://doi.org/10.1016/B978-0-12-801417-2.00001-3
https://doi.org/10.1016/j.apgeochem.2011.07.002
https://doi.org/10.1016/j.apgeochem.2011.07.002
https://doi.org/10.1016/j.apgeochem.2011.07.002
https://doi.org/10.1080/00206814.2023.2243613
https://doi.org/10.1080/00206814.2023.2243613


Recepoğlu and Yüksel   Turk J Anal Chem, 7(2), 2025, 140–153   

152 

 

Kawu geothermal system, Himalayas: based on hydrochemistry 

and HO, Li isotopes, Int Geol Rev 66 (2024) 1519–1534. 

[8] B. Sanjuan, B. Gourcerol, R. Millot, D. Rettenmaier, E. Jeandel, A. 

Rombaut, Lithium-rich geothermal brines in Europe: An up-date 

about geochemical characteristics and implications for potential 

Li resources, Geothermics 101 (2022) 102385. 

[9] J. Li, X. Wang, C. Ruan, G. Sagoe, J. Li, Enrichment mechanisms 

of lithium for the geothermal springs in the southern Tibet, 

China, J Hydrol (Amst) 612 (2022) 128022. 

[10] A. Gökgöz, G. Tarcan, Mineral equilibria and geothermometry of 

the Dalaman–Köyceğiz thermal springs, southern Turkey, Appl 

Geochem, 21 (2006) 253–268. 

[11] A. Vengosh, C. Helvacı, İ.H. Karamanderesi, Geochemical 

constraints for the origin of thermal waters from western Turkey, 

Appl Geochem, 17 (2002) 163–183. 

[12] S. Pasvanoğlu, Geochemistry and conceptual model of thermal 

waters from Erciş-Zilan Valley, Eastern Turkey, Geothermics 86 

(2020) 101803. 

[13] E.H. Temizel, F. Gültekin, A.F. Ersoy, R.K. Gülbay, Multi-

isotopic (O, H, C, S, Sr, B, Li) characterization of waters in a low-

enthalpy geothermal system in Havza (Samsun), Turkey, 

Geothermics 97 (2021) 102240. 

[14] S. S. Rangarajan, S.P. Sunddararaj, A.V. V Sudhakar, C.K. Shiva, 

U. Subramaniam, E.R. Collins, T. Senjyu, Lithium-ion batteries—

The crux of electric vehicles with opportunities and challenges, 

Clean Technol, 4 (2022) 908–930. 

[15] Y. Miao, P. Hynan, A. Von Jouanne, A. Yokochi, Current Li-ion 

battery technologies in electric vehicles and opportunities for 

advancements, Energies (Basel) 12 (2019) 1074. 

[16] Y. Ding, Z.P. Cano, A. Yu, J. Lu, Z. Chen, Automotive Li-ion 

batteries: current status and future perspectives, Electrochem 

Energy Rev, 2 (2019) 1–28. 

[17] A. Khalil, S. Mohammed, R. Hashaikeh, N. Hilal, Lithium 

recovery from brine: Recent developments and challenges, 

Desalination 528 (2022) 115611. 

[18] S. Sahu, A. Mohanty, N. Devi, Application of various extractants 

for liquid-liquid extraction of lithium, Mater Today Proc 76 

(2023) 190–193. 

[19] J. Zhu, A. Asadi, D. Kang, J.C.-Y. Jung, P.-Y.A. Chuang, P.-C. Sui, 

Bipolar membranes electrodialysis of lithium sulfate solutions 

from hydrometallurgical recycling of spent lithium-ion batteries, 

Sep Purif Technol 354 (2025) 128715. 

[20] X. Chen, X. Ruan, S.E. Kentish, G.K. Li, T. Xu, G.Q. Chen, 

Production of lithium hydroxide by electrodialysis with bipolar 

membranes, Sep Purif Technol 274 (2021) 119026. 

[21] B. Swain, Separation and purification of lithium by solvent 

extraction and supported liquid membrane, analysis of their 

mechanism: a review, J Chem Technol Biotechnol, 91 (2016) 

2549–2562. 

[22] M.R. Mojid, K.J. Lee, J. You, A review on advances in direct 

lithium extraction from continental brines: Ion-sieve adsorption 

and electrochemical methods for varied Mg/Li ratios, Sustain 

Mater Technol, (2024) e00923. 

[23] S. Ye, C. Yang, Y. Sun, C. Guo, J. Wang, Y. Chen, C. Zhong, T. 

Qiu, Application and Mechanism of Lithium-ion Sieves in the 

Recovery of Lithium-Containing Wastewater: a Review, Water 

Air Soil Pollut 235 (2024) 272. 

[24] S. Chen, Z. Chen, Z. Wei, J. Hu, Y. Guo, T. Deng, Titanium-based 

ion sieve with enhanced post-separation ability for high 

performance lithium recovery from geothermal water, Chem 

Eng J, 410 (2021) 128320. 

[25] X. Xu, Y. Chen, P. Wan, K. Gasem, K. Wang, T. He, H. 

Adidharma, M. Fan, Extraction of lithium with functionalized 

lithium ion-sieves, Prog Mater Sci 84 (2016) 276–313. 

[26] Y. Orooji, Z. Nezafat, M. Nasrollahzadeh, N. Shafiei, M. Afsari, 

K. Pakzad, A. Razmjou, Recent advances in nanomaterial 

development for lithium ion-sieving technologies, Desalination 

529 (2022) 115624. 

[27] J. Xiao, X. Nie, S. Sun, X. Song, P. Li, J. Yu, Lithium ion 

adsorption–desorption properties on spinel Li4Mn5O12 and pH-

dependent ion-exchange model, Adv Powder Technol, 26 (2015) 

589–594. 

[28] J.-L. Xiao, S.-Y. Sun, J. Wang, P. Li, J.-G. Yu, Synthesis and 

adsorption properties of Li1. 6Mn1. 6O4 spinel, Ind Eng Chem 

Res 52 (2013) 11967–11973. 

[29] Q.-H. Zhang, S. Sun, S. Li, H. Jiang, J.-G. Yu, Adsorption of 

lithium ions on novel nanocrystal MnO2, Chem Eng Sci 62 (2007) 

4869–4874. 

[30] Y.K. Recepoğlu, N. Kabay, İ. Yılmaz-Ipek, M. Arda, K. 

Yoshizuka, S. Nishihama, M. Yüksel, Equilibrium and Kinetic 

Studies on Lithium Adsorption from Geothermal Water by λ-

MnO2, Solvent Extr Ion Exch, 35 (2017) 221–231.  

[31] Y.K. Recepoğlu, N. Kabay, K. Yoshizuka, S. Nishihama, İ. 

Yılmaz-Ipek, M. Arda, M. Yüksel, Effect of Operational 

Conditions on Separation of Lithium from Geothermal Water by 

λ-MnO2 Using Ion Exchange–Membrane Filtration Hybrid 

Process, Solvent Extr Ion Exch, 36 (2018) 499–512.  

[32] Y.K. Recepoğlu, N. Kabay, İ. Yılmaz-Ipek, M. Arda, M. Yüksel, 

K. Yoshizuka, S. Nishihama, Elimination of boron and lithium 

coexisting in geothermal water by adsorption-membrane 

filtration hybrid process, Sep Sci Technol, (Philadelphia) 53 

(2018) 856–862.  

[33] G.M. Nisola, L.A. Limjuco, E.L. Vivas, C.P. Lawagon, M.J. Park, 

H.K. Shon, N. Mittal, I.W. Nah, H. Kim, W.-J. Chung, 

Macroporous flexible polyvinyl alcohol lithium adsorbent foam 

composite prepared via surfactant blending and cryo-

desiccation, Chem Eng J, 280 (2015) 536–548. 

[34] S. Wei, Y. Wei, T. Chen, C. Liu, Y. Tang, Porous lithium ion sieves 

nanofibers: General synthesis strategy and highly selective 

recovery of lithium from brine water, Chem Eng J, 379 (2020) 

122407. 

[35] G. Zhang, C. Hai, Y. Zhou, J. Zhang, Y. Liu, J. Zeng, Y. Shen, X. 

Li, Y. Sun, Z. Wu, Synthesis and performance estimation of a 

granulated PVC/PAN-lithium ion-sieve for Li+ recovery from 

brine, Sep Purif Technol 305 (2023) 122431. 

[36] J.-L. Xiao, S.-Y. Sun, X. Song, P. Li, J.-G. Yu, Lithium ion recovery 

from brine using granulated polyacrylamide–MnO2 ion-sieve, 

Chem Eng J, 279 (2015) 659–666. 

[37] I.A. Udoetok, A.H. Karoyo, E.E. Ubuo, E.D. Asuquo, Granulation 

of Lithium-Ion Sieves Using Biopolymers: A Review, Polymers 

(Basel) 16 (2024) 1520. 

[38] Y.K. Recepoğlu, B. Arabacı, A. Kahvecioğlu, A. Yüksel, 

Granulation of hydrometallurgically synthesized spinel lithium 

manganese oxide using cross-linked chitosan for lithium 

adsorption from water, J Chromatogr A (2024) 464712. 

[39] I. Langmuir, The constitution and fundamental properties of 

solids and liquids. Part II.-Liquids, J Franklin Inst 184 (1917) 721.  

[40] I. Langmuir, The constitution and fundamental properties of 

solids and liquids. Part I. Solids., J Am Chem Soc 38 (1916) 2221–

2295. 

[41] H. Freundlich, Über die adsorption in lösungen, Z Phys Chem, 

57 (1907) 385–470. 

[42] C. Nguyen, D.D. Do, The Dubinin–Radushkevich equation and 

the underlying microscopic adsorption description, Carbon, 39 

(2001) 1327–1336. 

[43] E.D. Revellame, D.L. Fortela, W. Sharp, R. Hernandez, M.E. 

Zappi, Adsorption kinetic modeling using pseudo-first order 

and pseudo-second order rate laws: A review, Clean Eng 

Technol 1 (2020) 100032. 

[44] Y.-S. Ho, Review of second-order models for adsorption systems, 

J Hazard Mater 136 (2006) 681–689. 

[45] Y.-S. Ho, Second-order kinetic model for the sorption of 

cadmium onto tree fern: a comparison of linear and non-linear 

methods, Water Res 40 (2006) 119–125. 

[46] W.J. Weber, J.C. Morris, Kinetics of adsorption on carbon from 

solution, J Sanit Eng Div ASCE, 89 (1963) 31–60. 

https://doi.org/10.1080/00206814.2023.2243613
https://doi.org/10.1080/00206814.2023.2243613
https://doi.org/10.1016/j.geothermics.2022.102385
https://doi.org/10.1016/j.geothermics.2022.102385
https://doi.org/10.1016/j.geothermics.2022.102385
https://doi.org/10.1016/j.geothermics.2022.102385
https://doi.org/10.1016/j.jhydrol.2022.128022
https://doi.org/10.1016/j.jhydrol.2022.128022
https://doi.org/10.1016/j.jhydrol.2022.128022
https://doi.org/10.1016/j.apgeochem.2005.08.010
https://doi.org/10.1016/j.apgeochem.2005.08.010
https://doi.org/10.1016/j.apgeochem.2005.08.010
https://doi.org/10.1016/S0883-2927(01)00062-2
https://doi.org/10.1016/S0883-2927(01)00062-2
https://doi.org/10.1016/S0883-2927(01)00062-2
https://doi.org/10.1016/j.geothermics.2020.101803
https://doi.org/10.1016/j.geothermics.2020.101803
https://doi.org/10.1016/j.geothermics.2020.101803
https://doi.org/10.1016/j.geothermics.2021.102240
https://doi.org/10.1016/j.geothermics.2021.102240
https://doi.org/10.1016/j.geothermics.2021.102240
https://doi.org/10.1016/j.geothermics.2021.102240
https://doi.org/10.3390/cleantechnol4040056
https://doi.org/10.3390/cleantechnol4040056
https://doi.org/10.3390/cleantechnol4040056
https://doi.org/10.3390/cleantechnol4040056
https://doi.org/10.3390/en12061074
https://doi.org/10.3390/en12061074
https://doi.org/10.3390/en12061074
https://doi.org/10.1007/s41918-018-0022-z
https://doi.org/10.1007/s41918-018-0022-z
https://doi.org/10.1007/s41918-018-0022-z
https://doi.org/10.1016/j.desal.2022.115611
https://doi.org/10.1016/j.desal.2022.115611
https://doi.org/10.1016/j.desal.2022.115611
https://doi.org/10.1016/j.matpr.2022.12.175
https://doi.org/10.1016/j.matpr.2022.12.175
https://doi.org/10.1016/j.matpr.2022.12.175
https://dx.doi.org/10.2139/ssrn.4796793
https://dx.doi.org/10.2139/ssrn.4796793
https://dx.doi.org/10.2139/ssrn.4796793
https://dx.doi.org/10.2139/ssrn.4796793
https://doi.org/10.1016/j.seppur.2021.119026
https://doi.org/10.1016/j.seppur.2021.119026
https://doi.org/10.1016/j.seppur.2021.119026
https://doi.org/10.1002/jctb.4976
https://doi.org/10.1002/jctb.4976
https://doi.org/10.1002/jctb.4976
https://doi.org/10.1002/jctb.4976
https://doi.org/10.1016/j.susmat.2024.e00923
https://doi.org/10.1016/j.susmat.2024.e00923
https://doi.org/10.1016/j.susmat.2024.e00923
https://doi.org/10.1016/j.susmat.2024.e00923
https://doi.org/10.1007/s11270-024-07085-6
https://doi.org/10.1007/s11270-024-07085-6
https://doi.org/10.1007/s11270-024-07085-6
https://doi.org/10.1007/s11270-024-07085-6
https://doi.org/10.1016/j.cej.2020.128320
https://doi.org/10.1016/j.cej.2020.128320
https://doi.org/10.1016/j.cej.2020.128320
https://doi.org/10.1016/j.cej.2020.128320
https://doi.org/10.1016/j.pmatsci.2016.09.004
https://doi.org/10.1016/j.pmatsci.2016.09.004
https://doi.org/10.1016/j.pmatsci.2016.09.004
https://doi.org/10.1016/j.desal.2022.115624
https://doi.org/10.1016/j.desal.2022.115624
https://doi.org/10.1016/j.desal.2022.115624
https://doi.org/10.1016/j.desal.2022.115624
https://doi.org/10.1016/j.apt.2015.01.008
https://doi.org/10.1016/j.apt.2015.01.008
https://doi.org/10.1016/j.apt.2015.01.008
https://doi.org/10.1016/j.apt.2015.01.008
https://doi.org/10.1021/ie400691d
https://doi.org/10.1021/ie400691d
https://doi.org/10.1021/ie400691d
https://doi.org/10.1016/j.ces.2007.01.016
https://doi.org/10.1016/j.ces.2007.01.016
https://doi.org/10.1016/j.ces.2007.01.016
https://doi.org/10.1080/07366299.2017.1319235
https://doi.org/10.1080/07366299.2017.1319235
https://doi.org/10.1080/07366299.2017.1319235
https://doi.org/10.1080/07366299.2017.1319235
https://doi.org/10.1080/07366299.2018.1529232
https://doi.org/10.1080/07366299.2018.1529232
https://doi.org/10.1080/07366299.2018.1529232
https://doi.org/10.1080/07366299.2018.1529232
https://doi.org/10.1080/07366299.2018.1529232
https://doi.org/10.1080/01496395.2017.1405985
https://doi.org/10.1080/01496395.2017.1405985
https://doi.org/10.1080/01496395.2017.1405985
https://doi.org/10.1080/01496395.2017.1405985
https://doi.org/10.1080/01496395.2017.1405985
https://doi.org/10.1016/j.cej.2015.05.107
https://doi.org/10.1016/j.cej.2015.05.107
https://doi.org/10.1016/j.cej.2015.05.107
https://doi.org/10.1016/j.cej.2015.05.107
https://doi.org/10.1016/j.cej.2015.05.107
https://doi.org/10.1016/j.cej.2019.122407
https://doi.org/10.1016/j.cej.2019.122407
https://doi.org/10.1016/j.cej.2019.122407
https://doi.org/10.1016/j.cej.2019.122407
https://doi.org/10.1016/j.seppur.2022.122431
https://doi.org/10.1016/j.seppur.2022.122431
https://doi.org/10.1016/j.seppur.2022.122431
https://doi.org/10.1016/j.seppur.2022.122431
https://doi.org/10.1016/j.cej.2015.05.075
https://doi.org/10.1016/j.cej.2015.05.075
https://doi.org/10.1016/j.cej.2015.05.075
https://doi.org/10.3390/polym16111520
https://doi.org/10.3390/polym16111520
https://doi.org/10.3390/polym16111520
https://doi.org/10.1016/j.chroma.2024.464712
https://doi.org/10.1016/j.chroma.2024.464712
https://doi.org/10.1016/j.chroma.2024.464712
https://doi.org/10.1016/j.chroma.2024.464712
https://doi.org/10.1016/s0016-0032(17)90088-2
https://doi.org/10.1016/s0016-0032(17)90088-2
https://doi.org/10.1021/ja02268a002
https://doi.org/10.1021/ja02268a002
https://doi.org/10.1021/ja02268a002
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1016/S0008-6223(00)00265-7
https://doi.org/10.1016/S0008-6223(00)00265-7
https://doi.org/10.1016/S0008-6223(00)00265-7
https://doi.org/10.1016/j.clet.2020.100032
https://doi.org/10.1016/j.clet.2020.100032
https://doi.org/10.1016/j.clet.2020.100032
https://doi.org/10.1016/j.clet.2020.100032
https://doi.org/10.1016/j.jhazmat.2005.12.043
https://doi.org/10.1016/j.jhazmat.2005.12.043
https://doi.org/10.1016/j.watres.2005.10.040
https://doi.org/10.1016/j.watres.2005.10.040
https://doi.org/10.1016/j.watres.2005.10.040


Recepoğlu and Yüksel   Turk J Anal Chem, 7(2), 2025, 140–153   

153 
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Abstract 

The aim of the study was to determine the profile of essential oils obtained from Poncirus trifoliata (L.) Raf. fruit peels by hydrodistillation (MHD) 

and classical steam distillation (SD) methods and the bioactive potential of the wastewater from this process. The chemical composition of the 

essential oils was analyzed by Gas Chromatography-Mass Spectrometry (GC-MS), while the total phenolic content (TPC), total flavonoid content 

(TFC), total proanthocyanidin (TPA), and total antioxidant capacity of the wastewater (aqueous phase) after distillation were determined by 

spectrophotometric methods. GC-MS analysis revealed that the main component of the essential oils obtained by both methods was limonene, 

but there were significant differences in the relative proportions of the components. The SD method yielded a higher proportion of monoterpene 

hydrocarbons (70.27%) and esters (8.59%), while the MHD method was more efficient in sesquiterpene hydrocarbons (14.06%) and oxygenated 

monoterpenes (2.10%). In wastewater analysis, the wastewater obtained by the SD method showed higher antioxidant capacity (with CUPRAC 

and CERAC) and higher TPC and TFC values compared to MHD. In addition, MHD (0.53 points) was found to be slightly more environmentally 

friendly than SD (0.49 points) in terms of energy consumption and sample size in the greenness assessment using the AGREEprep tool. In 

conclusion, it can be concluded that post-distillation wastewater is also a valuable source of bioactive compounds, and the choice of method 

should be based on the targeted compound profile and the requirements of the application. 

Keywords:  P. trifoliata, wastewater, antioxidant, essential oil 

1. Introduction

Poncirus trifoliata (L.) Raf., also known as three-leaved 

orange, is a deciduous shrub or small tree belonging to 

the family Rutaceae, widely distributed in East Asia. 

This plant has historically been used in traditional 

Chinese and Korean medicine for the treatment of 

gastrointestinal disorders, inflammation, and allergic 

reactions due to its rich phytochemical composition [1]. 

Recently, there has been increased interest in the 

potential of P. trifoliata as a source of high-value 

bioactive compounds, especially in fruit peels containing 

essential oils, flavonoids, limonoids, coumarins, and 

phenolic acids [2]. 

Essential oils from P. trifoliata exhibit various 

biological activities, such as anti-inflammatory, 

antimicrobial, and antioxidant properties. These 

bioactivities are primarily attributed to the volatile 

terpenes, aldehydes, ketones and oxygenated 

compounds present in high concentrations in the peel 

[3]. However, efficient recovery of these essential oils 

requires careful consideration of extraction techniques 

that can preserve the chemical integrity of the sensitive 

compounds. The first step of extraction is to extract 

bioactive materials from the plant, and various methods 

have been used to extract these compounds from peel 

residues. These methods include conventional solvent 

extraction, alkaline extraction [4], microwave-assisted 

extraction [5], resin-based extraction [6], enzyme-

assisted extraction [7], subcritical water extraction [8], 

and supercritical fluid extraction [9]. Extraction 

techniques primarily target plant-derived compounds. 

These plants are rich in bioactive substances, including a 

variety of lipids, fragrances, flavors, phytochemicals, 

and pigments, which are extensively utilized in the 

pharmaceutical, food, and cosmetic sectors [10]. The 

growing interest in these compounds has spurred a 

demand for improved extraction methods that can yield 

a higher quantity of bioactive ingredients in less time 

and at a reduced cost [11]. 
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mailto:yusuf.gercek@istanbul.edu.tr
https://doi.org/10.51435/turkjac.1675694
https://orcid.org/0000-0001-5372-0229


Gerçek   Turk J Anal Chem, 7(2), 2025, 154–161   

155 

 

With the development of the concept of "Green 

Chemistry" in recent years, environmentally friendly 

techniques have become increasingly attractive. In this 

context, researchers aim to optimize the most 

environmentally friendly extraction method [12]. 

Microwave-assisted extraction (MHD) has emerged as a 

sustainable and innovative alternative to traditional 

hydro-distillation and solvent-based methods. Utilizing 

microwave energy to rapidly heat the moisture in plant 

cells, MHD facilitates cell disruption and improves the 

release of essential oils while significantly reducing 

extraction time, solvent use, and energy consumption 

[13]. Furthermore, MHD has been shown to enhance the 

recovery of thermolabile and low abundance 

components, making it a highly suitable method for 

essential oil extraction from citrus and Rutaceae family 

plants [14]. However, the aqueous phase remaining after 

MHD, which is usually discarded as waste, contains a 

significant amount of water-soluble bioactive 

compounds, including phenolics and flavonoids. These 

compounds play a key role in scavenging free radicals 

and protecting biological systems from oxidative stress 

[15]. 

The primary objective of this study was to 

characterize the essential oil profile of Poncirus trifoliata 

(L.) Raf. fruit peels using two distinct extraction 

techniques: microwave hydrodistillation (MHD) and 

conventional steam distillation (SD). Additionally, the 

study aimed to evaluate the bioactive potential of the 

residual aqueous phase (wastewater) generated from 

both extraction methods. The essential oils obtained 

were analyzed by Gas Chromatography-Mass 

Spectrometry (GC-MS) to identify and quantify their 

chemical constituents, with particular emphasis on 

variations in the levels of limonene—the major 

component—as well as other monoterpene and 

sesquiterpene hydrocarbons. Furthermore, the total 

phenolic content (TPC), total flavonoid content (TFC), 

total proanthocyanidin content (TPA), and total 

antioxidant capacity of the wastewater were determined 

using spectrophotometric assays. The environmental 

sustainability (greenness) of the MHD and SD 

techniques was also assessed using the AGREEprep tool, 

which considers criteria such as energy efficiency and 

sample throughput. This comparative evaluation aimed 

to identify the more environmentally sustainable 

extraction method. 

2. Materials and methods 

2.1. Chemicals 

Folin-Ciocalteu phenol reagent, sodium carbonate, 

Trolox, gallic acid, 2,2-Azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid), quercetin, and 

gallic acid were obtained from Sigma-Aldrich. Cu(II) 

chloride, neocuproin, ammonium acetate, aluminum 

chloride, cerium sulfate, sodium hydroxide, sodium 

nitrite, ethanol, methanol, hexane were obtained from 

Merck. All chemicals used in the experiments were of 

analytical purity. 

2.2. Plant material 

Poncirus trifoliata was obtained from Istanbul University 

Faculty of Science Botanical Garden. In this study, 

approximately 500 g of P. trifoliata fruits were collected, 

and the skins were removed. Fresh plant material was 

used in the study, and an experimental design with three 

replications was applied. 

2.3. Microwave hydrodistillation (MHD) and steam 

distillation (SD) of essential oils 

Microwave hydrodistillation (MHD) and steam 

distillation (SD) were performed using Milestone Ethos 

X (Bergamo, Italy) and ISOLAB brand steam distillation 

systems, respectively. This system is a 2.45 GHz 

multimode microwave reactor providing variable 

maximum power up to 1000 W in 10 W increments. The 

temperature was monitored with an external infrared 

(IR) sensor. In a typical MHD procedure performed 

under atmospheric pressure, 150 g of fresh plant material 

was heated with constant power application for 15 min 

with the addition of 100 mL of distilled water. In the 

steam distillation procedure, 1000 mL of distilled water 

was added to 200 g of fresh plant material, and essential 

oil separation was carried out using a Clevenger 

apparatus with a heater at 110°C for 4 h. 

2.4. Gas Chromatography-Mass Spectrometry (GC-

MS) analysis of essential oils 

The analysis of essential oil composition was performed 

using gas chromatography-mass spectrometry (GC-MS), 

following a modified procedure by Fan et al. [16]. An 

Agilent 7890A gas chromatograph coupled to a 5975C 

mass spectrometer was used for the analysis. A fused 

silica HP-5 capillary column (30 m × 0.25 mm i.d., 0.25 

µm film thickness) facilitated the separation of volatile 

compounds. Injection and detector temperatures were 

both set at 210 °C. The temperature gradient initiated at 

40 °C (held for 4 min), increased at 4 °C/min to 90 °C 

(held for 4 min), then at 3 °C/min to 115 °C (held for 8 

min), followed by a ramp of 2 °C/min to 140 °C (held for 

10 min), and finally increased to 220 °C at 3 °C/min (held 

for 10 min). Helium, at a constant flow rate, was 

employed as the carrier gas. Mass spectrometric 

detection was operated in electron ionization mode at 70 

eV, scanning a mass range between 45 and 550 atomic 

mass units (AMU) with a scan interval of 0.3 seconds. 

Compound identification was carried out by matching 
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mass spectra with those in the WILEY and NIST spectral 

libraries. The relative abundance of each component was 

quantified using peak area normalization. 

2.5. Total phenolic content (TPC) 

The total phenolic content of the samples was 

determined through the Folin–Ciocalteu colorimetric 

assay, using gallic acid as a calibration standard, in 

accordance with the method described by Magalhaes et 

al. [17], with slight modifications. Briefly, 50 µL of the 

wastewater sample was mixed with 50 µL of Folin–

Ciocalteu reagent, followed by the addition of 100 µL of 

0.35 M sodium hydroxide solution, resulting in a final 

reaction volume of 200 µL per well. After an incubation 

period of three minutes, the absorbance of the solution 

was read at 760 nm. The phenolic content was quantified 

and expressed as milligrams of gallic acid equivalents 

(mg GAE/g) based on a gallic acid calibration curve. 

2.6. Total flavonoid content (TFC) 

The quantification of total flavonoid content in the 

wastewater samples was performed according to a 

modified colorimetric method based on the procedure 

described by Zhishen et al. [18]. The reaction mixture, 

with a final volume of 6 mL, was prepared in glass tubes 

by sequentially adding 1 mL of the sample, 0.3 mL of 5% 

sodium nitrite (NaNO₂), 0.3 mL of 10% aluminum 

chloride hexahydrate (AlCl₃·6H₂O), 2 mL of 1 M sodium 

hydroxide (NaOH), and finally 2.4 mL of distilled water. 

After thorough mixing, the absorbance of the mixture 

was measured at 510 nm using a microplate reader 

(BioTek Instruments, Inc., P). Flavonoid concentration 

was calculated and expressed as milligrams of quercetin 

equivalents per gram of sample (mg QE/g). 

2.7. Total proanthocyanidin assay (TPA) 

Total proanthocyanidin levels were determined using 

the vanillin-hydrochloric acid (vanillin-HCl) assay, 

based on the method outlined by Zurita et al. [19], with 

slight adaptations. For each measurement, 200 µL of the 

wastewater sample was mixed with 800 µL of freshly 

prepared vanillin reagent to achieve a final volume of 1 

mL. The resulting mixture was incubated, and its 

absorbance was recorded at 500 nm using a microplate 

reader. The concentration of proanthocyanidins was 

calculated and presented as milligrams of catechin 

equivalents per gram of dry weight (mg CAE/g DW). 

2.8. Cupric reducing antioxidant capacity (CUPRAC) 

assay 

To determine antioxidant capacity, a reaction system 

was prepared in a test tube by sequentially combining 1 

mL of copper (II) chloride solution, 1 mL of neocuproine 

reagent, and 1 mL of ammonium acetate buffer. 

Following this, 1.1 mL of the wastewater sample was 

added, yielding a final volume of 4.1 mL. The resulting 

solution was incubated at ambient temperature for 30 

minutes. Absorbance readings were then recorded at 450 

nm using a spectrophotometer. Results were expressed 

in terms of Trolox equivalents (mg TE/g) [20]. 

2.9. Cerium (IV)-based antioxidant capacity (CERAC) 

assay 

The Cerium (IV) assay, as outlined by Özyurt et al. [21], 

was employed to assess the total antioxidant capacity 

(TAC) of the samples. A mixture was prepared by 

combining wastewater, diluted with distilled water to 

reach a final volume of 9 ml, with 1 ml of Ce(SO4)2, 

resulting in a total volume of 10 ml. This reaction 

mixture was then left to incubate at room temperature 

for 30 minutes. The absorbance was recorded at 320 nm, 

and the findings were reported in terms of trolox 

equivalents (mg TE/g). 

2.10. 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic 

acid) (ABTS) assay 

A reaction system with a total volume of 4 mL was 

prepared by mixing 1 mL of wastewater, 1 mL of ABTS 

solution, and 2 mL of methanol in a reaction tube. The 

tubes were then sealed and allowed to stand at room 

temperature for six hours. Following incubation, 

absorbance was recorded at 734 nm using a 

spectrophotometric method as described in a previous 

study [22]. Antioxidant capacity was expressed as 

milligrams of Trolox equivalents per gram (mg TE/g). 

2.11. Statistical analysis 

All experiments were conducted in triplicate. The results 

are expressed as mean±standard deviation (SD). Data 

analysis was performed using GraphPad Prism version 

8 (San Diego, CA, USA). 

3. Results and discussion 

The fruits of Poncirus trifoliata cultivated in Alfred 

Heilbronn Botanical Garden of Istanbul University 

Faculty of Science were collected, washed with pure 

water, and then peeled with a knife (Fig 1). 

In this study, the chemical compositions of the 

essential oils obtained from P. trifoliata fruit peel using 

two different extraction methods, MHD and SD, were 

determined, and the results obtained were evaluated 

comparatively. Compound classification based on GC-

MS analysis revealed that there were significant 

quantitative differences between the essential oils 

obtained using different extraction methods (Table 1, 

Table 2). 
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Figure 1. Poncirus trifoliata fruits 

Monoterpene hydrocarbons were the most dominant 

class among the essential oils isolated by both methods. 

While 70.27% monoterpene hydrocarbons were obtained 

by the SD method, this rate was 58.39% by MHD. 

Especially D-limonene was isolated by SD with a rate of 

36.66%, while this rate was 30.07% by the MHD method. 

This may be attributed to the high temperature and 

prolonged distillation conditions of SD, which increase 

the release of volatile monoterpenes [23,24]. Similarly, 

other volatile hydrocarbons such as β-myrcene, β-

pinene, and α-pinene were obtained with similar profiles 

in both methods, but method-induced variations in 

concentration levels were observed. 

Table 1. Profile of the essential oil obtained by steam distillation 

Peak number Retention time Compound Retention index Relative amount (%) 

1 7.925 Alpha-pinene, (-)- 939 1.07 

2 9.643 Sabinene 975 1.11 

3 9.781 Beta-pinene 979 4.64 

4 10.636 Beta-myrcene 991 16.46 

5 10.823 Butanoic acid, butyl ester 985 3.25 

6 11.032 Hexanoic acid, ethyl ester 1010 3.53 

7 11.168 l-Phellandrene 1005 3.36 

8 11.337 3-Hexen-1-ol, acetate, (Z) 1006 0.13 

9 11.696 Acetic acid, hexyl ester 1015 1.28 

10 12.630 D-Limonene 1031 36.66 

11 13.175 Benzeneacetaldehyde 1049 0.08 

12 13.606 Beta-ocimene 1049 6.35 

13 14.029 Gamma-Terpinene 1059 0.37 

14 14.762 1-Octanol 1080 0.19 

15 15.683 Alpha-terpinolene 1089 0.12 

16 16.474 Linalool 1100 1.09 

21 21.494 Benzeneacetonitrile 1172 0.2 

22 21.570 Cryptone 1240 0.17 

25 24.525 Beta-citronellol 1238 0.58 

26 27.157 Phellandral 1259 0.1 

27 27.327 1-Decanol 1275 0.31 

28 31.251 Alpha-terpinene 1015 0.14 

29 33.190 Neryl acetate 1370 0.13 

30 34.416 Geranyl acetate 1388 0.13 

31 34.653 Beta elemene 1390 0.46 

32 35.198 Decanoic acid, ethyl ester 1400 0.14 

33 35.861 Dodecanal 1200 0.05 

34 36.237 Caryophyllene 1418 5.58 

35 37.164 Gamma-elemene 1430 0.21 

36 38.197 Alpha-humulene 1455 0.3 

37 38.809 trans-beta-farnesene 1456 0.82 

38 39.934 Germacrene D 1480 1.78 

39 40.816 bicyclogermacrene 1502 0.24 

40 41.892 E,E-.alpha-farnesene 1456 1.77 

41 42.589 beta-sesquiphellandrene 1505 0.11 

42 42.849 Oxacyclotridec-10-en-2-one 1975 0.45 

43 44.276 Germacrene B 1560 1.34 

44 45.696 Caryophyllene oxide 1418 0.31 

45 80.578 Tricosane 2300 0.1 

46 88.462 Eicosane 2000 0.13 

47 95.783 Docosane 2200 0.15  
 Alcohols  0.5  
 Aldehydes  0.13  
 Esters  8.59  
 Monoterpene hydrocarbons  70.27  
 Oxygenated monoterpenes  1.42  
 Sesquiterpene hydrocarbons  12.81  
 Others  1.42  
 Total  95.14 
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β-myrcene was detected at 16.46% in SD and 16.86% in 

MHD. Sesquiterpene hydrocarbons were 14.06% in the 

essential oil obtained with MHD and 12.81% in the 

essential oil obtained with SD. Among the prominent 

compounds, caryophyllene was 5.92% in MHD and 

5.58% in SD; germacrene D was 1.97% in MHD and 

1.78% in SD. These results indicate that the MHD 

method provides higher efficiency on sesquiterpene 

structures. In terms of oxygenated monoterpenes, the 

MHD method (2.10%) provided higher yields compared 

to SD (1.67%). In particular, linalool was determined to 

as 1.35% in MHD and 1.09% in SD. This result can be 

attributed to the fact that MHD is a method with shorter 

duration, intrinsic moisture, and rapid heat transfer 

[25,26].  

In addition, microwave energy increases the release 

of compounds by breaking down cell walls, contributing 

to the preservation of a wider phytochemical diversity 

[27,28].  

Table 2. Profile of essential oil obtained by microwave distillation 

Peak number Retention time Compound Retention index Relative amount (%) 

1 7.943 Alpha-pinene, (-)- 939 1.39 

2 9.881 Beta-pinene 979 6.56 

3 11.005 Beta-myrcene 991 16.86 

4 11.341 Hexanoic acid, ethyl ester 1010 4.06 

5 11.478 l-Phellandrene 1005 2.73 

6 11.903 Acetic acid, hexyl ester 1015 1.68 

7 13.220 D-Limonene 1031 30.07 

8 13.317 trans-beta-ocimene 1049 0.16 

9 13.475 Benzeneacetaldehyde 1049 0.22 

10 14.004 1,3,7-Octatriene, 3,7-dimethyl- 1054 6.7 

11 14.311 Gamma-terpinene 1059 0.44 

12 14.934 1-Octanol 1080 0.22 

13 15.797 Alpha-terpinolene 1089 0.15 

14 16.681 Linalool 1100 1.35 

18 19.754 Citronella 1228 0.05 

19 21.282 Terpinen-4-ol 1177 1.58 

20 21.620 Benzeneacetonitrile 1172 0.3 

21 21.717 Cryptone 1240 0.15 

24 24.679 Beta-citronellol 1238 0.65 

25 27.202 Phellandral 1259 0.14 

26 27.438 1-Decanol 1275 0.35 

27 31.285 Delta-elemene 1389 0.2 

28 32.526 Alpha-Terpinene 1015 0.05 

29 33.236 Neryl acetate 1370 0.14 

30 34.512 Geranyl acetate 1388 0.19 

31 34.696 Beta-elemene 1390 0.35 

32 34.817 Butyl caprylate 1260 0.18 

33 35.334 Decanoic acid, ethyl ester 1200 0.16 

34 35.982 Dodecanal 1200 0.06 

35 36.467 Caryophyllene 1418 5.92 

36 37.221 Gamma-elemene 1430 0.24 

37 38.265 Alpha-humulene 1455 0.34 

38 38.654 trans-beta-farnesene 1456 0.97 

39 40.111 Germacrene D 1480 1.97 

40 40.890 bicyclogermacrene 1502 0.3 

41 42.081 E,E-.alpha-farnesene 1456 1.97 

42 42.681 Beta-sesquiphellandrene 1505 0.13 

43 42.962 Oxacyclotridec-10-en-2-one 1975 0.48 

44 44.448 Germacrene B 1560 1.45 

45 45.016 d-Nerolidol 1545 0.1 

46 45.784 Caryophyllene oxide 1418 0.35 

47 80.596 Tricosane 2300 0.12 

48 88.490 Heneicosane 2100 0.15 

49 95.816 Tetracosane 2400 0.18 

 
 Alcohols  0.57 

 
 Aldehydes  0.28 

 
 Esters  6.22 

 
 Monoterpene hydrocarbons  58.39 

 
 Oxygenated monoterpenes  2.1 

 
 Sesquiterpene hydrocarbons  14.06 

 
 Others  10.18 

 
 Total  91.8 
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Ester compounds were obtained at a significantly higher 

rate (8.59% vs. 6.23%) in the SD method compared to 

MHD. In particular, ethyl hexanoate was 3.53% by SD 

and 4.06% by MHD; acetic acid, hexyl ester was 1.28% by 

SD and 1.68% by MHD. Excluding the alcohol (0.50-

0.57%) and aldehyde (0.13-0.28%) classes, which were 

obtained in lower proportions, the differences in the 

basic structure groups reveal the method-specific 

chemical selectivity effect. Sesquiterpene hydrocarbons 

such as germacrene B/D, caryophyllene, farnesene, and 

their oxygenated derivatives were more stable in oils 

obtained by MHD. These compounds are important 

phytochemicals, especially for their antimicrobial, anti-

inflammatory, and aromatic functions [29]. As a matter 

of fact, in some studies, it was reported that P. trifoliata 

essential oils showed inhibitory effects on foodborne 

pathogens, and this was especially associated with 

sesquiterpenes [29]. Again, in essential oils obtained by 

MHD, the possibility of detecting rare aromatic 

compounds containing sulfur, such as 3-sulfanylbutyl 

alkanoates increases, which can provide differentiation, 

especially for the aroma industry [30]. MHD offers 

advantages not only in terms of chemical profile but also 

in environmental and economic aspects. Compared to 

conventional distillation techniques: energy 

consumption is lower, time saving, reduced water use, 

low risk of thermal degradation, high purity, and 

biologically active fractions are obtained [31,32]. In these 

aspects, it offers a more sustainable alternative in the 

production of functional food  

additives, natural preservatives, cosmetic 

formulations, and pharmaceutical ingredients. 

In this study, in addition to the chemical profile of the 

essential oil obtained from P. trifoliata fruit peels by 

MHD and SD methods, the antioxidant capacity and 

phenolic compound contents of the wastewater obtained 

during the processing process were compared. The 

antioxidant capacity of the wastewater was evaluated by 

various spectrophotometric methods such as CUPRAC, 

CERAC, and ABTS, and the TFC, TPC, and TPA contents 

were also analyzed (Table 3). 

When evaluated in terms of antioxidant capacity, the 

antioxidant activity values of the wastewater obtained 

with SD (in all three antioxidant methods) were higher 

than MHD. While the antioxidant activity value of MHD 

wastewater was determined as 11.06 ± 0.98 mg TE/g by 

CUPRAC method, this value increased to 13.27 ± 1.24 mg 

TE/g in SD. Similarly, in CERAC analysis, 15.37 ± 1.1 mg 

TE/g for MHD and 19.98 ± 1.84 mg TE/g for SD. In the 

ABTS radical scavenging capacity test, similar results 

were obtained in both methods (MHD: 13.24 ± 9.87 mg 

TE/g, SD: 13.50 ± 1.43 mg TE/g). When the antioxidant 

activity results obtained are evaluated, especially the 

methods based on metal ion reduction such as CERAC 

and CUPRAC , they reveal a stronger electron transfer 

capacity in the wastewater obtained with SD. 

When the data on the phenolic compound content of 

the wastewater obtained during different processes were 

evaluated, the TFC was determined as 2.84 ± 0.21 mg 

QE/g for the wastewater obtained during the SD process 

and 2.63 ± 0.04 mg QE/g for the wastewater obtained 

during the MHD process. Furthermore, the TPC of the 

wastewater was determined as 7.67 ± 0.65 mg GAE/g in 

the SD process and 7.26 ± 0.42 mg GAE/g in the MHD 

process. In addition, the TPA of wastewater was found 

to be quite similar in both methods (MHD: 1.02 ± 0.08 mg 

CAE/g, SD: 0.99 ± 0.08 mg CAE/g). The findings indicate 

that the SD method promotes the transition of 

hydrophilic and heat-stable compounds, especially 

polyphenols, to the wastewater more. Similarly, in 

different studies reported in the literature, it has been 

reported that wastewater obtained during distillation 

processes contains significant amounts of soluble 

phenolic compounds and has antioxidant activity         

[23,24]. When these results obtained for different 

extraction methods are evaluated, this study once again 

supports that the wastewater obtained after distillation 

is not waste but a potential source of antioxidants and 

phenolic compounds. 

 

 
Figure 2. AGREEprep assessment scores a) for MHD method b) for SD 

method 

Finally, the greenness assessment of the sample 

preparation procedure for essential oil extraction was 

carried out in this study. At this stage, in recent years, 

several tools have been developed to assess the 

greenness of analytical procedures, and one of the most 

widely used in sample preparation is the AGREEprep 

Table 3. Phytochemical analysis from Poncirus trifoliata peels wastewater 

 CUPRAC (mg TE/g) CERAC (mg TE/g) ABTS (mg TE/g) TF (mg QE/g) TP (mg GAE/g) TPA (mg CAE/g) 

MHD 11.06±0.98 15.37±1.1 13.24±9.87 2.63±0.04 7.26±0.42 1.02±0.08 

SD 13.27±1.24 19.98±1.84 13.50±1.43 2.84±0.21 7.67±0.65 0.99±0.08 

 

a b 
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tool [33]. The assessment criteria are grounded in ten 

principles of green sample preparation, including the 

selection of solvents, materials, and reagents; the volume 

of waste produced; energy usage; and the quantity and 

yield of samples. AGREEprep pictograms illustrate 

varying degrees of environmental sustainability. The 

central score of these pictograms is 0.53 in the 

microwave-assisted technique (Fig. 2a) and 0.49 in the 

steam distillation method (Fig. 2b), this discrepancy is 

attributed to the differences in energy consumption and 

sample amount. 

4. Conclusion 

This study compares MHD and SD methods to extract 

essential oil from fruit peels of P. trifoliata (three-leaved 

orange). When the chemical composition of the obtained 

essential oils was compared by GC-MS, it was observed 

that the essential oils isolated by both methods contained 

similar major components, but there were marked 

differences in the relative abundance and distribution of 

these components. While the MHD method offered 

advantages in terms of speed, energy efficiency, and 

certain compound groups (oxygenated monoterpenes 

and sesquiterpenes), the SD method provided higher 

yields for monoterpene hydrocarbons and esters. 

However, it was determined that MHD has the potential 

to diversify the composition of essential oils obtained 

from P. trifoliata peels and increase some bioactive 

components. Therefore, the MHD method can be 

recommended as a more efficient and environmentally 

friendly alternative in the production of essential oils to 

be used for food, cosmetic, or pharmaceutical purposes. 

In addition, the composition of the wastewater obtained 

during the essential oil extraction reveals that this 

product should be evaluated in terms of functional 

content and may serve as an additional source of 

bioactive components in food, cosmetic, or 

pharmaceutical products. 
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Abstract 

The main objective of this study was to present a new selective, sensitive, and validated RP-HPLC analytical method for measuring the 

concentrations of hexaflumuron (HFM), which is a well-known active ingredient that is widely used as an insecticide to protect crops, especially 

fruits and vegetables. Quantification was carried out using a reversed phase HPLC system that was equipped with a UV detector.  The 

development of the novel method was performed on a reversed-phase C-18 (stainless steel, 5 µm, 250 × 4.6 mm) column  at a constant temperature 

of 30°C. The mobile phase consists of acetonitrile and distilled water in a volumetric ratio of 85:15, a flow rate of 1 mL/min, and the detection 

wavelength at 220 nm. Retention time of separation at 3.84 min. The method was validated by testing specificity, linearity, precision, recovery, 

LOD, LOQ, and accuracy according to the CIPAC (Collaborative International Pesticides Analytical Council) and complies with the guidelines of 

SANCO/3030/99 rev.5. guidelines. The method revealed an acceptable linearity regression R2 (0.9974). The method was found to be accurate from 

concentration levels 50–250  µg/mL with high accuracy (99.3-100.7%). The method’s validation results make it suitable for use as a standardization 

tool in the evaluation of Emulsion Concentrate formulations containing this active ingredient. 

Keywords:  Hexaflumuron, HPLC analysis, method validation, precision, accuracy 

1. Introduction

Hexaflumuron (HFM) is one of the widely used 

insecticides since its registration in the Environmental 

Protection Agency (US EPA) in 1994 [1]. HFM chemical 

name is [1-(3,5-dichloro-4-(1,1,2,2-tetrafluoroethoxy) 

phenyl)-3-(2,6-difluorobenzoyl)urea] and its chemical 

structure is indicated in Fig. 1. HFM is a white crystal or 

powder with the melting point range between “202 °C – 

205 °C” and its molar mass of 461.1 g/mol. It is insoluble 

in water (27 µg/l), soluble in methanol and xylene 11.3 

and 5.2 (gm/l), respectively [2,3]. HFM chemically 

belongs to the class of benzoylphenylureas, a significant 

group of potent insect growth regulators (IGRs). HFM 

action’s mode through the inhibition of chitin synthesis 

in the cuticle of insects that cause disrupt hormonal 

balance with exchanging in molting process and makes 

it also effective in controlling immature stages of insects. 

Benzoylphenylureas including HFM have been used to 

control a wide range of agricultural pests worldwide due 

to their high selectivity, insecticidal activity, and low 

acute toxicity to mammals [4–6]. 

 
Figure 1. Hexaflumuron structural diagram, C16H8Cl2F6N2O3 

Chromatographic separation techniques are one of 

the most important, straightforward, and effective 

methods for both qualitative and quantitative analysis. 

At the moment, high performance liquid 

chromatography (HPLC) is used for carrying out 

structural and functional analysis, and purification of a 

wide range of molecules within a short time, that makes 

it the most effective technique for achieving a superior 

and ideal separation in all applied fields. HPLC is 
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accurate, simple to use, and produces fast results [7,8]. 

The literature survey has only reported a limited number 

of methods [9–11] using different techniques or detector 

types other than used in this article. HPLC can be used 

successfully in pesticide analysis, which is the main topic 

in our article. We here aimed to report a new validated 

method for determining the concentration of 

hexaflumuron active ingredients in some EC products 

such as SCORCH 10% EC®.  Our new applicable method 

addresses researchers and chemists who need these 

types of methods for essential purposes such as 

generating data for authorization, stability studies, post-

registration control, and quality control monitoring. 

2. 2. Materials and methods 

2.1. Chemicals and Reagents 

Hexaflumuron analytical standard was supplied by 

Shandong Luba Chemical Co., Ltd., China, as a gift 

sample from Kafr El-Zayat for Pesticides and Chemicals 

Company, Egypt, with a known purity ≥ 95 % w/w. 

Acetonitrile with a pure HPLC grade was purchased 

from Scharlab, Spain. MS® 0.45 µm nylon membrane 

filters were purchased from Membrane Solutions, LLC., 

Seattle, USA. 

2.2. Instrumentation and chromatographic conditions 

The HPLC system consisted of a Series 200 liquid 

chromatograph, a Series 200 UV/vis spectrophotometric 

detector with a range of 190 to 700 nm, and the pump can 

generate pressure up to 6100 psi. Brownlee™ C-18 

reversed phase column with definite specifications 

(stainless steel, 250 × 4.6 mm i.d., 5 µm particle size) was 

procured from PerkinElmer Instruments, LLC, USA. The 

Merit Water still instrument model W4000 was used to 

obtain the distilled water.  The mobile phase was 

prepared by mixing 850 mL acetonitrile and 150 mL 

distilled water to prepare a 1 L solution. The mobile 

phase was filtered through a 0.45 µm membrane filter 

and then degassed before use by using an Elmasonic 

S40H ultrasonic bath (220–240 V∼). The pump flow rate 

reached 1 mL/min with UV/vis detection at 220 nm. The 

column oven was adjusted to 30° C with an injection 

volume of 20 µL. The retention time of HFM was about 

3.84 min (Fig. 2). 

2.3. Preparation of standard solution 

The stock solution (1000 ppm) was prepared by 

weighing accurately about 26.3 mg of hexaflumuron 

analytical standard and then diluting it to 25 mL by 

using acetonitrile. After that, 100 µg/mL is prepared for 

injection by taking 1 mL from the standard stock 

solution, and the volume is completed to 10 mL using 

acetonitrile. 

2.4. Method validation parameters 

CIPAC document 3807 [12] and the document SANCO/ 

3030/99 rev.5 [13] outlines the validation requirements 

for analytical methods used for the quality analysis of 

technical aspects and commercial formulations of plant 

protection products.  

Figure 2. (A) Represents the HPLC-UV baseline of the blank sample, and (B) illustrates the chromatogram of the HFM analytical standard 

analyzed in this study. 
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Validation is required for specific and non-standardized 

analytical methods used in plant protection product 

formulations. This includes calculating and discussing 

the specificity, linearity, recovery, accuracy, LOD, LOQ, 

and precision of the method. 

2.4.1. System suitability 

As usual, the instrument's performance and the system's 

adaptability have been confirmed. After that, 

chromatography was performed first to ensure that there 

were no interfering peaks in any of the sample solutions 

that were established. 

2.4.2. Specificity 

When a method provides a result for just one analyte, it 

is referred to as specific [14]. The specificity has been 

investigated by injecting the excipients to ensure that 

there are no interferences from other peaks or distortions 

with the target peak.  

2.4.3. Linearity and range  

Linearity is evaluated by calculating the correlation 

coefficient, R2, which must be ≥ 0.99 [14]. The regression 

linearity equation (1):  

 

𝑌 = 𝑎𝑋 ± 𝑏                                                                                (1) 

 

Where (Y) represents the response of the average 

peak area, (X) represents the claimed working 

concentration in ppm, (a) represents the slope, and (b) is 

the intercept of the calibration curve. The recommended 

procedure for determining linearity is by preparing the 

stock solution of higher concentration and then diluting 

it to at least five different concentrations. The working 

range is the range where the matrix gives results with 

acceptable uncertainty that is determined by observing 

the concentrations between the minimum and the 

maximum concentration in the linearity test [15,16].  

Linearity was performed by preparing 5 different 

concentrations (50, 100, 150, 200, and 250 ppm) of HFM 

analytical standard. The stock solution (10000 ppm) was 

prepared by weighing accurately 250 mg of HFM 

analytical standard and dissolving it in 25 mL of 

acetonitrile in a calibrated volumetric flask. Then, serial 

dilutions were prepared by taking (0.25 mL, 0.5 mL, 

0.75 mL, 1 mL, and 1.25 mL) from the stock solution, 

respectively, and completing to 50 mL with acetonitrile, 

and then each concentration was injected in triplicate. 

2.4.4. Limit of detection (LOD) and limit of quantification 

(LOQ) 

LOD is the lowest concentration in a sample that can be 

detected but not necessarily quantified under the stated 

experimental conditions. LOQ is the lowest 

concentration of analyte that can be determined with 

acceptable precision and accuracy [17]. From the 

linearity of the calibration, LOD and LOQ could be 

estimated according to the following equations; 

 

𝐿𝑂𝐷 = 3.3𝜎/𝑆                                                                              (2) 

𝐿𝑂𝑄 = 10𝜎/𝑆                                                                               (3) 

 

where (σ) is the standard deviation of response (peak 

area) and (S) represents the slope of the linearity 

calibration curve. 

2.4.5. Repeatability and Precision  

The precision of an analytical method represents the 

closeness among repeatable measurements acquired 

through a method under normal conditions. The 

analytical variation and a measure of the test method's 

precision are provided by the replicates' relative 

standard deviation (RSD), which ≤ 1.5% is accepted 

[15,18]. The following formula (4) can be used to estimate 

the RSD% of this method:  

 

𝑅𝑆𝐷 (%) =
𝜎

�̄�
× 100                                                                   (4) 

 

Precision was determined in the current new method 

by triplicate analyses at a concentrations of 50 µg/mL, 

100 µg/mL, 150 µg/mL, 200 µg/mL, and 250 µg/mL of 

standard HFM solution using the developed method. 

2.4.6. Accuracy and recovery 

Accuracy is the parameter responsible for evaluating the 

degree of agreement between the value that is identified 

as true or as a reference and the result obtained by the 

method being evaluated [18].   It is determined by 

assessing the analyte recovery percentage (R%) 

according to equation (5). The new test method's 

accuracy was evaluated in triplicate at three different 

concentration levels 50% (0.05 mg/mL), 100% (0.1 

mg/mL), and 150% (0.15 mg/mL). Three sets were 

prepared and injected in triplicate at each concentration. 

The calculated R% for each level should be between 

98.0% and 102.0% [19,20]. 

 

𝑅% =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝐶𝑜𝑛𝑐. (%)

𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝐶𝑜𝑛𝑐. (%)
 × 100                                   (5) 

2.5. Preparation of sample solution 

Weigh about 250 mg from the product under study 

(SCORCH 10% EC®), then dilute to 25 ml with 

acetonitrile in a 25 mL volumetric flask. After that, 

prepare the injected solution by taking 1 mL from the 

previous flask, and the volume is completed to 10 mL 

using acetonitrile. 
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3. Results and discussion 

3.1. Method development  

HPLC-UV was used to develop a new analytical 

technique for determining the active ingredient 

hexaflumuron in the pesticide formulation SCORCH 

10% EC®, using the Brownlee™ C-18 reversed phase 

column (250 × 4.6 mm, 5 µm), which is made for 

successfully separating the analyte with high efficiency 

and excellent peak shape with all pesticide sample types. 

It was found that the mobile phase, which included 

acetonitrile/water (85/15, v/v), isocratic elution with a 

flow rate of 1.0 mL/min, constant column temperature at 

30 ºC, and UV detection at 220 nm, produced the best 

separation and symmetrical peak shape of the pesticide 

under investigation. In these chromatographic 

conditions, a zero-response baseline was obtained, and 

the chromatographic peak of HFM was clear, narrow, 

and symmetrical, as shown in Fig. 2. The optimized 

chromatographic parameters for the developed HPLC-

UV method are illustrated in Table 1. 

 

Table 1. Optimized chromatographic conditions for the 

hexaflumuron reversed phase HPLC-UV developed method 

No. Parameter Condition 

1 
Column 

Brownlee™ C-18 reversed phase column (250 × 

4.6 mm, 5 µm) 

2 Mobile phase Acetonitrile: distilled water (85%:15%) (v/v) 

3 Flow rate 1 mL/min 

4 Injection 

Volume 
20 µL 

5 Wavelength 220 nm 

6 Column 

temperature 
30°C 

7 Mode of 

separation 
Isocratic 

8 Run time 10 min. 

9 Retention time Hexaflumuron: 3.845 min. 

3.2. Method validation 

3.2.1. Method suitability 

A reverse phase high-performance liquid 

chromatography (RP-HPLC) method was designed with 

consideration of system suitability factors, including 

tailing factor (T), number of theoretical plates (N), 

runtime, and cost-effectiveness. System suitability tests 

are essential in method development and are employed 

to verify the correct operation of the chromatographic 

system. The advanced method produced the elution of 

HFM at 3.845 min, where the total run time is 10 minutes, 

as shown in Fig. 2. Retention time, number of theoretical 

plates, and peak tailing factor (T) were assessed for six 

replicate injections of the standard at working 

concentration. The final results are given in Table 2.  

 

Table 2. System suitability results of Hexaflumuron 

Parameters Hexaflumuron (HFM) 

Retention time (min) 3.845 

Number of theoretical plates (N) 4823 

Tailing Factor (T) 1.15 

3.2.2. Specificity 

The analyte was identified by comparing its retention 

time with that of the sample and the standard solution 

that was completely identical. Moreover, the positioned 

peak of the pure analytical standard of HFM was used to 

corroborate the identification. As can be seen from the 

chromatograms in Figure 2, there were no other coeluted 

peaks that interfered with the HFM peak when a blank 

sample was injected. 

3.2.3.  Linearity and range 

As can be easily seen by reviewing the data in Figure 3, 

the calibration data don’t show any non-linear trends or 

outliers. According to Table 3, the calibration range was 

0.05 mg/mL to 0.25 mg/mL, and linearity was evaluated 

using the correlation coefficient (R2). The slope value was 

y = 4×107x + 174405 and appeared high linearity with R2 

= 0.9974. 

 
Figure 3. The linear response of peak area against hexaflumuron 

concentration. 

3.2.4. LOD & LOQ 

The linearity calibration data of HFM could be used for 

easily determining the LOD and LOQ limitations. The 

results showed that the LOQ was 41.6 µg/mL and the 

LOD was 13.7 µg/mL. 

3.2.5. Repeatability and precision 

As shown in Table 3, trireplicate injections of HFM 

standard solutions with five concentrations of 50 µg/mL, 

100 µg/mL, 150 µg/mL, 200 µg/mL, and 250 µg/mL were 

used to assess the analyte's repeatability using the RSD% 

of peak areas. The results were found to be below the 

1.5% acceptability threshold. These findings 

demonstrate the repeatability of the existing HFM 

determination method. 

y = 4E+07x + 174405
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0

200

400

600

800

1000

1200

0 0.05 0.1 0.15 0.2 0.25 0.3

P
ea

k
 A

re
a

x
 1

00
00

Concentration (mg/mL)



Elkamhawy  et al.   Turk J Anal Chem, 7(2), 2025, 162-167   

166 

 

Table 3. Results of the linearity study of the HPLC-UV method 

Conc. 

(mg/mL) 
Rep. Peak Area Average STDEV RSD% 

0.05 

R1 2253316.25 

2282300.03 29813.53 1.31 R2 2280704.60 

R3 2312879.25 

0.1 

R1 4425770.96 

4462113.24 31742.17 0.71 R2 4484406.82 

R3 4476161.95 

0.15 

R1 6892058.69 

6822192.34 69631.53 1.02 R2 6821720.31 

R3 6752798.04 

0.2 

R1 8448178.54 

8498632.79 45345.77 0.53 R2 8511734.95 

R3 8535984.89 

0.25 

R1 10996251.52 

10992666.12 56672.10 0.52 R2 11047460.39 

R3 10934286.44 

Conc: Concentration,  Rep.: Replicates 

3.2.6. Accuracy and recovery 

The accuracy results of the tested range (50% -150%) of 

the target concentration of 100% (100 µg/mL) were found 

to be within the range of acceptable criteria levels (98–

102%), as demonstrated in Table 4. 

3.3. Method application 

In order to verify the applicability of the new validated 

method to a commercial formulation, SCORCH 10% EC® 

was analyzed at working concentration, and it is shown 

in Fig. 4. The sample peak was first identified by 

comparing the retention time with the analytical 

standard of HFM. System suitability parameters fell 

within the acceptance ranges. Integration of separated 

peak area was done, and product concentration was 

determined by triplicate injection and then using the 

average peak area concentration relationship obtained in 

the standardization step. These good results that are 

shown in Table 5 revealed that the validated method was 

found to be resolute, selective, and specific for the HFM 

peak.   Also, these results are compatible with the 

acceptable limit provided by the manufacturer. 

 

Table 5. The values of hexaflumuron in commercial sample that 

determined by the new method 

Product Name Replicates Peak Area 

Actual 

Conc. 

(%) 

Mean 

Actual 

Conc. (%) 

SCORCH® 10% EC 

R1 4407754.93 9.72 

9.79 R2 4459302.19 9.83 

R3 4468061.92 9.85 

4. Conclusion 

This stated method can be used effectively to determine 

the amount of hexaflumuron in some pesticide products 

while simultaneously obtaining precise 

chromatographic profiles for chemometric analysis.  

The new method showed good linear regression, R2 > 

0.99. The method was reliable and stable, with RSDs 

Table 4. Accuracy and recovery results 

Theoretical 

Conc. (%) 
Rep. Peak Area 

Actual 

Conc. 

(%) 

Mean 

Actual 

Conc. (%) 

R(%) 

50 

R1 2319572.20 50.39 

50.35 100.70 R2 2365003.87 51.38 

R3 2268531.62 49.28 

100 

R1 4502659.95 97.82 

98.48 98.48 R2 4575316.55 99.40 

R3 4521545.61 98.23 

150 

R1 6811329.70 147.97 

148.99 99.32 R2 6960648.22 151.22 

R3 6802656.43 147.79 

Conc: Concentration,  Rep.: Replicates 

Figure 4. The chromatogram of the commercial formulation containing HFM pesticide 
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between 0.52 and 1.31 %.   These validation results were 

excellent compared to other methods reported in 

literature, making our new method widely applicable. 

The retention time of HFM was about 3.84 min with run 

time of the analysis was about 10 min. This analysis 

requires a small amount of organic solvent, as indicated 

by the justified run time, making this method both 

economical and environmentally benign. The 

appropriate quantification limit and reliable results 

proved the method’s ability to be used routinely in the 

chemical analysis laboratories. 
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Abstract 

This study was to investigate the biological properties (antioxidant, enzyme inhibitory, and antimicrobial activity) of water extract (WE), 50:50% 

water:ethanol extract (WEE), and ethanol extract (EE) of aerial parts of Alchemilla vulgaris L. which was traditionally used to alleviate and treat 

many diseases. The WEE extract exhibited the highest total phenolic content (TPC), with a value of 612 µg GAE/mL, while the EE extract 

demonstrated the highest total flavonoid content (TFC), with a value of 86.3 µg QE/mL. The data showed that the WEE extract exhibited the 

highest radical scavenging capacities with SC50 values of 0.0056 and 0.0028 mg/mL as determined by the DPPH and ABTS assays, respectively. 

The WEE extract also showed the highest antioxidant activities with 267 and 0.081 µM TEAC as determined by FRAP and CUPRAC assays, 

respectively. Furthermore, with IC50 values of 0.0628 and 0.0535 mg/mL, WEE extract was found to be an effective inhibitor of bovine carbonic 

anhydrase (BCA) and α-glucosidase. The EE extract showed activity against both Gram-negative and Gram-positive bacteria used in the study. 

EE extract has the highest activity against Yersinia pseudotuberculosis and the lowest activity against Streptococcus pyogenes. Moreover, the extracts 

significantly reduced the biofilm ability of the Acinetobacter baumannii isolate. EE and WE reduced the biofilm formation capacity of the strain to 

a weak level, while WEE extract reduced it to a moderate level. The results suggest that EE has a significant effect in combating antibiotic 

resistance, while WEE has high antioxidant activity and a good inhibitory effect against BCA and α-glucosidase enzymes. In addition, the results 

revealed that solvent extracts with different solvent compositions and polarities may have different effects on diverse bioactivity tests. 

Keywords:  Antibiofilm, antioxidant activity, Alchemilla vulgaris L., carbonic anhydrase, α-glucosidase 

1. Introduction

Throughout history, the utilization of medicinal plants 

has been documented as an alternative therapeutic tool 

for the treatment of numerous diseases. [1]. The 

medicinal plants have been known to contain a variety 

of secondary metabolites, including phenolic acids, 

flavonoids, anthocyanins, lignans, and coumarins [2]. 

These secondary metabolites have been demonstrated to 

exhibit various biological activities, including 

antioxidant, antimicrobial, antidiabetic, and anticancer 

properties [3]. A considerable number of plant species 

have been found to possess the ability to scavenge and 

hinder the process of free radical formation, which is 

known to induce oxidative damage in biomolecules. The 

presence of antioxidant activity in these secondary 

metabolites has been identified as a key factor in their 

function [4]. Moreover, plant based natural antioxidants 

are favored over synthetic ones due to their safety 

profiles [5]. Therefore, there is considerable interest in 

scientific research that focuses on the bioactivity of 

natural products. 

Alchemilla is commonly referred to as "Lady's Mantle" 

or "Lion's Foot", and species belonging to this genus are 

predominantly distributed across Europe and Asia, 

being found in northeastern Anatolia (Türkiye), 

northern Iraq, and northwestern Iran [6]. A wide range 

of biological activities has been attributed to various 

species of Alchemilla, including antioxidant, anticancer, 

antidiabetic, and antimicrobial properties [1,7,8]. 
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The genus Alchemilla vulgaris L., an herbaceous 

perennial plant in the family Rosaceae, is widely used in 

folk medicine throughout the world, and in traditional 

medicine, the plant is commonly used for the treatment 

of ulcers, wounds, eczema, and digestive problems [7]. 

A. vulgaris has been characterized by strong antioxidant 

activity due to the presence of phenolic constituents and 

large quantities of tannins, flavonoids, and phenolic 

carboxylic acids [9]. The aerial parts of the plant are used 

in the treatment of gastrointestinal diseases and for the 

acceleration of wound healing, a consequence of their 

potent antimicrobial and anti-inflammatory properties 

[1]. 

Reactive oxygen species (ROS), which have been 

identified as agents of a range of diseases, including 

oxidative stress, cancer, Alzheimer's, diabetes, and 

aging, have been shown to induce oxidative damage to 

biomolecules [10]. Antioxidants have been shown to 

inhibit or delay the oxidation process by obstructing the 

initiation or propagation of oxidizing chain reactions 

[11]. 

The carbonic anhydrase (CA) enzyme is of pivotal 

importance in a multitude of physiological processes 

[12]. Carbonic anhydrase inhibitors (CAIs) are employed 

in clinical settings as diuretics, anti-glaucoma, anti-

obesity, and antineoplastic agents [13]. Consequently, 

there is a scientific imperative to explore novel natural 

CA inhibitors. 

Diabetes mellitus (DM) is a prevalent metabolic 

disorder, characterized by elevated blood glucose levels, 

triggered by the development of either insulin deficiency 

or resistance. The α-glucosidase enzyme plays a crucial 

role in regulating the process of carbohydrate digestion 

[14]. Inhibition of the activity of the α-glucosidase 

enzyme can delay the absorption of glucose by the body. 

Thus, there is a significant need to identify novel natural 

α-glucosidase inhibitors for the management of diabetes. 

A major global public health challenge is represented 

by the alarming prevalence of Gram-negative bacteria 

that exhibit high levels of antibiotic resistance. The 

morbidity and mortality rates associated with these 

infections are high, largely due to a paucity of effective 

treatment options [15]. Research and development are 

vital to determine more effective natural antibacterials to 

combat bacterial infections. 

The literature contains various studies investigating 

such as the phenolic composition, antimicrobial, and 

antioxidant properties of A. vulgaris, with a particular 

focus on the biological activities [1,6,7,8,16]. A review of 

the literature revealed that no study had been conducted 

to evaluate the antibiofilm and carbonic anhydrase 

inhibition activities of A. vulgaris. The objective of the 

present study was to evaluate the antibiofilm, 

antioxidant, and antimicrobial activity and carbonic 

anhydrase and α-glucosidase inhibition abilities of aerial 

parts of A. vulgaris extracts. 

2. Materials and methods 

2.1. Chemicals and reagents  

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-

carboxylic acid), methanol, acetic acid, gallic acid, 

quercetin, ammonium acetate, ammonium nitrate, 

ethanol, NaOH, CuCl2, NaCl, HCl, Na2CO3, 

CH3COONH4, neocuproine (2,9-Dimethyl-1,10-

phenanthroline), DPPH• (2,2-diphenyl-1-

picrylhydrazyl), ABTS (2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)), FeCl3.6H2O, , α-

glucosidase (Saccharomyces cerevisiae, lyophilized 

powder, ≥ 10 units/mg protein), 4-nitrophenyl-α-D-

glucopyranoside, sulfanilamide (4-

aminobenzenesulfonamide), Folin-Ciocalteu′s, phenol 

reagent, and yeast extract were purchased from Sigma 

Aldrich (St. Louis, MO, USA). TPTZ (2,4,6-tris(2-

pyridyl)-s-triazine), bovine carbonic anhydrase (BCA, 

lyophilized powder, ≥ 2000 W-A units/mg protein), 

tryptone, and crystal violet were purchased from Merck 

(Darmstadt, Germany). 4-nitrophenil acetate was 

purchased from BLDpharm (Shanghai, China).  

2.2. Plant material and sample preparation 

The dried aerial parts of A. vulgaris were obtained from 

an herbalist in Trabzon in February 2025. The dried 

aerial parts were pulverized using a grinder. Three 

different solvents, water, 50:50% water:ethanol, and 

ethanol were utilized for the extraction process. The 

water, 50:50% water:ethanol, and ethanol extracts are 

coded WE, WEE, and EE, respectively. 

The dried and powdered aerial parts (10 g) of A. 

vulgaris were subjected to solvent (100 mL) extraction for 

a period of 2 hours, employing continuous stirring at 

ambient temperature. The quantity of the extracts was 

determined subsequent to filtration through 0.45 µm 

syringe filters (Whatman) and concentrating under 

reduced pressure. The process of dissolution was carried 

out for each extract in its own solvent, with the objective 

of achieving the desired concentration. The extracts were 

then maintained at a temperature of 4°C until further 

utilization in subsequent experiments. 

2.3. Determination of total phenolic and flavonoid 

contents 

2.3.1. Total phenolic content (TPC)  

The total phenolic content of the aerial parts of A. vulgaris 

extracts was determined using the Folin-Ciocalteu 

reagent method, as described by Slinkard and Singleton 

[17]. 50 µL of the sample solution was mixed with 250 µL 

of 0.2 N Folin-Ciocalteu reagent. Then 750 µL of Na2CO3 
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(7.5%) was added to the mixtures, and the reaction 

solutions were incubated for 2 hours. Following the 

conclusion of the incubation period, the absorbances 

were determined spectrophotometrically at a 

wavelength of 765 nm. The standard calibration graph of 

gallic acid was prepared and the amount of phenolic 

compound in the samples was calculated as gallic acid 

equivalent (µg GAE/mL). 

2.3.2. Total flavonoid content (TFC)  

The total flavonoid content of the extracts obtained from 

the aerial parts of A. vulgaris was determined in 

accordance with the method established by Fukumoto 

and Mazza [18]. Following the addition of the sample 

solutions to the test tubes, 1 M ammonium acetate 

(CH3COONH4) and 10% aluminum nitrate 

(Al(NO3)3.9H2O) were introduced to the tubes in the 

prescribed manner. Following the conclusion of the 

incubation period (40-minutes), the absorbances were 

measured at a wavelength of 415 nm. The standard 

calibration graph of quercetin was prepared and the 

amount of flavonoid compound in the samples was 

calculated as quercetin equivalent (mg QE/mL). 

2.4. Determination of antioxidant activities 

2.4.1. DPPH‧ radical scavenging activity 

The DPPH radical scavenging activities of extracts 

obtained from the aerial parts of A. vulgaris were 

examined by employing the method that had been 

described by Brand-Williams et al. [19]. The testing 

concentrations of extracts from the aerial parts of A. 

vulgaris were adjusted with the objective of yielding 

results indicative of scavenging activity. The 

methodology comprised the mixing of the extracts with 

a DPPH solution, with the mixture then being 

maintained at ambient temperature and in the absence 

of light for a period of 50 minutes. The absorbance of the 

solution treatment with standard and extracts was 

measured at a wavelength of 517 nanometers. A graph 

was generated based on the concentrations that 

corresponded to the values of the absorbances that had 

been determined. The quantity of sample necessary to 

reduce the DPPH concentration by 50% was determined 

in mg/mL, and this is represented in the graph as the SC50 

(half of the maximal scavenging concentration) value. A 

comparison was made between the scavenging capacity 

of the extracts and that of the standard antioxidant, 

Trolox.   

2.4.2. ABTS‧+ radical scavenging activity 

The ABTS radical scavenging activities of extracts 

obtained from the aerial parts of A. vulgaris were 

examined by employing the method that had been 

described by Re et al. [20]. The preparation of the ABTS 

stock solution involved the dissolution of ABTS, 

followed by its mixture with a potassium persulfate 

solution. Subsequently, the mixture was left at ambient 

temperature and in darkness for a period of 18 hours in 

order to obtain the ABTS radical cation (ABTS‧+). At the 

end of this period, it was diluted to approximately 1/50 

of its original concentration, and its absorbance was 

adjusted to 0.07 at 734 nm. Trolox was utilized as the 

antioxidant standard, and was studied in triplicate at six 

distinct concentrations. Following a 20-minute interval, 

the absorbances of each sample were measured at a 

wavelength of 734 nm. The quantity of sample required 

to reduce ABTS‧+ concentration by 50% was calculated 

as mg/mL, with the results expressed as SC50. 

2.4.3. Ferric reducing antioxidant power (FRAP) 

The FRAP effects of the extracts obtained from the aerial 

parts of A. vulgaris were evaluated in vitro according to 

the method described by Benzie and Strain [21]. 

Following a series of preliminary trials, it was 

established that all extracts should be diluted to a 

concentration of 0.1 mg/mL. Subsequently, 50 µL of each 

extract and standard solution were combined with 1.5 

µL of freshly prepared FRAP reagent. Subsequent to a 

20-minute incubation period, the absorption values were 

measured at a wavelength of 595 nm. The results were 

calculated in µM TEAC (Trolox Equivalent Antioxidant 

Capacity) by employing a standard curve that had been 

prepared from Trolox solutions. 

2.4.4. Cupric reducing antioxidant capacity (CUPRAC) 

The original description of the CUPRAC assay was 

provided by Apak and colleagues [22]. This assay was 

modified and utilized for the analysis of the aerial parts 

of A. vulgaris extracts in the present study. Preliminary 

trials indicated that all extracts should be studied by 

dilution to a concentration of 0.1 mg/mL. In the initial 

phase of the experimental procedure, equal volumes of 

a Cu (II) chloride solution, a neocuproin solution, and an 

ammonium acetate buffer were added to test tubes, 

respectively. Then, the spectrophotometric 

measurement of the absorbance values was conducted at 

a wavelength of 450 nm. The antioxidant capacity of the 

extracts was calculated in µM TEAC, utilizing a standard 

antioxidant Trolox graph that had been studied at 

various concentrations. 

2.5.  Determination of enzyme inhibition 

2.5.1. Carbonic anhydrase inhibitory activity 

The aerial parts of A. vulgaris extracts were tested for 

carbonic anhydrase inhibitory (CAI) activity by using 

bovine carbonic anhydrase enzyme (BCA). The CA 

enzyme catalysis the hydrolysis of p-nitrophenyl acetate 

(PNPA) to p-nitrophenol and p-nitrophenolate ions. The 
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measurement of the absorbency at 348 nm, resulting 

from the formation of p-nitrophenol and p-

nitrophenolate, is conducted at the conclusion of the 

reaction. In order to determine the inhibition activity of 

extracts, a series of reactions were conducted in test 

tubes. The reactions, comprised 150 µL of enzyme, 50 µL 

of inhibitor, 550 µL of 0.05 M phosphate buffer (pH: 7.4) 

and 750 µL of 3 mM substrate (p-nitrophenyl acetate). 

Inhibition activity is expressed in terms of IC50 values, 

representing the concentration of the sample that yields 

50% inhibition of enzyme activity [23]. Sulfanilamide 

was studied as a standard inhibitor. The IC50 values of 

sulfanilamide and the samples were calculated in 

mg/mL. 

2.5.2. α-Glucosidase inhibitory activity 

The α-glucosidase enzyme activity of the aerial parts of 

A. vulgaris extracts was investigated through a modified 

approach [24]. A volume of 20 µL of sample and 30 µL 

of α-glucosidase enzyme (Saccharomyces cerevisiae, 

lyophilized powder, ≥ 10 units/mg protein) were added 

to 650 µL of phosphate buffer (pH: 6.8 and 0.1 M). The 

mixture was then maintained at 37 °C for a period of 10 

minutes. Subsequently, 75 µL of substrate (4-

nitrophenyl-α-D-glucopyranoside) was added to the 

tubes. The mixture was then maintained at the initial 

temperature for a further 20 minutes. Finally, 650 µL of 

1 M Na2CO3 was added to the tubes. Absorbance values 

were measured at 405 nm in a UV/VIS 

spectrophotometer. Acarbose (positive control) was 

studied as a standard inhibitor. The IC50 values of 

acarbose and the samples were calculated in mg/mL. 

2.6.  Determination of antimicrobial activities 

2.6.1. Agar diffusion assay 

For the agar diffusion test, 6 different microorganisms 

were used (SA: Staphylococcus aureus ATCC 25923 and 

SP: Streptococcus pyogenes ATCC 19615, EC: Escherichia 

coli ATCC 25922, PA: Pseudomonas aeruginosa ATCC 

43288, PV: Proteus vulgaris ATCC 13315, YP: Yersinia 

pseudotuberculosis ATCC 911). Holes were made in the 

agar using sterile hole punchers (diameter 6 mm), and 

extracts were added to each hole (50 µL). Ampicillin was 

used as a positive control, and 50 µL was loaded into the 

central hole. The prepared petri dishes were kept at 

room temperature for 2 hours and then incubated at 

37°C for 24 hours, and the inhibition zone diameters 

were measured with a scale [25]. 

2.6.2. Minimum inhibitory concentrations (MIC) 

Minimum inhibitory concentrations (MIC) of the aerial 

parts of A. vulgaris extracts were determined using the 

broth microdilution method. Initial concentrations of the 

extracts were used as 10 mg/mL. MIC values were 

investigated against previously determined clinical 

antibiotic-resistant biofilm forming capacity of A. 

baumannii strains. The assays have been performed in 96 

plates and in triplicate [25,26]. 

2.6.3. Antibiofilm properties 

The 1/2 MIC values of the aerial parts of A. vulgaris 

extracts were used as a reference for the antibiofilm 

activity test against antibiotic-resistant A. baumannii, 

which has a strong biofilm formation capacity. After 

overnight incubation of A. baumannii in 3 mL LB 

medium, 1/100 dilutions were added to 96-well plates 

together with 1/2 MIC extracts. Plates were incubated at 

37 °C for 24 hours. The suspension in the 96-well plate 

was then decanted, and the plate was washed three 

times with distilled water. 200 µL of 1% crystal violet dye 

was added to each well and incubated for 20 minutes at 

ambient temperature. The crystal violet was removed 

from the plates, washed with distilled water, and 

allowed to dry for 15 minutes at ambient temperature. 

200 µL of 95% ethanol was added into the wells. Optical 

absorbance (A) was measured at 620 nm on a 

spectrometer. The experiment was carried out in 

triplicate. The evaluation was based on four different 

criteria [26]. 

2.7. Statistical evaluation 

The measurements were made in triplicate, and the 

mean values are reported. Standard deviations were 

calculated in Microsoft Excel. The percentage relative 

standard deviations were in the range of 2-5%. The 

regression analyses were done by using Microsoft Excel 

with R2 values over 0.98. 

3. Results and discussions 

3.1. Evaluation of total phenolic and flavonoid contents 

Phenolic and flavonoid compounds represent a 

noteworthy group of antioxidants, which are present in 

significant concentrations within the plants. 

In the present work, WEE had the highest total 

phenolic content, with 612 ± 1.92 µg GAE/mL (Table 1). 

According to the literature, Vlaisavljević et al. [1] 

reported that the total phenolic contents of methanolic, 

ethanolic, ethyl acetate, and water extracts of A. vulgaris 

were 7.71, 7.40, 9.65, and 6.89 mg GAE per g of extract, 

respectively. Tasić-Kostov et al. [27] reported that the 

total polyphenol contents of ethanolic and water extracts 

of A. vulgaris were 110.80 and 82.16 µg GA/mg, 

respectively. Jelača et al. [16] reported that the ethanolic 

extract of A. vulgaris L. represents a valuable source of 

bioactive compounds. They also reported that the total 

phenolic content of A. vulgaris extract was 7.55 ferulic 

acid equivalents per gram of dry weight. 
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The total flavonoid content of the WE, WEE, and EE 

extracts is shown in Table 1. The EE had the highest total 

flavonoid content, with a value of 86.3 ± 2.5 µg QE/mL, 

while the WE extract demonstrated the lowest total 

phenolic content, with a value of 43.8 ± 1.8 µg QE/mL. In 

the literature, Kanak et al. [6] reported that twenty 

flavonoids were detected in aqueous ethanol (80% v/v) 

obtained from the leaves of A. vulgaris. Jelača et al. [16] 

reported that the total flavonoids content of the A. 

vulgaris extract was 6.99 quercetin equivalents per gram 

of dry weight. Tasić-Kostov et al. [27] reported that the 

total flavonoid contents of ethanolic and water extracts 

of A. vulgaris were 128.09 and 52.29 µg rutin/mg, 

respectively. 

 

Table 1. Total phenolic and flavonoid contents of the aerial parts of 

A. vulgaris extracts 

Samples 
Total phenolic content 

(µg GAE/mL) 

Total flavonoid content 

(µg QE/mL) 

WE 462 ± 1.67 43.8 ± 1.8 

WEE 612 ± 1.92 54.5 ± 4.1 

EE 423 ± 2.89 86.3 ± 2.5 

 

3.2. Evaluation of antioxidant activity 

The present study investigated the antioxidant activities 

of the WE, WEE, and EE extracts, as determined by the 

DPPH, ABTS, FRAP, and CUPRAC methods. 

In the present work, the SC50 values of DPPH 

scavenging activities of standard and extracts are 

presented in Table 2. The DPPH radical scavenging 

assay showed that WEE had the highest antioxidant 

activity, with an SC50 value of 0.0056 ± 0.0002 mg/mL, 

whereas EE had the lowest activities, with an SC50 value 

of 0.0099 ± 0.0004 mg/mL. According to the literature, 

Boroja et al. [7] reported that the SC50 values of DPPH 

radical scavenging in methanolic extract of above 

ground parts of A. vulgaris was 0.0059 mg/mL. In another 

study, Tasić-Kostov et al. [27] reported that the SC50 

values of DPPH radical scavenging activity in the aerial 

parts of ethanolic and water extracts of A. vulgaris with, 

0.11 and 27.22 µg/mL, respectively.  

The SC50 values of ABTS scavenging activities of 

standard and extracts are presented in Table 2. WEE had 

the highest reducing activities, with 0.0028 ± 0.0001 

mg/mL, while WE and EE were exhibited values of 

0.0048 ± 0.0002, 0.0243 ± 0.0006, and 0.0055 ± 0.0003 

mg/mL, respectively. In the literature, Boroja et al. [7] 

reported that the SC50 values of ABTS radical scavenging 

in methanolic extract of aboveground parts of A. vulgaris 

was 0.0148 mg/mL. In another study, Vlaisavljević et al. 

[1] reported that the SC50 values of ABTS radical 

scavenging activity in the aerial parts of 70% ethanol and 

water extracts of A. vulgaris were 119.62 and 37.50 mg TE 

/ g DE, respectively. 

As demonstrated in Table 2, the results of the FRAP 

activities of the standard and the extracts are expressed 

in terms of µM TEAC. The WEE extract demonstrated 

the highest level of reducing activity, with a TEAC of 267 

± 1.39 µM, while the EE extract exhibited the lowest 

reducing activity, with a TEAC of 179 ± 3.42 µM. In the 

literature, Vlaisavljević et al. [1] reported that the FRAP 

values of the aerial parts of 70% ethanol and water 

extracts of A. vulgaris were 6405.75 and 3240.09 mg AAE 

/ g DE, respectively. 

The CUPRAC activities of the standard and the 

extracts are presented in Table 2, expressed as µM TEAC. 

WEE had the highest reducing activities, with 0.081 ± 

0.003 µM TEAC, while WE and EE were exhibited values 

of 0.067 ± 0.002 and 0.064 ± 0.001 µM TEAC, respectively. 

Vlaisavljević et al. [1] reported that the CUPRAC values 

of the aerial parts of 70% ethanol and water extracts of A. 

vulgaris were 203.53 and 78.56 mg TE / g DE, 

respectively. 

In this study, in accordance with the literature, it was 

determined that the WEE extract has a strong 

antioxidant capacity. Moreover, the results of the DPPH, 

ABTS, FRAP, and CUPRAC antioxidant activity tests 

exhibited positive correlation. 

 

Table 2. DPPH and ABTS radical scavenging capacities, FRAP and 

CUPRAC antioxidant activities of the aerial parts of A. vulgaris extracts 

Samples 

DPPH 

(SC50 values 

mg/mL) 

ABTS 

(SC50 values 

mg/mL) 

FRAP 

(µM TEAC) 

CUPRAC 

(µM TEAC) 

WE 0.0077 ± 0.0003 
0.0048 ± 

0.0002 
206 ± 3.15 0.067 ± 0.002 

WEE 0.0056 ± 0.0002 
0.0028 ± 

0.0001 
267 ± 1.39 0.081 ± 0.003 

EE 0.0099 ± 0.0004 
0.0055 ± 

0.0003 
179 ± 3.42 0.064 ± 0.001 

Trolox 0.0020 ± 0.0001 
0.0026 ± 

0.0001 
― ― 

 

3.3. Evaluation of enzyme inhibition 

CAIs are valuable for their use in many medical 

conditions including diuretic, anti-glaucoma, anti-

epileptic, anti-obesity, and anti-cancer [13]. A 

considerable number of phenolic compounds with 

antioxidant properties have been documented to possess 

CA inhibition capabilities [28]. In addition, newly 

synthesized compounds are being evaluated for their 

carbonic anhydrase inhibitory activity [23]. In recent 

years, there has been an increase in the search for CAIs, 

whether synthetic or natural. Therefore, the aerial parts 

of A. vulgaris extracts were tested for CAI by using BCA. 

It was evident that all extracts exhibited significant 

inhibitory activity against BCA. The WEE extract 

demonstrated the most effective inhibitory activity, 

exhibiting low IC50 values of 0.0628 mg/mL (Table 3). 
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Table 3. IC50 values of the aerial parts of A. vulgaris extracts in carbonic 

anhydrase inhibitory (CAI) activity test 

Sample/Standard IC50 Value (mg/mL) 

Sulfanilamide 0.0004 

WE 0.1748 

WEE 0.0628 

EE 0.0754 

 

It has been established that the inhibition of the α-

glucosidase enzyme is a pivotal strategy for the 

prevention of diabetes, which is a major public health 

concern. For the purpose of this study, the aerial parts of 

A. vulgaris extracts were examined as potential natural 

inhibitors of the α-glucosidase enzyme. The α-

glucosidase enzyme activity of the WE, WEE, and EE 

extracts was measured as 0.1275, 0.0535, and 0.1623 

mg/mL IC50, respectively (Table 4). The highest α-

glucosidase enzyme inhibition value of the plant was 

observed in the WEE, and the lowest in the EE. The 

present review demonstrated the findings from studies 

conducted in the literature on the α-glucosidase enzyme 

activity of different species belonging to the Alchemilla 

family. Methanol and pure water were utilized as 

solvents in the course of these studies. It was determined 

that the α-glucosidase enzyme activity of the methanol 

extract was higher than that of pure water [29,30]. In a 

study conducted with A. vulgaris L. species, different 

enzyme activities (lipase activity and α-amylase activity) 

were examined. In the study, leaf and flower parts of the 

plant were extracted using different solvents (MeOH, 

MeOH 70%, EtOH, EtOH 70%, Hexane and Chloroform). 

In the study conducted with these enzymes, it was 

observed that the ethanol-water mixture showed activity 

[31]. 

 

Table 4T. α-Glucosidase enzyme inhibition activities of the aerial parts 

of A. vulgaris extracts 

Sample/Standard IC50 Value (mg/mL) 

Acarbose 0.0118 

WE 0.1275 

WEE 0.0535 

EE 0.1623 

 

3.4. Evaluation of antimicrobial activity 

The activities of the WE, WEE, and EE extracts against 

standard bacteria were investigated by the agar 

diffusion method. The results obtained from the study 

indicated that the WE and WEE extracts demonstrated 

no effect against the six bacterial strains employed in the 

experiment. The investigation revealed that the EE 

extract exhibited activity against both Gram-negative 

and Gram-positive bacteria utilized in the study. 

Ampicillin was used as a control. Accordingly, it was 

observed that the EE extract exhibited the highest 

activity against YP and PV, with zone diameters of 18 

and 17, respectively. It was also observed that EE extract 

exhibited the lowest activity against SP, with a zone 

diameter of 12. In addition, EE extract was established 

that the same inhibitory effect (15 zone diameter) against 

SA, PA, and EC (Fig. 1). 

 
Figure 1. Antimicrobial activity of the aerial parts of A. vulgaris extracts 

A: YP (Yersinia pseudotuberculosis ATCC 911),  

B: SA (Staphylococcus aureus ATCC 25923),  

C: PA (Pseudomonas aeruginosa ATCC 43288),  

D: SP (Streptococcus pyogenes ATCC 19615)  

U1: EE (ethanol extract of aerial parts of Alchemilla vulgaris L.);  

U2: WE (water extract of aerial parts of Alchemilla vulgaris L.);  

U3: WEE (50:50% water:ethanol extract of aerial parts of Alchemilla 

vulgaris L.);  

Amp: Ampicillin (control). 

 

In a study investigating the antimicrobial activity of 

the lady's claw plant in 2022, it was seen that the extracts 

had MIC values of 2.5-5-10 mg/mL against different 

microorganisms [32]. Aerial parts of Alchemilla alpina L. 

were extracted using different solvents (methanol, 

ethanol, and chloroform), and their antimicrobial 

activity was determined by disk-disk diffusion method, 

and it was shown that these extracts inhibited the growth 

of some bacteria at different rates (8-23 mm) [33]. In a 

different report investigating the biological activity of 

the extract of the aerial part of A. vulgaris, it has 

antimicrobial activity against both bacteria and fungi 

[34]. In 2024, the antimicrobial activity of the plant 

Alchemilla holotricha Juz. was investigated, and the 

extract had the highest antibacterial activity against E. 

coli with a measurement of 17 mm and the lowest activity 

against Bacillus subtilis with a diameter of 8 mm [35].  In 

this study, it was observed that the plant has activity 

against both Gram-negative and Gram-positive bacteria. 

The findings will contribute to the foundation for more 

extensive and in-depth research on the potential effects 

of plant extracts [34]. 

A. baumannii is responsible for a variety of medical 

device-associated infections, urinary tract infections, 

meningitis, endocarditis, respiratory infections, wound 

infections, and bacteremia in hospitalized patients. All of 

these infections are associated with the formation of 

biofilms [36]. The MIC and antibiofilm effects of extracts 



Kardil et al.   Turk J Anal Chem, 7(2), 2025, 168–175   

174 

 

against antibiotic resistant clinical A. baumannii isolates 

were investigated. EE and WE extracts were found to 

have MIC values of 5 mg/mL, while WEE extract was 

found to have MIC value of 25 mg/mL against A. 

baumannii. After determining the MIC values, 

antibiofilm assay was performed using half MIC value 

and E. coli DH5@ isolate as a control strain. According to 

the data, A. baumannii has a strong biofilm formation 

capacity. When treated with extracts, it was observed 

that the biofilm formation capacity of the strain 

decreased. The EE and WE extracts reduced the biofilm 

formation capacity of the strain to a weak level, while 

WEE extract reduced it to a moderate level.  

In a study conducted by Kardil et al. in 2024 

investigating the effect of plant extract on the biofilm 

formation capacity of clinical antibiotic-resistant A. 

baumannii isolate, it was determined that methanol, 

water, and 50:50% methanol:water extracts reduced the 

biofilm formation capacity of A. baumannii isolate by 

approximately 1.7, 1.6, and 1.3 times, respectively [37]. 

In the same year, Kardil et al., in a study investigating 

the antibiofilm effect of the Vaccinium arctostaphylos L. 

leaf and fruit extracts against clinical antibiotic-resistant 

A. baumannii isolates, found that the plant's leaf extract 

significantly reduced the biofilm-forming capacity of the 

A. baumannii isolate compared to the fruit extract [38]. In 

a study carried out by Ouslimani et al., A. verticillata and 

C. cassia were found to possess the ability to inhibit the 

formation of biofilms, in addition to weakening and 

dissolving pre-formed biofilms. [39]. In this study, in 

accordance with the literature, the EE of the plant 

significantly reduced the biofilm formation capacity of 

the A. baumannii isolate, which has a strong biofilm 

formation capacity. 

4. Conclusions 

Medicinal plants represent a significant source of active 

biological compounds that have the potential for use in 

the development of new drugs. The choice of solvents 

and solvent compositions with differing polarities that 

are utilized in the extraction of plants has affected the 

type and amount of bioactive components extracted. In 

this study, the total phenolic and flavonoid contents and 

the antioxidant, carbonic anhydrase inhibitory, α-

glucosidase inhibitory, antimicrobial, and antibiofilm 

activities of aerial parts of A. vulgaris L. were presented. 

The study showed that the use of diverse solvent 

compositions resulted in the extraction of different 

bioactive components, which led to remarkable 

differences in the biological activity. WEE, together with 

the highest total phenolic content, showed the highest 

antioxidant, carbonic anhydrase inhibition, and α-

glucosidase inhibition activities. In addition, a good 

correlation has been found between the antioxidant 

activity, the total phenolic content, and the enzyme 

inhibitory effects. In contrast, the findings demonstrate 

that the EE exhibited the most pronounced total 

flavonoid, antimicrobial, and antibiofilm activity. In this 

study it was shown for the first time that the aerial parts 

of A. vulgaris L. have both a carbonic anhydrase 

inhibitory activity and an antibiofilm effect. The findings 

of our investigation suggest that the WEE and EE may 

serve as promising candidates for the prevention and 

treatment of diseases associated with oxidative damage, 

cancer, diabetes, and bacterial infections. As a result, 

further research is needed to confirm these biological 

activities and to elucidate the underlying mechanisms of 

action. 
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Synthesis, characterization and antioxidant activity of sulfonyl-1H-1,2,3-triazoles 

Fatih Çelik  

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry, 61080 Trabzon, Türkiye 

Abstract 

The compounds were characterized by FT-IR (Fourier Transform Infrared Spectroscopy), 1H-NMR (Proton Nuclear Magnetic Resonance 

Spectroscopy) and 13C-NMR (Carbon Nuclear Magnetic Resonance Spectroscopyspectroscopic) methods. The antioxidant properties of the 

compounds were evaluated using two widely accepted methodologies assays DPPH (1,1-Diphenyl-2-picrylhydrazyl radical; C₁₈H₁₂N₅O₆) and 

FRAP (Determination of Ferric Reducing Antioxidant Power). Compounds 7 and 10 emerged as the most potent antioxidant candidates, 

displaying the strongest effects in both assays. 

Keywords:  1,2,3-triazole, organic synthesis, antioxidant activity, FRAP assay 

1. Introduction

Sulfonyl compounds and 1,2,3-triazoles are        

important and versatile structures in the field of organic 

chemistry, notable for their biological activities, chemical 

stability, and wide range of applications. These 

compounds are of great significance both in 

pharmaceutical research and industrial chemistry. Due 

to their unique structures, these two classes of 

compounds can undergo a variety of chemical reactions 

and interact with biological systems. The sulfonyl group 

refers to a structure in which a sulfur atom is bonded to 

two oxygen atoms and a carbon group. The compounds 

containing this group can be generally represented by 

the formula R-SO2-. The sulfonyl group holds a 

significant place in organic chemistry due to its chemical 

bondability and reactivity. Sulfonyl compounds are 

widely used in many industrial products, such as 

pharmaceutical molecules, polymers, agricultural 

chemicals, detergents, dyes, and plastics. The biological 

effects of sulfonyl compounds are quite diverse. These 

compounds can exhibit antimicrobial, antitumor, anti-

inflammatory, and analgesic properties. Especially in the 

pharmaceutical field, drugs containing sulfonyl groups 

are highlighted as effective therapeutic agents due to 

their high affinity for specific targets. Additionally, 

molecules containing sulfonyl groups are being 

researched as potential therapeutic agents for cancer, 

diabetes, and HIV treatment. The interaction of sulfonyl 

groups with biological systems often results in the 

activation or inhibition of proteins, making them an 

important building block in drug design. Furthermore, 

sulfonyl compounds can also act as catalysts in chemical 

reactions because these compounds, with their 

electrophilic properties, can interact with different 

reactants to carry out various chemical transformations 

[1–12]. 1,2,3-Triazoles are known for their biological 

activities, with many triazole derivatives demonstrating 

antimicrobial, antifungal, antiviral, anticancer, and anti-

inflammatory effects. 1,2,3-Triazoles are part of the most 

well-known class of antifungal drugs, azoles, and are 

thus used in the treatment of fungal infections. 

Moreover, numerous studies have explored the potential 

of triazole derivatives as therapeutic agents, particularly 

in the treatment of cancer and neurological diseases. 

Sulfonyl compounds and 1,2,3-triazoles are frequently 

studied in combination with one another in organic 

chemistry. The advantage of such combinations lies in 

the merging of the biological and chemical activities of 

both structures. These combinations can be used to 

create new strategies in molecular design. While the 

triazole ring facilitates binding to biological targets, the 

sulfonyl group enhances the reactivity and stability of 

the molecule, increasing its overall efficacy. The 

combination of triazole and sulfonyl compounds can 

also be useful in catalytic processes, as both groups serve 

as active building blocks for various chemical 

transformations [13-21]. 
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Scheme 1. Synthetic pathway for the preparation of compounds 3,6,7,9,10,12 
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2. Experimental  

2.1. Instrumentation  

IR spectra of the synthesized compounds were taken on 

a Perkin Elmer FT-IR 1600 FT-IR (4000-400 cm-1) 

spectrophotometer device, and 1H-NMR, 13C-NMR 

spectra were taken on a Bruker brand 400 MHz NMR 

device with DMSO-d6 (Dimethyl sulfoxide-d6) solvent. 

The solvents and chemicals used in synthesis and 

structure elucidation were obtained from Fluka, Merck 

and Aldrich companies, and all solvents were subjected 

to appropriate purification and drying processes. 

Compounds 1 and 2 were synthesized literature [22,23]. 

2.2. Synthesis of 3-methoxy-4-((1-tosyl-1H-1,2,3-triazol-

4-yl)methoxy)benzaldehyde (3): 

3-Methoxy-4-(prop-2-yn-1-yloxy)benzaldehyde (1) (1 

mmol) and 4-methylbenzenesulfonyl azide (2) (1 mmol) 

was mixed in water/t-butanol (1:4) Then copper sulfate 

pentahydrate %98  (1/20 mol) and sodium ascorbate %98 

(1/10 mol) were added to the reaction mixture. The 

reaction mixture was stirred at room temperature for 2 

days. At the end of the reaction the contents of the flask 

were poured into the ice-water mixture, the resulting 

solid was filtered and washed with water, crystallized 

with N,N-Dimethylformamide (DMF)-water (Scheme 1). 

 Yield: 88.02%; m.p.170-172oC; IR (ν,cm-1): 1742 (C=O), 

1587 (C=C), 1265 (C-O),1123 (C-SO2) ; 1H-NMR (δ ppm): 

2.39 (s, 3H, CH3), 3.78 (s, 3H, OCH3), 4.20 (s, 2H, OCH2), 

Arom. [7.12 (bs, 1H, CH), 7.40 (bs, 3H, CH), 7.50 (bs, 1H, 

CH), 7.80 (bs, 2H, CH)], 9.84 (s, 1H,1,2,3-trz.CH), 12.26 

(s,1H, HC=O); 13C-NMR (δ ppm): 21.53 (CH3), 56.06 

(OCH3), 64.14 (OCH2), Arom. C [110.39 (CH), 126.43 

(CH), 127.98 (CH), 149.58(C), 153.56(C) 169.47(C) 4-CH3-

Ph C (122.73 (CH), 130.00 (CH), 136.89 (C), 144.71 (C))], 

112.73 1,2,3-trz.(CH), 130.29 1,2,3-trz.(C), 191.87 (HC=O). 

2.3. Synthesis of compounds (6,9) 

Compound 4-(prop-2-yn-1-yloxy)benzaldehyde (4) (1 

mmol) separately with ethanesulfonyl azide (5) and 4-

chlorobenzenesulfonyl azide (8) (1 mmol) water/t-

butanol (1: 4) mixed in. Then, copper sulfate 

pentahydrate %98 (1/20 mol) and sodium ascorbate %98 

(1/10 mol) were added to the reaction mixture. The 

reaction mixture was stirred at room temperature for 2 

days. At the end of the reaction, the contents of the flask 

were poured into the ice-water mixture, and the solid 

obtained was filtered and washed with water. It was 

crystallized with DMF-water. 

2.3.1. 4-((1-(Ethylsulfonyl)-1H-1,2,3-triazol-4-

yl)methoxy)benzaldehyde (6):  

Yield: 89.08%; m.p.160-162oC; IR (ν,cm-1): 1705 (C=O), 

1600 (C=C), 1255 (C-O) ,1130 (C-SO2) ; 1H-NMR (δ ppm): 

1.20 (t, 3H, CH3) 2.85 (q, 2H,SCH2) , 4.32 (s, 2H, OCH2), 

Arom. [7.14 (d, 2H, CH), 7.88 (d, 2H, CH)], 9.88 (s, 

1H,1,2,3-trz.CH), 11.81 (s,1H, HC=O); 13C-NMR (δ ppm): 

8.22 (CH3), 47.01(SCH2) , 63.98 (OCH2), Arom. C [115,54 

(CH), 132.31 (CH), 163.49 (C), 170.57(C)], 115.70 (1,2,3-

trz.(CH)), 130.14 (1,2,3-trz.(C)), 191.88 (HC=O). 

2.3.2. 4-((1-((4-Chlorophenyl)sulfonyl)-1H-1,2,3-triazol-4-

yl)methoxy)benzaldehyde (9): 

Yield: 90.12%; m.p.185-187oC; IR (ν,cm-1): 1729 (C=O), 

1604 (C=C), 1258 (C-O) 1130 (C-SO2); 1H-NMR (δ ppm): 

4.22 (s, 2H, OCH2), Arom. [7.01 (d, 2H, CH), 7.72 (d, 2H, 

CH), 7.85 (d, 2H, CH), 7.94 (d, 2H, CH)], 9.96 (s, 1H,1,2,3-

trz.CH), 12.14 (s,1H, HC=O); 13C-NMR (δ ppm): 63.83 

(OCH2), Arom. C [115,70 (CH), 129.79 (CH), 163.51 (C), 

169.73(C), 4-Cl-Ph C (129.99 (CH), 132.22 (CH), 138.52 

(C), 139.15 (C))], 115.70 (1,2,3-trz.(CH)), 130.20 (1,2,3-

trz.(C)), 191.96 (HC=O). 

2.4. Synthesis of compounds (7,10,12) 

Compounds 7,10,12 (1 mmol) were mixed separately in 

4-aminophenol and ethanol a round bottom flask and 

refluxed for 6 hours. At the end of the reaction, the 

contents of the balloon were kept in the refrigerator 

overnight. The solid formed as a result of standing was 

filtered, washed with water and crystallized with DMF-

water and dried. 

2.4.1. 4-((4-((1-(Ethylsulfonyl)-1H-1,2,3-triazol-4-

yl)methoxy)benzylidene)amino)phenol (7):  

Yield: 91.25%; m.p.180-182oC; IR (ν,cm-1): 3221 (OH), 

1577 (N=CH), 1606 (C=C), 1254 (C-O), 1138 (C-SO2); 1H-

NMR (δ ppm): 1.20 (t, 3H, CH3) 2.82 (q, 2H,SCH2) , 4.28 

(s, 2H, OCH2), Arom. [6.79 (d, 2H, CH), 7.04 (d, 2H, CH), 

7.16 (d, 2H, CH), 7.84 (d, 2H, CH)], 8.52 (s, 1H,1,2,3-

trz.CH), 9.45 (s,1H, N=CH), 11.63 (s,1H, OH); 13C-NMR 

(δ ppm): 8.24 (CH3), 46.99 (SCH2) , 63.60 (OCH2), Arom. 

C [115.12 (CH), 132.50 (CH), 156.00 (C), 160.00(C), 4-OH-

Ph C(116.12 (CH), 130.45 (CH), 143.41 (C), 170.00(C)], 

122.74 (1,2,3-trz.(CH)), 130.05 (1,2,3-trz.(C)), 157.00 

(N=CH). 

2.4.2. 4-((4-((1-((4-Chlorophenyl)sulfonyl)-1H-1,2,3-triazol-

4-yl)methoxy)benzylidene)amino) phenol (10):  

Yield: 93.32%; m.p.201-203oC; IR (ν,cm-1): 3384 (OH), 

1573 (N=CH), 1605 (C=C), 1241 (C-O), 1158 (C-SO2); 1H-

NMR (δ ppm): 4.15 (s, 2H, OCH2), Arom. [6.79 (d, 2H, 

CH), 6.92 (bs, 2H, CH), 7.14 (bs, 2H, CH), 7.72 (bs, 2H, 

CH) 7.79 (bs, 2H, CH), 7.94 (bs, 2H, CH)], 8.51 (s, 

1H,1,2,3-trz.CH), 9.45 (s,1H, N=CH), 11.96 (s,1H, OH); 
13C-NMR (δ ppm): 63.93 (OCH2), Arom. C [115.07 (CH), 

129.97 (CH), 156.37 (C), 160.77(C), 4-OH-Ph C(116.12 

(CH), 130.38 (CH), 143.38 (C), 170.09(C)), 4-Cl-Ph 
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C(129.74 (CH), 132.23 (CH), 138.72(C), 139.01(C))], 122.74 

(1,2,3-trz.(CH)), 138.72 (1,2,3-trz.(C)), 157.00 (N=CH). 

2.4.3. 4-((4-((1-Tosyl-1H-1,2,3-triazol-4-yl) methoxy) 

benzylidene)amino) phenol (12):  

Yield: 95.41%; m.p.211-213oC; IR (ν,cm-1): 3383 (OH), 

1574 (N=CH), 1605 (C=C), 1241 (C-O), 1156 (C-SO2); 1H-

NMR (δ ppm): 2.39 (s, 3H, CH3) 4.36 (s, 2H, OCH2), 

Arom. [6.79 (d, 2H, CH), 6.93 (bs, 2H, CH), 7.15 (bs, 2H, 

CH), 7.42 (bs, 2H, CH) 7.81 (bs, 4H, CH)], 8.51 (s, 

1H,1,2,3-trz.CH), 9.46 (s,1H, N=CH), 12.01 (s,1H, OH); 
13C-NMR (δ ppm): 21.54 (CH3), 63.57 (OCH2), Arom. C 

[115.09 (CH), 128.00 (CH), 156.36 (C), 160.92(C), 4-OH-

Ph C(116.12 (CH), 130.37 (CH), 144.24 (C), 169.70(C)), 4-

CH3-Ph C(129.99 (CH), 132.23 (CH), 137.20(C), 

140.26(C))], 122.74 (1,2,3-trz.(CH)), 134.24 (1,2,3-trz.(C)), 

157.01 (N=CH). 

2.5. Antioxidant activity 

The antioxidant properties of the compounds were 

evaluated using two widely accepted methodologies: the 

DPPH and FRAP assays, renowned for their 

effectiveness in gauging the antioxidant potential of 

diverse compounds. The DPPH assay, adapted from [24] 

measures the compounds' ability to scavenge the DPPH 

radical. This method relies on the decolorization of the 

purple DPPH solution (0.1 mM) upon interaction with 

antioxidants. Absorbance changes at 517 nm, recorded 

spectrophotometrically, indicate the degree of radical 

scavenging activity. Results, reported as SC50 values (µg 

of sample per mL), delineate the concentration required 

for a 50% reduction in the DPPH radical compared to the 

standard Trolox. 

Concurrently, the antioxidant capacity was 

determined through the FRAP method, following the 

protocol described by [25]. This approach involves the 

reduction of the Fe3+-TPTZ complex to the Fe2+-TPTZ 

complex in the presence of antioxidants. 

Spectrophotometric readings at 593 nm after a 4-minute 

incubation period elucidate the compounds ability to 

reduce ferric ions. Results are expressed as µM Trolox 

equivalent per milligram of compound, where higher 

Trolox equivalent values denote elevated FRAP and 

hence increased antioxidant efficacy. 

Both assays serve as robust tools for assessing the 

antioxidant prowess of compounds, providing valuable 

insights into their capacity to neutralize free radicals and 

reduce ferric ions. These standardized methodologies 

offer a comparative analysis of diverse compounds, 

enabling a comprehensive evaluation of their 

antioxidant capabilities. All experiments were 

conducted in three independent repetitions. 

3. Results and discussion 

3.1. Synthesis 

Sulfonyl-1H-1,2,3-triazoles (6,7,9,10,12) 3-methoxy-4-((1-

tosyl-1H-1,2,3-triazol-4-yl)methoxy)benzaldehyde (3), 4-

((1-(ethylsulfonyl)-1H-1,2,3-triazol-4-yl) methoxy) 

benzaldehyde (6), 4-((4-((1-(ethylsulfonyl)-1H-1,2,3-

triazol-4-yl) methoxy) benzylidene) amino)phenol (7), 4-

((1-((4-chloro phenyl) sulfonyl)-1H-1,2,3-triazol-4-yl) 

methoxy) benzaldehyde (9), 4-((4-((1-((4-chlorophenyl) 

sulfonyl)-1H-1,2,3-triazol-4-yl) methoxy) benzylidene) 

amino) phenol (10), 4-((4-((1-tosyl-1H-1,2,3-triazol-4-yl) 

methoxy) benzylidene)amino) phenol (12) were 

synthesized. The compounds were characterized by 

FTIR, 1H-NMR and 13C-NMR spectroscopic methods. 

The most important evidence that the reaction took place 

is the proton and carbon data of the 1,2,3 triazole ring. C-

H proton signal belonging to 1,2,3-triazole ring was seen 

at 8.51-9.88 ppm as a singlet in the 1H NMR spectra of 

these compounds. Carbon peaks belonging to 1,2,3 

triazole ring were observed at 115.70-138.72 ppm in the 
13C- NMR spectra of these compounds. Other proton and 

carbon data belonging to the compounds also appeared 

in the desired regions. 

3.2. Antioxidant activity 

The antioxidant properties of the analyzed compounds 

were assessed using the DPPH radical scavenging assay 

and the FRAP (Ferric Reducing Antioxidant Power) 

assay. The obtained results highlight significant 

variability in antioxidant activities among the tested 

compounds. 

 

Table 1. DPPH and FRAP activities of compounds 3, 6, 7, 9, 10 and 12 

Compound DPPH (IC50: 

mg/mL)* 

FRAP (µM Trolox Equivalent/mg 

compound)* 

3 2,452±0,029d 79,51±0,42c 

6 1,44±0,031b 35,34±0,82c 

7 0,022±0,002a 6204,82±75,87a 

9 2,125±0,022c 25,97±0,19c 

10 0,009±0,000a 4933,99±35,68b 

12 3,475±0,003e 16,38±0,65c 

Trolox 0,0074±0,000a Not tested 

 

*Same letters in each column were not significantly 

different at P < 0.05 (Tukey's range test). The means of 

three replicates were given with ± standard deviations. 

The DPPH assay was employed to evaluate the free 

radical scavenging potential of the compounds, where a 

lower IC₅₀ value corresponds to a higher antioxidant 

capacity. Among the tested compounds, compound 10 

exhibited the strongest radical scavenging activity      

(IC₅₀ = 0.009 mg/mL), followed by compound 7               

(IC₅₀ = 0.022 mg/mL). Both demonstrated a considerably 

higher efficiency in scavenging free radicals than the 

reference antioxidant Trolox (IC₅₀ = 0.121 mg/mL). 
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Compound 6 (IC₅₀ = 1.44 mg/mL) displayed relatively 

high scavenging activity, while compound 9 (IC₅₀ = 2.12 

mg/mL) and compound 3 (IC₅₀ = 2.45 mg/mL) were in 

the moderate range. Compound 12 (IC₅₀ = 3.47 mg/mL) 

was the least effective among the tested compounds in 

terms of radical scavenging. 

The FRAP assay, which measures the capacity of 

compounds to reduce Fe³⁺ to Fe²⁺, revealed that 

compound 7 (6204.82 µM Trolox equivalent/mg 

compound) had the highest reducing power, followed 

by compound 10 (4933.99 µM Trolox equivalent/mg 

compound). These results indicate that these two 

compounds possess strong electron-donating abilities. 

Compound 3 exhibited moderate reducing power (79.51 

µM Trolox equivalent/mg compound), whereas 

compound 6 (35.34 µM), compound 9 (25.97 µM), and 

compound 12 (16.38 µM) demonstrated relatively weak 

activity. 

Overall, compounds 7 and 10 emerged as the most 

potent antioxidant candidates, displaying the strongest 

effects in both assays. Compounds 6, 9, and 3 exhibited 

moderate antioxidant activity, while compound 12 had 

the weakest performance. The significantly higher 

antioxidant potential of compounds 7 and 10 compared 

to Trolox suggests that they may serve as promising 

antioxidant agents. 
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Abstract 

Among bee products, honey is particularly valued for its nutritional profile, notably its content of essential macro- and microelements. The mineral 

composition of honey is shaped by the interplay of geographic origin, botanical source, and bee genotype. This study aimed to (i) characterize the 

trace element profiles of honey samples harvested from Yamadağ Mountain and the Battalgazi Plateau in Malatya Province, Türkiye, and (ii) 

assess the influence of two Apis mellifera genotypes; A. m. caucasica and A. m. carnica, on elemental composition. 

Honey samples were digested and analyzed by inductively coupled plasma mass spectrometry (ICP-MS) for  Fe, Cu, Zn, Se, Mn, Pb, Cb, Cr, Ni, 

As, Bi and Ag. Statistical analysis revealed that both geographic origin and bee genotype exert significant effects on mineral concentrations. 

Specifically, samples from Yamadağ Mountain exhibited lower total trace element levels compared to those from the Battalgazi Plateau, although 

concentrations of all measured heavy metals remained well below national and international safety thresholds. According to the obtained 

findings, the average values of trace elements iron, zinc, copper, selenium and manganese in Yamadağ Mountain honey samples were determined 

as 0.41 mg/kg, 0.62 mg/kg, 0.04 mg/kg, 0.17 mg/kg and 0.04 mg/kg, respectively. The average values of trace elements iron, zinc, copper and 

manganese in Battalgazi Plateau honey samples were found to be  7.55 mg/kg, 1.30 mg/kg, 0.18 mg/kg and 0.23 mg/kg, respectively. Selenium 

was not detected in Battalgazi Plateau honey samples. When the heavy metal contents of the honey samples were examined, silver was not 

detected in Yamadağ Mountain honey samples and silver, cadmium, arsenic and bismuth were not detected in Battalgazi Plateau honey samples. 

The average values of lead, cadmium, chromium, nickel, arsenic and bismuth in Yamadağ Mountain honey samples were found to be 0.10 mg/kg, 

0.05 mg/kg, 0.46 mg/kg, 0.03 mg/kg, 0.12 mg/kg and 0.02 mg/kg, respectively. In Battalgazi honey samples, the average values of lead, chromium 

and nickel were found as 0.11 mg/kg, 0.21 mg/kg and 0.14 mg/kg, respectively. 

These findings demonstrate that regional environmental factors and genetic variation within Apis mellifera colonies critically determine the mineral 

composition of honey. Accordingly, both geographic provenance and bee genotype should be considered in quality control protocols and in the 

development of region-specific standards for trace element content in honey. 

Keywords:  Honey, mineral composition, geographical variation, Malatya, Türkiye 

1. Introduction

Minerals are essential inorganic nutrients required in 

small amounts for the maintenance of fundamental 

biochemical functions in the human body. In dietary 

supplements, they are commonly classified as macro 

minerals (e.g., calcium, magnesium, potassium) and 

trace minerals (e.g., iron, zinc, selenium), serving to 

correct deficiencies or support optimal health [1,2]. 

Minerals are essential inorganic nutrients required for 

human health and are naturally present in various foods. 

Dairy products serve as a primary source of calcium, 

while green leafy vegetables are rich in magnesium. Red 

meat and organ meats provide significant amounts of 

iron, whereas seafood is abundant in iodine and zinc. 

Nuts, legumes, and whole grains contribute essential 

minerals such as potassium (K), phosphorus (P), and 

selenium (Se). A well-balanced diet ensures adequate 

mineral intake, supporting vital biological processes and 

overall physiological functions [3]. 

Various organisms have been used as an alternative 

tool to detect pollution using low-cost conventional 

methods. In recent years, honey bees and their products 

(e.g., honey and beeswax) have been used to monitor 
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pollutants, including heavy metals such as As, Pb, Cd, 

and Hg. Metals detected in bee products have been 

found to be correlated with atmospheric concentrations 

[4]. Honeybees produce honey by collecting nectar and 

other substances from plants contaminated by 

environmental pollution. Heavy metals are elements 

with high atomic mass and density that can exert toxic 

effects on biological systems. Environmental 

contaminants that contaminate honey; naturally present 

in soil, water, and air, these metals can also be 

introduced into the environment through anthropogenic 

activities such as industrial processes, mining, 

agriculture, and waste management. Lead (Pb), mercury 

(Hg), cadmium (Cd), and arsenic (As) are among the 

most concerning heavy metals, as they can cause severe 

health issues even at low concentrations through 

bioaccumulation and biomagnification. While some 

heavy metals, such as **zinc (Zn), copper (Cu), and iron 

(Fe), are essential trace elements for living organisms, 

they can become toxic beyond certain thresholds. 

Therefore, monitoring heavy metal levels in food, water, 

and environmental samples is of critical importance. The 

elements found in honey can be beneficial or dangerous 

to health [5]. 

Honey is a natural bee product that serves as 

significant sources of essential minerals for human 

nutrition. Honey contains essential minerals such as 

sodium (Na), potassium, calcium (Ca), magnesium (Mg) 

and phosphorus, which support energy metabolism and 

are known as the macro elements of honey, as well as 

trace amounts of minerals such as iron, copper, zinc, and 

selenium [6,7]. These minerals play a crucial role in 

regulating cellular functions, enhancing immune system 

activity, and exerting antioxidant effects. As bioavailable 

and nutritionally valuable food sources, honey and 

pollen help address mineral deficiencies and positively 

impact.   The mineral content of honey varies depending 

on geographical characteristics and floral composition. 

Among the richest honeys in terms of mineral content, 

chestnut honey stands out, while dark-colored forest 

honeys have been reported to contain higher ash content 

and, consequently, greater mineral concentrations [8,9]. 

This study aims to investigate the mineral 

composition of honey, considering the influence of 

geographical characteristics and floral composition. By 

analyzing the variations in mineral content among 

different honey types, particularly mountain and 

plateau honey samples, this research seeks to provide 

insights into their nutritional value and potential health 

benefits. Additionally, the study evaluates the 

bioavailability of essential minerals in honey, 

contributing to a better understanding of their role in 

human nutrition and dietary supplementation. 

2. Materials and methods 

2.1. Samples 

Honey samples were obtained from two different 

locations in the Yamadağ Mountain and Battalgazi 

Plateau regions of Malatya province in the Eastern 

Anatolia Region of Türkiye, from two different Apis 

mellifera (A. m.) genotype bee races (Table 1). The 

Yamadağ Mountain massif, situated within the Sivas 

Province area and extending to the south and southeast, 

delineates the northern boundary of Malatya Province. 

Geologically, Yamadağ and its extensions exhibit a 

predominantly volcanic structure, attaining elevations 

above 1 500 m and forming a broad, high-relief plateau 

interspersed with distinct peaks [10]. The Battalgazi 

district spans a considerable altitudinal range and 

supports a rich assemblage of wild and cultivated flora, 

including solanaceous vegetables (tomato, pepper, 

cabbage), orchards (apricot, cherry, walnut, apple), 

vineyards, and ornamental nurseries [11]. 

The experimental trial was conducted at the Bee and 

Bee Products Development Application and Research 

Center apiary on the Battalgazi Campus of Malatya 

Turgut Özal University. In April, all colonies were 

equalized with respect to supplemental feeding and 

frame number. During the first week of June, forty 

colonies remained at the Battalgazi site, while a matched 

set of forty colonies was relocated to the Hekimhan–

Yamadağ plateau. Twenty colonies were used in each 

group, and samples were harvested from these colonies. 

Honey was harvested in the second week of September; 

each honey frame was logged with hive identifier, bee 

genotype, and collection site, then filtered and 

transferred into amber glass jars for storage under dark, 

dry conditions until analysis. 

2.2. Determination of metals by ICP-MS 
Elemental analyses were performed using Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS). The 
analyses were conducted with an Analytic Jena Plasma 
Quant MS instrument (Jena, Germany). Sample 
preparation involved acidic digestion using a 
microwave-assisted method (CEM - Mars 5, Matthews, 
North Carolina, USA), followed by measurement under 
the standard operating conditions of the instrument. 
Samples H1, H2, H3 and H4 were weighed in amounts 
of 0.4662 g, 0.7238 g, 0.6374 g and 0.5485 g, respectively, 
and placed in teflon tubes. The honey samples were 
digested in a microwave system using 2 mL of 37% 
hydrochloric acid (HCl) and 5 mL of 65% nitric acid 
(HNO₃). Following digestion, the final volume was 
adjusted to 10 mL with ultrapure water prior to analysis. 
A multi-element analysis was performed, and internal 
standards were used to enhance measurement accuracy. 
Calibration curves were constructed using certified 
reference materials, and the accuracy of the analytical 
results was verified with quality control samples     
(Table 2) [12]. 
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Table 1. Regions where honey samples were collected 

Region Honey Code Race 
Coordinates/ Altitude 

(meter) 

Yamadağ 
H1 A. m. caucasica 38° 54′ 41″ N 38° 7′ 55″E/2306 

 H2 A. m. carnica 

Battalgazi 

 

H3 A. m. caucasica 38°25′22″N 38°21′56″E/885 

 H4 A. m.  carnica 

    

Prior to each analysis, the ICP‑MS instrument was 

calibrated according to the protocol outlined in Table 3. 

Reported elemental concentrations have been adjusted 

to account for the applied dilution factors. After the 

solutions were prepared, the device was calibrated 

before reading the heavy metal content of the solubilized 

samples. The calibration graphs drawn for the elements 

were used as an indicator of the accuracy of the prepared 

standards [12]. 

2.3. Statistics 

All experiments were conducted in triplicate, and the 

results are expressed as mean ± standard deviation (SD). 

Statistical analyses were performed using SPSS software 

(version 22). Pearson’s correlation coefficient was 

calculated to assess relationships between the variables. 

ANOVA was used for statistical analysis of the means of 

the elements Fe, Zn, Cu, Mn, Pb, Cr and Ni, and T-test 

was used for statistical analysis of the means of the 

elements Se, Cd, As, Bi and Ag. Differences were 

considered statistically significant when P < 0.05. 

 

Table 2. The properties of elemental analysis by inductively Coupled 

Plasma Mass Spectrometry (ICP-MS) 

Parameter  Value 

Flow Parameters (L/min)   

 Plasma Flow 9.0 

 Auxiliary Flow 1.65 

 Sheath Gas 0.00 

 Nebulizer Flow 1.10 

Torch Alignment (mm)   

 Sampling Depth 7.0 

Other   

 RF Power (kW) 1.40 

 Pump Rate (rpm) 12 

 Stabilization delay (s) 10 

Ion Optics (volts)   

 First Extraction Lens -46 

 Second Extraction Lens -161 

 Third Extraction Lens -246 

 Corner Lens -194 

 Mirror Lens Left 23 

 Mirror Lens Right 32 

 Mirror Lens Bottom 39 

 Entrance Lens -5 

 Entrance Plate -68 

 Fringe Bias -4.6 

 Pole bias 0.0 

iCRC (mL/min)   

 Skimmer Gas Source H2 

 Skimmer Flow 60 

Nitrox   

 Flow (ml/min) 0.0 

3. Results and discussions 

LOD (limit of detection) can indicate the presence of a 

substance but cannot determine its exact amount. LOQ 

(limit of quantification) is the lowest level at which the 

amount of a substance can be measured accurately and 

reliably. LOD and LOQ values were determined for Fe, 

Zn, Cu, Se, Mn, Pb, Cd, Cr, Ni, As, Bi and Ag [12]. The 

calibration range, isotope of element, blank equivalent 

concentration, calibration equation, correlation 

coefficient, limit of detection, and limit of quantification 

of the calibration curves for determination of the element 

using inductively coupled plasma mass spectrometry 

are given in Table 3. Calibration curves showed very 

strong  linearity. Values show that the device is quite 

sensitive. The correlation coefficients of all the 

calibration curves were equal to or greater than 0.9983 

(R2≥0.9983). These correlation coefficients showed that 

there was a strong positive correlation and linear fit for 

the absorbance change with concentration. The 

calibration equation formulas of the elements are given 

in Table 3. 

c/s: Signal ratio obtained from the device. It expresses 

how the measured concentration changes depending on 

the ratio of the internal standard. 

conc: Analyt  contration 

I/S: Internal standard ratio 

LOD: The lowest concentration that the device can 

reliably detect. 

LOQ: The lowest concentration at which the instrument 

can reliably quantify. 

BEC: The equivalent concentration of the signal given 

when the blank sample is measured (Table 3). 

Heavy metal concentrations in honey must remain 

below thresholds that could compromise human health. 

Accordingly, honey products within the scope of this 

standard shall conform to the maximum heavy metal 

limits established by the Codex Alimentarius 

Commission [13]. Under Article 8 “Contaminants” of the 

Honey Communique (22 April 2020, No. 31107), the 

provisions of the Turkish Food Codex Contaminants 

Regulation (Official Gazette No. 28157, 

29 December 2011) are applied to covered products. 

Although the “Communique on Maximum Limits of 

Contaminants in Foodstuffs” [14] does not specify heavy 

metal limits for honey, metal residues in honey are 

monitored via the National Residue Control Plan [15]. 

Heavy metals, defined by a physical density exceeding 

5 g cm⁻³, comprise over 60 elements, notably lead, 

cadmium, chromium, iron, cobalt, copper, nickel, 

mercury, and zinc [12,16]. While the human body 

tolerates certain levels of dietary heavy metals, 

concentrations above specific thresholds induce toxicity.  

https://geohack.toolforge.org/geohack.php?pagename=Battalgazi&params=38_25_22_N_38_21_56_E_region:TR_type:adm1st_dim:100000
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Maximum daily intake levels for cadmium, lead, zinc, 

and copper are 60 µg, 210 µg, 12–15 mg, and 30 mg, 

respectively [12], whereas the maximum permissible 

concentrations in food for tin and mercury are 

50 mg kg⁻¹ and 1 mg kg⁻¹, respectively [14]. The U.S. 

Environmental Protection Agency has set a soil arsenic 

limit of 75 mg kg⁻¹, and both WHO and USEPA have 

reduced the permissible arsenic concentration in water 

from 50 µg L⁻¹ to 10 µg L⁻¹, a standard likewise adopted 

by the Turkish Standards Institute for drinking water 

[16]. 

In this study, some trace element and some heavy 

metal contents of honey from Yamadağ and Batttalgazi 

regions, which are at two different altitudes with rich 

floral characteristics in terms of honey production, were 

compared. The values found are summarized in Table 4 

and Table 5. 

Among the five trace elements analyzed using 

ICP-MS (Fe, Cu, Zn, Se, and Mn), iron (Fe) was found to 

be the most abundant. Se, Fe, Mn, Cu, Zn and Ni at 

recommended doses have antioxidant properties, 

enzymatic activities and the ability to contribute to 

general human development. In contrast, Pb, As, Cr and 

Cd have no known benefits and may be toxic in 

relatively small amounts [5]. The average iron 

concentration was determined as 0.41 µg/g in Yamadağ 

honey and 7.55 mg/kg in Battalgazi honey. The 

approximately 20-fold higher iron content in Battalgazi 

honey compared to Yamadağ honey is particularly 

noteworthy. 

Bees are exposed to chemicals in a variety of ways: by 

inhaling metals while flying and collecting them bound 

to particulate matter or soil particles on their hairy 

bodies; by ingesting metals from the water they carry; 

and by collecting pollen and nectar from plants that may 

be rich in bioavailable metals found in soil, water, and 

air, thus adding them to bee products. These interactions 

affect the quality of what honeybees produce, making 

honey a potentially valuable indicator of environmental 

pollution [4]. Honey serves as a bioindicator of 

environmental contamination, with its mineral profile 

reflecting not only the regional flora but also local soil, 

water, and climatic conditions. In Malatya Province, 

post-earthquake demolition, debris‑removal operations, 

and reconstruction efforts have markedly increased 

atmospheric particulate levels, particularly in urban and 

district centers relative to highland plateaus. This 

anthropogenic pollution likely accounts for the elevated 

trace‑element concentrations observed in Battalgazi 

honey versus Yamadağ Mountain samples. Statistical 

analysis demonstrated a strong positive correlation 

between manganese and iron concentrations (R² = 0.993, 

p< 0.01), indicative of co-accumulation or common 

environmental sources. In contrast, iron and arsenic 

exhibited a pronounced negative correlation (R² = –0.992, 

p < 0.01) (Table 6), consistent with the known adsorption 

of ionic arsenic species onto iron and aluminum oxides 

in acidic to neutral soils, which reduces arsenic 

bioavailability to plants [16]. 

Table 3. Analytical measurement parameters of the methods studied 

Element 
Calibration Range 

(ppb) 
Mass 

BEC 

(ppb) 
Calibration Equation 

Correlation 

Coefficient (R2) 

LOD 

(ppb) 

LOQ 

(ppb) 

Fe 5-10-50-100-200 57 5.94 c/s = (788.3 + 334.4 + 132.4*conc)*[I/S Ratio] 0.9993 1.55 5.15 

Zn 5-10-50-100-200 64 2.85 c/s = (282.4 + 232.9 + 99.41*conc)*[I/S Ratio] 0.9991 1.57 5.23 

Cu 0.5-1-5-10-20 65 0.13 c/s = (21.7 + 2.742 + 167.2*conc)*[I/S Ratio] 0.9999 0.14 0.45 

Se 5-10-50-100-200 78 0.65 c/s = (5.1 + 6.431 + 7.917*conc)*[I/S Ratio] 0.9983 3.05 10.18 

Mn 0.5-1-5-10-20 55 0.45 c/s = (536.7 - 18.37 + 1214*conc)*[I/S Ratio] 0.9996 0.05 0.17 

Pb 0.5-1-5-10-20 207 0.21 c/s = (7.0 + 5.277 + 32.68*conc)*[I/S Ratio] 0.9998 0.49 1.62 

Cd 0,5-1-5-10-20 112 0.12 c/s = (8.2 - 0.365 + 67.24*conc)*[I/S Ratio] 0.9999 0.05 0.16 

Cr 0.5-1-5-10-20 52 0.08 c/s = (48.3 - 3.845 + 612.4*conc)*[I/S Ratio] 0.9995 0.06 0.21 

Ni 0.5-1-5-10-20 58 -0.44 c/s = (-66.0 - 22.49 + 150.2*conc)*[I/S Ratio] 0.9997 0.55 1.83 

As 5-10-50-100-200 75 -5.46 c/s = (-83.2 - 29.59 + 15.57*conc)*[I/S Ratio] 0.9991 4.62 15.41 

Bi 0.5-1-5-10-20 209 0.07 c/s = (8.7 + 0.043 + 121.4*conc)*[I/S Ratio] 0.9988 0.1008 0.3359 

Ag 0.5-1-5-10-20 107 0.21 c/s = (80.0 + 8.323 + 391.9*conc)*[I/S Ratio] 0.9996 0.1158 0.3861 

R2: Determination coefficient; BEC: Blank equivalent concentration; Mass:  Isotope of element; LOD: Limit of detection; LOQ: Limit of 

quantification   

 

Table 4. Trace elements of the honey samples (mg/kg) 

Region Honey Code Fe Zn Cu Se Mn 

Yamadağ 

H1 0.32 1.10 0.05 0.34 0.05 

H2 0.49 0.13 0.03 ND 0.03 

Mean±SD 0.41±0.12 0.62±0.69 0.04±0.01 0.17±0.24 0.04±0.01 

Battalgazi 

H3 7.19 1.28 0.21 ND 0.23 

H4 7.91 1.31 0.15 ND 0.23 

Mean±SD 7.55±0.51 1.30±0.02 0.18±0.04 ND 0.23±0.00 

Sig.  0.003* 0.296 0.047*  0.003* 

ND: Not detected; Mean±SD: Arithmetic mean and standard deviation; *: P<0.05 
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Similarly, the average zinc concentration in honey 

from the Yamadağ region was found to be 0.62 mg/kg, 

while in honey from the Battalgazi region, it was 1.30 

mg/kg. This indicates that the zinc content in Battalgazi 

honey is approximately twice as high as that in Yamadağ 

honey. No significant differences were observed 

between different bee species in this context. 

 

The amount of zinc in chestnut honey was reported 

to be 1.45 mg/kg [17]. According to Bengü and Kutlu 

[18], zinc and iron values are 5.00-12.0 mg/100g and 10.0-

27.0 mg/100g, respectively. In honey samples from the 

Yamadağ region, the average copper concentration was 

found to be 0.04 mg/kg, whereas in the Battalgazi region, 

it was 0.18 mg/kg. When compared to existing literature, 

the copper levels in honeys from both regions are 

considerably low. In a study [18], the elements in honey 

samples were determined as chromium 2.51 ppb, copper 

0.98 ppb, iron 28.84 ppb, manganese 3.93 ppb, nickel 2.02 

ppb and zinc 9.71 ppb. In a study conducted on chestnut 

honey from the Kastamonu region, it was reported that 

the amount of iron mineral varied between 1.32 and 9.75 

mg/kg [9]. In the same study, the average copper amount 

was found to be 0.07 mg/kg. The amount of copper in 

New Zealand Manuka honey was reported as 0.35 

mg/kg [1] and in pine honey as 0.84 [19]. Pipoyan et al. 

[20] reported that copper concentrations in several 

samples of honey they examined were above the 

maximum allowable level. The concentrations of copper 

ranged from 9.00E-02 to 1.86E+00 mg/kg. 

 The amount of selenium element, known as an 

essential element and having an important role in 

antioxidant activity, was found to be 0.34 mg/kg. In a 

study conducted on many honey samples collected from 

different regions of Anatolia, it was reported that the 

amount of selenium varied between 0.42 and 19.9 mg 

(Kg) [21].  A. m. genotype from Yamadağ region but 

below the detection limits in A. m. carnica genotype. In 

the honeys of Battalgazi region, it was determined that 

the detection limits were at six, that is, at a very low level. 

In their study, Tuzen et al. [22] reported the amount of 

selenium as 38 to 112 mg/kg, while it was reported as 

0.04 mg/kg in pine honey [19]. 

Manganese (Mn), which is a grayish metal in its pure 

form, is a hard and brittle substance. Manganese is found 

in nature in the form of an oxide and has physical 

properties similar to iron. Manganese is naturally found 

in soil, water, and rocks, but it is not found as a base 

metal in nature. Ocean events that mobilize the earth's 

crust, earthquakes, volcanic events, fires and vegetation 

are also natural sources of manganese in the atmosphere 

[12,23]. The average manganese concentrations in honey 

samples from both regions were approximately 0.04 

mg/kg, with no significant differences observed between 

the regions or among different genotypes. The results 

showed a strong positive correlation between 

manganese and nickel (R2= 0.991, p≤0.01) (Table 6). In 

fact, in a study [24] it was observed that the adsorption 

for manganese (II) and nickel (II) increased as the pH 

increased. The results showed a strong negative 

correlation between manganese and arsenic (R2= -0.982, 

p≤0.01) (Table 6). These manganese levels are relatively 

low compared to findings from other studies. For 

instance, research on honey samples from Türkiye 

reported manganese concentrations ranging from 0.096 

to 29.496 µg/g, while another study found levels between 

0.25 ± 0.24 mg/kg. These variations in Mn content are 

likely influenced by environmental factors, floral 

sources, and regional characteristics. In the study 

conducted on chestnut honey, Mn amounts were found 

to be 1.39 to 18.69 mg/kg [9], while it was reported as 28 

mg/kg in Manuka honey [1], 1.1 to 4.2 mg/kg in Manuka 

honey [25] and 2.8 mg/kg in pine honey [19].  

Heavy metals, the elements characterized by high 

atomic weight and density, are among the most 

persistent environmental pollutants and pose 

toxicological risks even at trace concentrations. These 

contaminants originate from both natural and 

anthropogenic sources, leading to deposition in air, soil, 

and water [5]. Plant uptake of heavy metals from 

contaminated soils results in bioaccumulation within 

floral tissues, which foraging honeybees (Apis mellifera) 

then transport to the hive. During nectar processing, 

bees incorporate these metals into honey, creating a 

route of dietary exposure for humans. Chronic 

consumption of heavy metal–contaminated honey can 

lead to progressive accumulation in human organs and 

tissues [18]. 

Unlike degradable organic pollutants, heavy metals 

remain chemically persistent and can cycle indefinitely 

Table 5.  Heavy metal amount of honey samples (mg/kg) 

Region Honey Code Pb Cd Cr Ni As Bi Ag 

Yamadağ H1 0.17 0.10 0.84 0.04 0.13 0.03 ND 

H2 0.03 ND 0.07 0.01 0.11 ND ND 

Mean±SD 0.10±0.10 0.05±0.07 0.46±.54 0.03±0.02 0.12±0.01 0.02±0.02 ND 

Battalgazi H3 0.08 ND 0.16 0.13 ND ND ND 

H4 0.13 ND 0.25 0.14 ND ND ND 

Mean±SD 0.11±0.04 ND 0.21±0.06 0.14±0.01 ND ND ND 

Sig.  0.952  0.585 0.020*    

ND: Not detected; Mean±SD: Arithmetic mean and standard deviation; *: P<0.05 
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through environmental compartments. Principal soil 

contaminants include cationic species such as mercury 

(Hg), cadmium (Cd), lead (Pb), nickel (Ni), copper (Cu), 

zinc (Zn), chromium (Cr), and manganese (Mn), as well 

as oxyanionic forms of arsenic (As), molybdenum (Mo), 

and selenium (Se) [16]. Empirical studies have 

documented considerable variability in trace‑metal 

concentrations across honey types. For instance, 

Rhododendron honeys analyzed by Silici et al. [26] 

contained Cu (9.75–35.8 µg/kg), Cd (0.28–2.37 µg/kg), Pb 

(1.51–55.3 µg/kg), Co (1.44–28.5 µg/kg), Cr (1.57–

12.9 µg/kg), Ni (1.35–131 µg/kg), Al (47.8–644 µg/kg), 

and Se (14.1–323 µg/kg), exceeding levels typically 

observed in regional multifloral honeys. Meister et al. 

[25] reported Cr (0.02–0.03 mg/kg), Cu (0.13–

0.30 mg/kg), Fe (0.72–1.20 mg/kg), and Zn (0.32–

0.47 mg/kg) in Manuka honey. Aygün [27] detected Al, 

As, Cd, and Pb at 435.9, 4.8, 337.9, and 409.9 µg/kg, 

respectively, in Turkish honey samples, whereas 

Sobhanardakani and Kianpour [28] found mean Cd, Cr, 

Ni, and Zn levels of 63.18, 58.05, 56.15, and 684.43 µg/kg. 

Ligor et al. [29] identified As up to 0.49 µg/kg in 

polyfloral and linden honeys, Ni in excess of 400 µg/kg 

in samples from Lesser Poland, the highest Cr content 

(3.76 µg/kg) in buckwheat honey, and Mo (5.94 µg/kg) in 

dandelion honey. 

Iron stands out among trace elements for its vital 

roles in living organisms: it is an essential component of 

hemoglobin, myoglobin, cytochromes, peroxidases, 

catalases, ferritin, and transferrin, and it participates in 

the biosynthesis of large biomolecules [30]. In contrast, 

nickel and certain nickel compounds are classified as 

carcinogenic; dietary Ni accumulates over time in 

pulmonary, gastrointestinal, and dermal tissues, 

contributing to chronic pulmonary fibrosis, 

cardiovascular disorders, and renal toxicity [12]. 

In the context of food biochemistry, iron, copper, 

zinc, and manganese are essential trace elements vital for 

various metabolic processes. However, at elevated 

concentrations, these elements can exhibit toxic effects 

and are thus categorized as heavy metals. Analyses of 

honey samples from Malatya's Yamadağ and Battalgazi 

regions have determined that the levels of these trace 

elements are well below toxic thresholds, indicating no 

significant health risk associated with their 

consumption. The results showed a strong positive 

correlation between selenium and cadmium (R2= 1.000, 

p<0.01), and selenium and bismuth (R2= 1.000, p<0.01) 

(Table 6). The positive increase relationships between 

them are thought to be due to factors related to 

agricultural fertilizers, agricultural pesticides and 

environmental pollution [5]. 

In the study, concentrations of seven different heavy 

metals, lead, cadmium, chromium, nickel, arsenic, and 

silver, were measured in honey samples. The levels of 

these metals were found to be below the safe 

consumption limits. The results showed a strong 

positive correlation between bismuth and cadmium (R2= 

1.000, p<0.01), and a strong negative correlation between 

nickel and arsenic (R2= -0.951, p<0.05) (Table 6). In a 

study [4], a moderate correlation was found between 

nickel and cadmium in honey samples (r = 0.41, p > 

0.001). In addition to environmental effects, weak but 

statistically significant correlations were reported 

between nickel and arsenic (r = 0.18, p = 0.003), cadmium 

and lead (r = 0.18, p = 0.003), and chromium and nickel (r 

= 0.14, p = 0.02). It was emphasized that the lack of 

significance or weak correlations between metal 

concentrations was due to the fact that the sources and 

magnitudes of metal pollution varied greatly between 

sample locations. In another study [20], concentrations 

of lead, cadmium, arsenic, and nickel ranged from 2.30E-

03 to 4.50E-02 mg/kg, from 6.00E-04 to 3.10E-03 mg/kg, 

from 5.00E-03 to 4.80E-02 mg/kg, and from 2.40E-01 to 

8.49E-01 mg/kg respectively. In a study, the amount of 

lead in some honey samples was found to be 0.08-0.44 

mg/kg and the amount of selenium was found to be 2.20 

to 12.13 mg/kg [5]. In addition to the botanical origin of 

honey, the density of flowers, the production period, and 

the amount of rainfall affect the composition of honey. In 

addition, the containers in which honey is stored and 

packaged after harvest can cause an increase in the 

amount of chromium in honey. Similarly, storing honey 

in galvanized or aluminum containers can cause zinc 

and aluminum contamination. On the other hand, the 

elements found in nectar also cause an increase in the 

element content of honey [26]. 

In a study [31], the amounts of mineral elements in 

Ziziphus spp. honey varied according to the honey bee 

species. The highest amounts of iron (33.54 mg/kg) and 

manganese (0.61 mg/kg) were found in honey produced 

by A. florea. The highest amounts of Mg (145.35 mg/kg), 

zinc (13.37 mg/kg) and copper (0.58 mg/kg) were 

obtained from honey harvested from A. m. jemenitica 

colonies. Highly significant positive correlations were 

found between all mineral elements determined in 

Ziziphus spp. honey produced by A. florea and A. 

mellifera.   

Chromium is important for animals and humans. 

There are human and animal studies showing that 

chromium deficiency negatively affects lipid metabolism 

and causes atherosclerosis [12]. Manouchehri et al. [32] 

summarized studies reporting heavy metal levels in 

honey samples examined in different countries. In the 

studies conducted, it was emphasized that the rate of 

contamination of honey with heavy metals is directly 

related to the number of industrial centers and the 

pollution rate in the region. It was determined that the 

amounts of heavy metals (especially cadmium and 

mercury) in the examined honey samples were above the 

permitted rate.  
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Another study reported that honey samples from 

Türkiye, Argentina, Nigeria and Pakistan were 

contaminated with heavy metals such as cadmium and 

arsenic. It was stated that this pollution may be due to 

the presence of industrial areas in the region. The results 

of studies conducted in Croatia and Kosovo showed that 

the lead content in honey samples was higher than the 

amount reported in other European countries, and it was 

emphasized that this situation was alarming. 

It was stated that these findings indicate that honey bee 

colonies should be placed in areas away from roads and 

railways. In the study conducted in Nigeria, it was found 

that the amount of iron, copper, manganese, and zinc in 

honey samples was higher than the maximum 

permissible concentration and average concentration 

determined by the World Health Organization (WHO) 

and the Food and Agriculture Organization (FAO). It 

was stated that the rate of heavy metals in industrial 

cities was higher than in rural areas. 

According to the Turkish Food Codex Honey 

Communiqué, honey must not contain heavy metals in 

amounts that could pose a health risk (TSE) [15]. 

Therefore, the heavy metal concentrations in the 

analyzed honey samples are within acceptable levels as 

per current legal regulations and health standards. 

The mineral content of honey varies not only with the 

flora of the region where it is produced but also with the 

conditions of the soil, water, and air. In areas with 

abundant vegetation, the mineral content of honey is 

typically higher. The concentrations of heavy metals in 

honey serve as significant indicators of environmental 

pollution, reflecting the levels of contaminants present in 

the surrounding soil, water, and air. Honeybees, through 

their foraging activities, accumulate these pollutants 

from various environmental sources, including 

industrial emissions, agricultural runoff, and 

atmospheric deposition [4,32]. Consequently, the heavy 

metal content in honey mirrors the extent of 

environmental contamination in the area where it is 

produced. It is thought that the fact that Yamadağ honey 

samples have higher heavy metal content than the honey 

samples of Battalgazi district is due to Yamadağ being a 

volcanic mountain. 

Studies have demonstrated that honey can effectively 

reflect the levels of heavy metals in the environment. For 

instance, research conducted in the Black Sea region of 

Türkiye analyzed honey samples from various locations 

to determine heavy metal concentrations. The findings 

indicated that the levels of heavy metals in honey varied 

depending on the proximity to pollution sources, such as 

industrial areas and urban centers. This variability 

underscores the role of honey as a bioindicator of 

environmental pollution [33].  

Furthermore, the mineral content of honey is 

influenced by the flora of the region where it is 

produced, as well as the conditions of the soil, water, and 

air. In areas with abundant vegetation, the mineral 

content of honey is typically higher [26].  

Table 6. Pearson correlation matrix on the honey samples (n=4) 

 Fe Zn Cu Se Mn Pb Cd Cr Ni As Bi 

Fe 
Pearson Correlation 1 0.692 0.928 -0.590 0.993** 0.055 -0.590 -0.421 0.979* -0.992** -0.590 

Sig. (2-tailed)  0.308 0.072 0.410 0.007 0.945 0.410 0.579 0.021 0.008 0.410 

Zn 
Pearson Correlation  1 0.732 0.173 0.755 0.709 0.173 0.352 0.825 -0.616 0.173 

Sig. (2-tailed)   0.268 0.827 0.245 0.291 0.827 0.648 0.175 0.384 0.827 

Cu 
Pearson Correlation   1 -0.471 0.957* 0.039 -0.471 -0.339 0.933 -0.935 -0.471 

Sig. (2-tailed)    0.529 0.043 0.961 0.529 0.661 0.067 0.065 0.529 

Se 
Pearson Correlation    1 -0.515 0.741 1.000** 0.977* -0.411 0.669 1.000** 

Sig. (2-tailed)     0.485 0.259 0.000 0.023 0.589 0.331 0.000 

Mn 
Pearson Correlation     1 0.117 -0.515 -0.347 0.991** -0.982* -0.515 

Sig. (2-tailed)      0.883 0.485 0.653 0.009 0.018 0.485 

Pb 
Pearson Correlation      1 0.741 0.866 0.245 0.063 0.741 

Sig. (2-tailed)       0.259 0.134 0.755 0.937 0.259 

Cd 
Pearson Correlation       1 0.977* -0.411 0.669 1.000** 

Sig. (2-tailed)        0.023 0.589 0.331 0.000 

Cr 
Pearson Correlation        1 -0.229 0.518 0.977* 

Sig. (2-tailed)         0.771 0.482 0.023 

Ni 
Pearson Correlation         1 -0.951* -0.411 

Sig. (2-tailed)          0.049 0.589 

As 
Pearson Correlation          1 0.669 

Sig. (2-tailed)           0.331 

Bi 
Pearson Correlation           1 

Sig. (2-tailed)            

Correlation is significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level (2-tailed). 
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Therefore, analyzing the heavy metal content in 

honey provides valuable insights into the environmental 

quality of the region, highlighting the 

interconnectedness of air, water, and soil pollution [4]. 

4. Conclusion  

In this study, some trace element and some heavy metal 

contents of honey from Yamadağ and Batttalgazi 

regions, which are at two different altitudes with rich 

floral characteristics in terms of honey production were 

compared. The approximately 20-fold higher iron 

content in Battalgazi honey compared to Yamadağ 

honey is particularly noteworthy. Similarly, the average 

zinc concentration in honey from the Yamadağ 

Mountain was found to be 0.62 mg/kg, while in honey 

from the Battalgazi Plateau, it was 1.30 mg/kg. In honey 

samples from the Yamadağ Mountain, the average 

copper concentration was found to be 0.04 mg/kg, 

whereas in the Battalgazi Plateau, it was 0.18 mg/kg. A. 

m. genotype from Yamadağ Mountain but below the 

detection limits in A. m. carnica genotype. Analyses of 

honey samples from Malatya's Yamadağ and Battalgazi 

regions have determined that the levels of these trace 

elements are well below toxic thresholds, indicating no 

significant health risk associated with their 

consumption. 
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New 1H-1,2,3-triazol derivatives: Synthesis, characterization and antioxidant 

activity 

Fatih Çelik  
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Abstract 

4-bromo-N-(4-((1-(4-bromobenzyl)-1H-1,2,3-triazol-4-yl)methoxy)-3-methoxy benzylidene) aniline (3), 2-((1-(3-(1,3-dioxoisoindolin-2-yl) propyl)-

1H-1,2,3-triazol-4-yl)methoxy) benzaldehyde (6), and 4-((1-(3-(1,3-dioxoisoindolin-2-yl)propyl) -1H-1,2,3-triazol-4-yl)methoxy)-3-

methoxybenzaldehyde (8) were synthesized. The compounds were characterized by FTIR, 1H-NMR and 13C-NMR spectroscopic methods. The 

antioxidant properties of the compounds were evaluated using two widely accepted methodologies assays (DPPH and FRAP).  Compound 3 has 

the highest antioxidant potential among the compounds. 

Keywords:  1,2,3-triazole, organic synthesis, antioxidant activity, FRAP assay 

1. Introduction

1,2,3-Triazoles are five-membered heterocyclic 

compounds containing three nitrogen atoms in the ring. 

These compounds have attracted significant interest due 

to their extraordinary stability, ease of synthesis, and 

various biological activities. The triazole ring, in 

particular, has been incorporated into many drug 

candidates because of its ability to interact with a variety 

of biological targets. 1,2,3-Triazoles exhibit 

antimicrobial, antifungal, anticancer, and anti-

inflammatory activities, making them valuable in the 

development of new therapeutic agents [1–3]. The 

synthesis of 1,2,3-triazoles has been greatly facilitated 

with the advent of the concept of "click chemistry." This 

concept involves the copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC) reaction, which efficiently and 

regioselectively forms 1,2,3-triazole rings, enabling the 

creation of complex molecules with high yields and 

minimal side products. Functionalizing the 1,2,3-triazole 

ring at different positions further enhances their appeal 

for use in drug design, materials science, and as ligands 

in coordination chemistry [4–7]. The combination of 

Schiff bases and 1,2,3-triazoles is an exciting area of 

research. By synthesizing hybrid molecules that 

incorporate both the imine group of Schiff bases and the 

triazole ring, the aim is to combine the distinctive 

advantages of both structures. These hybrid compounds 

often exhibit improved biological and chemical 

properties compared to their individual components. 

Schiff base-triazole derivatives may demonstrate 

stronger antimicrobial activity, increased stability, or 

enhanced metal coordination ability, making them 

particularly useful in drug development and catalysis. 

Furthermore, the structural diversity of Schiff bases and 

the regioselectivity of 1,2,3-triazole formation offer a 

wide range of possibilities for the creation of compounds 

with new properties. This opens new avenues for the 

development of multifunctional agents that can be 

applied in various fields, such as medicinal chemistry, 

materials science, and beyond [8–11]. 

2. Experimental  

2.1. Instrumentation   

IR spectra of the synthesized compounds were taken on 

a Perkin Elmer FT-IR 1600 FT-IR (4000-400 cm-1) 

spectrophotometer device, and 1H-NMR, 13C-NMR 

spectra were taken on a Bruker brand 400 MHz NMR 

device with DMSO-d6 solvent. Antioxidant 

measurements were made using a Buchi brand 

spectrophotometer. The solvents and chemicals used in 

mailto:fatih.celik502@gmail.com
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synthesis and structure elucidation were obtained from 

Fluka, Merck and Aldrich companies, and all solvents 

were subjected to appropriate purification and drying 

processes.  

2.2. Synthesis of 4-bromo-N-(4-((1-(4-bromobenzyl)-

1H-1,2,3-triazol-4-yl)methoxy)-3-

methoxybenzylidene)aniline (3) 

Acetylene derivative 4-bromo-N-(3-nitro-4-(prop-2-yn-

1-yloxy)benzylidene) aniline (1) (1 mmol) with 1-

(azidomethyl)-4-bromobenzene (2) (1 mmol) was stirred 

in a water/acetone (1:4) mixture at room temperature in 

a 100 mL flask. Then, copper sulfate pentahydrate (1/20 

mol) and sodium ascorbate (1/10 mol) were added to the 

reaction mixture in the specified proportions and 

refluxed for 18 hours. At the end of the reaction, the 

contents of the flask were poured into the ice-water 

mixture, and a solid was obtained, which was filtered 

and washed with water. It was crystallized with DMF-

water and then dried over CaCl2 in a desiccator    

(Scheme 1).  

Yield: 96.72%; m.p.253-255oC; IR (ν,cm-1): 1576 

(CH=N), 1267 (C-O); 1H-NMR (δ ppm): 3.81 (s, 3H, 

OCH3), 5.27 (s, 2H, OCH2),  5.63 (s, 2H, NCH2), Arom. 

[7.22 (bs, 3H, CH), 7.31 (bs, 4H, CH), 7.59 (bs, 4H, CH)], 

8.36 (s, 1H,1,2,3-trz.CH), 8.53 (s,1H, N=CH); 13C-NMR (δ 

ppm): 52.46 (OCH2), 55.99 (OCH3), 61.86 (NCH2), Arom. 

C [113.04(CH), 113.28 (CH), 123.66 (CH), 129.55(C), 

149.65(C), 153.23(C), 4-Br-Ph1C (124.60(CH), 132.19(CH), 

118.54 (C), 151.04(C)), 4-Br-Ph2C C(130.74 (CH), 132.49 

(CH), 122.06 (C), 135.69 (C))], 126.24 (1,2,3-trz.(CH)), 

135.84 (1,2,3-trz.(C)), 161.54 (N=CH) 

2.3. Synthesis of 1,2,3-triazole derivatives 6 

Azide derivative 2-(3-azidopropyl)isoindoline-1,3-dione 

(4) compound (1 mmol) and acetylene derivative 2-

(prop-2-yn-1-yloxy)benzaldehyde (5) and 3-methoxy-4 –

(prop-2-yn-1-yloxy)benzaldehyde (7) compounds (1 

mmol) were mixed separately in water/acetone (1:4) in a 

100 mL flask. Then, copper sulfate pentahydrate (1/20 

mol) and sodium ascorbate (1/10 mol) were added to the 

reaction mixture in the specified proportions and 

refluxed for 18 hours. At the end of the reaction, the 

contents of the flask were poured into the ice-water 

mixture, and a solid was obtained, which was filtered 

and washed with water. It was crystallized with DMF-

water and then dried over CaCl2 in a desiccator    

(Scheme 1). Compounds 1,2, 5 and 7 were synthesized 

from literature [12,13]. 

2.3.1. 2-((1-(3-(1,3-dioxoisoindolin-2-yl)propyl)-1H-1,2,3-

triazol-4-yl)methoxy)benzaldehyde (6):  

Yield: 86.48%; m.p.184-186oC; IR (ν,cm-1): 1719 (C=O), 

1600 (C=C), 1242 (C-O) ; 1H-NMR (δ ppm): 2.20 (bs, 2H, 

CH2), 3.63 (t, 2H, NCH2),  4.44 (t, 2H, NCH2), 5.32 (s, 2H, 

OCH2),   Arom. [7.12 (bs, 1H, CH), 7.44 (bs, 1H, CH), 7.68 

(bs, 2H, CH), 7.84 (bs, 4H, CH)], 8.33 (s, 1H,1,2,3-trz.CH), 

10.35 (s,1H, HC=O); 13C-NMR (δ ppm): 29.08 (CH2), 35.33 

(NCH2),  47.80 (NCH2), 62.72 (OCH2), Arom. C 

[114.62(CH), 121.57 (CH), 134.75 (CH), 136.83(CH), 

124.90©, 160.87©, 4-Br-Ph1C (123.43(CH), 128.04(CH), 

132.20 ©)], 125.24 (1,2,3-trz.(CH)), 132.20 (1,2,3-trz.(C)), 

168.32 (C=O), 189.65 (HC=O). 

2.4. Synthesis of new 1,2,3-triazole derivative 

compound 8 

Azide derivative 2-(3-azidopropyl)isoindoline-1,3-dione 

(4) compound (1 mmol) and acetylene derivative 3-

methoxy-4 -(prop-2-yn-1-yloxy)benzaldehyde (7) 

compounds (1 mmol) were mixed separately in 

water/acetone (1:4) in a 100 mL flask. Then, copper 

sulfate pentahydrate (1/20 mol) and sodium ascorbate 

(1/10 mol) were added to the reaction mixture in the 

specified proportions and refluxed for 18 hours. At the 

end of the reaction, the contents of the flask were poured 

into the ice-water mixture, and a solid was obtained, 

which was filtered and washed with water. It was 

crystallized with DMF-water and then dried over CaCl2 

in a desiccator (Scheme 1). Compounds 1,2 and 7 were 

synthesized from literature [12,13]. 

2.4.1. 4-((1-(3-(1,3-dioxoisoindolin-2-yl)propyl)-1H-1,2,3-

triazol-4-yl)methoxy)-3-methoxybenzaldehyde (8): 

Yield: 93.20%; m.p.195-197oC; IR (ν,cm-1): 1704 (C=O), 

1587 (C=C), 1259 (C-O) ; 1H-NMR (δ ppm): 2.21 (bs, 2H, 

CH2), 3.64 (t, 2H, NCH2),  4.48 (t, 2H, NCH2), 3.81 (s, 3H, 

OCH3),   5.25 (s, 2H, OCH2),   Arom. [7.40 (bs, 2H, CH), 

7.55 (bs, 2H, CH), 7.86 (bs, 3H, CH)], 8.29 (s, 1H,1,2,3-

trz.CH), 9.85 (s,1H, HC=O); 13C-NMR (δ ppm): 29.32 

(CH2), 35.18 (NCH2), 47.78 (NCH2), 55.91 (OCH3), 62.19 

(OCH2), Arom. C [109.92(CH), 113.13 (CH), 123.46 (CH), 

130.35(C), 149.89(C), 153.28(C), 4-Br-Ph1C (126.38(CH), 

134.94(CH), 142.02 (C))], 125.40 (1,2,3-trz.(CH)), 132.22 

(1,2,3-trz.(C)), 168.46 (C=O), 192.04 (HC=O). 

2.5. Antioxidant activity 

The antioxidant properties of the compounds were 

evaluated using two widely accepted methodologies: the 

DPPH and FRAP assays, renowned for their 

effectiveness in gauging the antioxidant potential of 

diverse compounds. The DPPH assay, adapted from [14] 

measures the compounds' ability to scavenge the DPPH 

radical. This method relies on the decolorization of the 

purple DPPH solution upon interaction with 

antioxidants. Absorbance changes at 517 nm, recorded 

spectrophotometrically, indicate the degree of radical 

scavenging activity. Results, reported as SC50 values (mg 

of sample per mL), delineate the concentration required 

for a 50% reduction in the DPPH radical compared to the 

standard Trolox. 
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Concurrently, the antioxidant capacity was 

determined through the FRAP method, following the 

protocol described by [15]. This approach involves the 

reduction of the Fe3+ -TPTZ complex to the Fe2+ -TPTZ 

complex in the presence of antioxidants. 

Spectrophotometric readings at 593 nm after a 4-minute 

incubation period elucidate the compounds' ability to 

reduce ferric ions. Results are expressed as µM Trolox 

equivalent per milligram of compound, where higher 

Trolox equivalent values denote elevated FRAP and 

hence increased antioxidant efficacy. 

Both assays serve as robust tools for assessing the 

antioxidant prowess of compounds, providing valuable 

insights into their capacity to neutralize free radicals and 

reduce ferric ions. These standardized methodologies 

offer a comparative analysis of diverse compounds, 

enabling a comprehensive evaluation of their 

antioxidant capabilities. 

 

3. Results and discussion 

3.1. Synthesis 

Compounds 3, 6 and 8 were synthesized with click 

reaction in the 1H NMR spectra of compounds 3, 6, and 

8, C-H proton signal belonging to 1,2,3-triazole ring was 

seen at 8.29–8.36 ppm as a singlet. Carbon peaks 

belonging to 1,2,3 triazole rings were observed at 

1326.24-135.84 ppm in the 13C-NMR spectra of 

compounds 3, 6, and 8. 1H-, 13C-NMR data confirm the 

structures of the compounds. The spectral data obtained 

are in full compliance with the literature. [16]. 

3.2. Antioxidant activity 

The antioxidant capacities of the F-series compounds 

were investigated using DPPH radical scavenging and 

FRAP reducing power assays. The results revealed 

substantial differences among the tested compounds 

(Table 1). 

 
Scheme 1. Synthetic pathway for the preparation of compounds 3,6 and 8 
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Table 1. DPPH and FRAP activities of compounds 3, 6 and 8 

Compound DPPH (SC₅₀: mg/mL) 
FRAP (µM Trolox Equivalent/mg 

compound 

3 2.27±0.03d 278.47±0.42c 

6 10.81±0.03b 28.05±0.82c 

8 6.620±0.002a No activity 

Trolox 0.121±0.000a Not tested 

*Same letters in each column were not significantly different at p < 

0.05 (Tukey's range test). The means of three replicates were given 

with ± standard deviations. 

 

In the DPPH assay, where lower SC₅₀ values indicate 

higher free radical scavenging activity, compound 3 

exhibited the highest antioxidant potential (SC₅₀ = 2.27 

mg/mL). Compound 8 (SC₅₀ = 6.62 mg/mL) showed 

moderate activity, whereas compound 6 (SC₅₀ = 10.81 

mg/mL) had the weakest radical scavenging capacity. 

When compared to Trolox (SC₅₀ = 0.121 mg/mL), all 

tested compounds displayed significantly lower 

antioxidant efficiency. 

The FRAP assay, which measures the ferric ion-

reducing ability, showed that compound 3 had the 

highest reducing power (278.47 µM Trolox 

equivalent/mg compound), indicating strong electron 

donation potential. Compound 6 (28.05 µM Trolox 

equivalent/mg compound) exhibited a relatively weak 

reduction capacity. Furthermore, compound 8 did not 

show any detectable activity in the FRAP assay, 

suggesting its limited ability to reduce ferric ions. 

These findings suggest that compound 3 has the 

highest antioxidant potential among the compounds, 

demonstrating superior performance in both radical 

scavenging and reducing power. Compound 8 exhibited 

moderate activity, while compound 6 had the weakest 

overall antioxidant efficacy.  
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Abstract 

The study presents a comprehensive phytochemical analysis of A. caucasicus, examining both the leaf and flower parts of this plant. The 

researchers investigated the phenolic compound profiles using HPLC-DAD methodology, volatile compounds via SPME-GC-MS technique, and 

antioxidant properties through multiple assays (total phenolic content, total flavonoid content, FRAP, and CUPRAC). 

Results revealed significant differences between plant organs. The flower parts contained higher total phenolic content (25.57 mg GAE/g) 

compared to leaves (17.81 mg GAE/g), with notably higher concentrations of compounds like gallic acid, caffeic acid, rosmarinic acid, and 

quercetin. Conversely, leaves demonstrated higher total flavonoid content (5.02 mg QE/g vs. 3.99 mg QE/g in flowers) and greater antioxidant 

capacity in both FRAP and CUPRAC assays. 

Volatile compound analysis identified several bioactive components, including monoterpenes (beta-pinene, D-limonene, alpha-pinene), 

terpenoids, sesquiterpenes, and oxygenated heterocyclic compounds. Beta-pinene dominated in flowers (52.26%), while D-limonene was highest 

in leaves (28.68%). 

This research fills a knowledge gap regarding A. caucasicus, suggesting its potential applications in pharmaceutical and cosmetic products. The 

flower parts show promise for pharmaceutical applications due to their rich phenolic content, while the leaf parts, with their high flavonoid 

content and antioxidant capacity, could be valuable in cosmetic products, particularly for UV protection. 

 

Keywords:  A. caucasicus, antioxidant capacity, phenolics, volatile compound 

1. Introduction

Phenolic compounds are a group of phytochemical 

substances found as secondary metabolites in various 

plants. These compounds have received great interest in 

the scientific world due to their diverse biological 

activities and positive effects on human health. Natural 

polyphenols are considered important compounds due 

to their antioxidant properties, antimutagenic and/or 

anticarcinogenic effects, anti-inflammatory properties, 

and neuroprotective effects [1–4]. Scientific studies 

reveal that these compounds can both function as 

protective antioxidants against oxidative degradation 

and act as pro-oxidants that damage biomolecules, 

causing cellular death [5–6]. 

The medicinal properties of plant species are largely 

attributed to their secondary metabolites, particularly 

compounds like phenolic acids and flavonoids [7-8]. 

Recent scientific interest has grown around plant 

polyphenols due to their antioxidant properties and 

various health benefits, as well as their applications in 

industry. Beyond therapeutic uses, medicinal plants 

serve nutritional purposes globally and are often 

classified as food products under regulatory frameworks 

in numerous countries [8–10]. The significant 

therapeutic potential of these plants makes the 

identification and characterization of their phenolic 

constituents a priority in analytical science research     

[11–12]. 

Many research efforts have documented the presence 

of polyphenols in plant materials and sought to elucidate 

their therapeutic applications, nutritional value, and 

antioxidant capabilities [13]. Consequently, developing 

analytical methodologies to identify and characterize 

these compound classes has become essential in 

phytomedicine research. Analytical approaches such as 

https://doi.org/10.51435/turkjac.1673174
https://orcid.org/0000-0001-7285-9664


Gümrükçüoğlu   Turk J Anal Chem, 7(2), 2025, 195–208   

196 

 

gas chromatography [14], high-performance liquid 

chromatography [7,15], and capillary electrophoresis 

[15,16] have been employed for phenolic compound 

characterization. However, due to the high melting 

points and thermal instability of phenolic acids and 

flavonoids above 200°C, liquid chromatography-based 

separation techniques are generally preferred. 

High-Performance Liquid Chromatography (HPLC) 

is the most widely used separation technique applied to 

detect and quantify phytochemicals in plants [17–20]. 

Different detection modes are used, such as on-line 

diode array detection (DAD) [21–22], ultraviolet 

detectors [23], or electrochemical detectors [24].  

As a more economical alternative, HPLC-DAD 

systems simplify the analytical methodology and 

significantly reduce associated costs, thereby making 

them suitable for routine analyses in laboratories with 

limited financial resources. In contrast, the integration of 

more sophisticated techniques such as electrospray 

ionization (ESI), atmospheric pressure chemical 

ionization (APCI), negative or positive ion mode 

coupled with MS-MS (utilizing triple quadrupole) or 

theoretical MSn (employing ion trap technology) 

provides confirmatory evidence for peak identification, 

yet simultaneously increases both the financial 

investment required and the methodological complexity 

[25–30]. 

The technique of headspace solid-phase 

microextraction (HS-SPME) is extensively employed for 

isolation and pre-concentration of volatile compounds 

prior to gas chromatography-mass spectrometry (GC-

MS) analysis [31–34]. Compared to alternative sample 

preparation methodologies such as solid-phase 

extraction or liquid-liquid extraction, SPME offers 

distinct benefits, including solvent-free operation, 

automation capability, and minimal sample volume 

requirements [35]. These advantageous characteristics 

render SPME particularly valuable for research 

necessitating the examination of large sample quantities, 

exemplified by studies evaluating plant populations 

utilized by plant breeders investigating genetic 

foundations of specific traits [36,37]. Researchers have 

documented the mapping of genes or quantitative trait 

loci (QTLs) governing volatile production, including 

those contributing to aroma, across numerous plant 

species such as tomato [32], melon [38,39], apple [40,41], 

and grape [42–44]. For plant volatile phenotyping, GC-

MS methodology is typically implemented for both 

focused analysis of select volatiles [45,46] and 

comprehensive profiling of numerous targeted or 

untargeted volatile compounds (referred to as 

"metabolomics") [31,32,38,39,40,47]. 

The genus Aster within the Asteraceae family 

comprises approximately 600 species that have adapted 

to diverse ecological environments and demonstrate 

widespread natural distribution. Although many species 

and interspecific hybrids serve ornamental purposes or 

contribute to the cut flower industry, these plants are 

predominantly valued for their medicinal properties, 

which have been recognized since antiquity. Traditional 

Chinese medicine has utilized Aster species for treating 

conditions including cough, fever, and tonsillitis. 

Contemporary scientific investigations have indicated 

that these plants exhibit diuretic, anti-tumor, 

antibacterial, antiviral, and anti-ulcer activities [48]. 

The therapeutic properties of Aster species are 

attributed to their high content of antioxidant 

compounds such as polyphenols and ascorbic acid, 

which exhibit antibacterial, antiviral, anti-inflammatory, 

anti-allergic, antithrombotic, and vasodilator effects, and 

are beneficial in the treatment and prevention of 

arteriosclerosis, cancer, diabetes, neurodegenerative 

diseases, arthritis, and other pathologies [49–50]. The 

variability of antioxidant content in plants results from 

the fact that the synthesis and accumulation of these 

compounds are a direct consequence of plant-

environment interaction. 

In the present study, the phenolic compound profile 

of the methanolic extract of A. caucasicus leaves and 

flowers, the composition of volatile compounds using 

solid-phase microextraction (SPME) technique, and their 

antioxidant potential were comparatively examined. 

Although there are individual content analyses on 

similar species in the literature, HPLC-DAD 

methodology for the simultaneous analysis of 

phytochemicals with a wide range of chemical 

structures, such as phenolic acids and flavonoids in these 

plant extracts, and SPME-GC-MS technique for the 

characterization of volatile compounds have not been 

reported. In the current literature, there are only studies 

comparing the antioxidant properties of A. caucasicus 

and Aster sedifolis species grown under cell culture 

conditions. However, there is no comprehensive 

research that comparatively evaluates both the phenolic 

and volatile compound profiles and antioxidant 

capacities of A. caucasicus leaves and flowers. The 

primary objective of this research is to determine the 

phenolic compound profile of A. caucasicus species, 

which lacks detailed characterization in the literature, to 

characterize its volatile compound composition, and to 

evaluate its antioxidant capacity. The polyphenol 

content determined in this study was evaluated by 

comparison with compounds reported in the literature 

to be effective in the treatment of pathologies such as 

arteriosclerosis, cancer, diabetes, neurodegenerative 

diseases, and arthritis. These comprehensive 

phytochemical characterization results will provide a 

foundation for future in vitro and in vivo bioactivity 
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studies investigating the antibacterial, antiviral, anti-

inflammatory, anti-allergic, and antithrombotic 

activities of A. caucasicus. 

2. Materials and methods 

2.1. Plant material and methanolic extraction of leaf 

and flower parts of A. caucasicus species  

The taxon names of A. caucasicus, the place of collection 

of the plant, and the receipt number are indicated as 

shown in Table 1. Also, the habit of A. caucasicus is 

shown in Fig. 1. Following collection, the plant material 

was promptly moved to a well-ventilated drying room 

with moderate ambient light, ensuring it remained 

protected from direct sunlight. The leaves and flowers of 

A. caucasicus were kept at -20°C for antioxidant capacity, 

some phenolic and flavonoid compound contents, and 

volatile compound content. All experiments and 

analyses were carried out in triplicate.  

 
Figure 1. Habitat of A. caucasicus plant 

2.2. Preparation of samples 

The extraction method was used by revising the 

methods [51,52]. Here, leaf and flower samples 

consisting of 20 grams of dry powder were treated 

separately with 200 ml of methanol to increase the 

extraction of target compounds, and the mixtures were 

subjected to ultrasonication for 30 minutes. After 

ultrasonication, the samples were transferred to a shaker 

and kept at room temperature in the dark for 24 hours 

for optimal extraction efficiency. Following the 

incubation period, regular filter paper was used to 

remove large particles from the extracts, followed by a 

second filtration process with a 0.45 μm syringe filter to 

remove smaller particles. This comprehensive extraction 

procedure, including ultrasonication, long-term 

incubation, and double filtration stages, was designed to 

ensure maximum transfer of compounds from the dry 

powder samples to the extraction solution, and the 

resulting clear filtrates were prepared for analysis         

[51,52]. 

2.3. Antioxidant capacity of A. caucasicus leaves and 

flowers 

2.3.1. Reagents and materials 

For the analysis of polyphenols, flavonoids, and 

antioxidant capacity, various analytical reagents were 

sourced as follows: Methanol, Trolox (6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid), 2,4,6-tripyridyl-

s-triazine (TPTZ), and Folin-Ciocalteu's phenol reagent 

were procured from Sigma Chemical Co. (St. Louis, MO, 

USA). Complementary reagents, including sodium 

carbonate, acetic acid, neocuproine (2,9-dimethyl-1,10-

phenanthroline), aluminum nitrate nonahydrate, CuCl2, 

FeSO4.7H2O and ammonium acetate were acquired from 

Merck Chemical Co. (Darmstadt, Germany). All 

chemical compounds utilized throughout the 

experimental procedures were of analytical grade 

purity. 

2.3.2. Determination of total polyphenolic content 

The quantification of total phenolic (TP) compounds was 

conducted using the Folin-Ciocalteu methodology [53]. 

A standard calibration curve was prepared using gallic 

acid at six different concentrations (1, 0.5, 0.25, 0.125, 

0.0625, and 0.03125 mg/mL). The experimental protocol 

involved combining 20 μL of either standard solution or 

methanolic plant extract (1 mg/mL) with 400 μL of 0.5 N 

Folin-Ciocalteu reagent and 680 μL of distilled water. 

Following thorough mixing and a 3-minute reaction 

period, 400 μL of 10% Na₂CO₃ solution was introduced 

to the mixture. The reaction was allowed to develop for 

2 hours at 25°C, after which absorbance measurements 

were recorded at 760 nm. The polyphenolic content was 

subsequently calculated and expressed as milligrams of 

gallic acid equivalents (GAE) per gram of plant dry 

weight. 

2.3.3. Assessment of total flavonoid content 

Total flavonoid (TF) (mg QE/g dry sample) 

quantification was performed according to a modified 

protocol from reference [54]. The analytical principle 

 

Table 1.  Collection data of the examined A. caucasicus 

Taxon Locality Voucher* 

Aster 

caucasicum 

Aster caucasicum (Aksu 399) specimens were 

collected on 26 July 2022 from the roadside 

habitat along the Heba Plateau road in 

Borçka (Artvin Province, NE Türkiye), at an 

altitude of approximately 1600 m, growing 

among Rhododendron shrubs along the 

roadside. 

Aksu 399 
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exploits the characteristic of aluminum chloride to form 

coordination complexes with flavonoid compounds. 

Specifically, aluminum ions establish stable complexes 

with the C-4 keto group and either C-3 or C-5 hydroxyl 

groups present in flavones and flavonols, while forming 

fewer stable associations with ortho-dihydroxyl 

configurations in both A and B rings. For 

standardization purposes, quercetin solutions ranging 

from 0.03125 to 1.0 mg/mL were employed to generate a 

reference curve correlating absorbance measurements 

with known concentrations [54]. 

2.4. Ferric and copper reduction assays of antioxidant 

activity in A. caucasicus leaves and flowers  

In the FRAP assay, total antioxidant potential was 

assessed through the conversion of a yellow Fe+3-TPTZ 

(2, 4, 6-tripyridyl-s-triazine) complex into a blue Fe+2-

TPTZ complex when exposed to electron-donating 

compounds in acidic medium [55]. The protocol 

involved combining 3 mL of freshly prepared FRAP 

reagent with 100 μL of either experimental extract or 

control solvent in a test tube. Spectrophotometric 

measurements at 593 nm were recorded over a 4-minute 

interval at ambient temperature (25°C). The resulting 

absorbance values were quantified against an 

FeSO₄·7H₂O calibration curve (100-1000 μmol/L), with 

final results expressed as micromoles of ferrous sulfate 

heptahydrate equivalents per gram of plant dry matter. 

The CUPRAC methodology involves the interaction 

of antioxidant compounds with a reaction mixture 

containing Cu²⁺ ions, neocuproine (alcoholic solution), 

and ammonium acetate buffer (pH 7). Following a 60-

minute incubation period, optical density was 

determined at 450 nm. The experimental procedure 

entailed combining equal volumes (1 mL each) of 

copper(II) chloride (10 mM), neocuproine (7.5 mM), and 

ammonium acetate (1 M) with sample extract (0.2 mL) 

and deionized water (0.9 mL) to achieve a final reaction 

volume of 4.1 mL. Absorbance readings were obtained 

after a 60-minute reaction period, and antioxidant 

capacity was calculated in terms of Trolox® equivalent 

antioxidant capacity (TEAC) [56]. 

2.5. HPLC-DAD analysis of phenolic compounds in A. 

caucasicus leaves and flowers 

2.5.1.  Chemical reagents  

The acetonitrile HPLC gradient was acquired from 

Sigma-Aldrich Co. (St. Louis, MO, USA), while the 

methanol HPLC gradient was obtained from Merck 

KGaA (Darmstadt, Germany). All phenolic reference 

compounds utilized in the analysis were procured from 

Sigma-Aldrich, an established vendor recognized for 

supplying research-grade chemicals and analytical 

standards. 

2.5.2. Instrumental parameters  

Protocol A: Advanced chromatographic methodology 

for the quantification of compounds numbered 1, 2, 3, 4, 

6, 7, 8, 9, 14, 15, 16, 17, 18, and 19 isolated from the plant, 

as shown in Fig. 2. Compound isolation was performed 

with an ACE 5 C18 stationary phase (250 × 4.6 mm, 5 μm 

particle size). The binary mobile phase consisted of (A) 

acetonitrile and (B) dilute acetic acid (1.5% v/v). The 

elution profile commenced with 15% component A and 

85% component B, transitioning to 40% component A 

and 60% component B at 29 minutes. The instrumental 

configuration incorporated a 1260 DAD WR 

spectrophotometric detector (monitoring at 250, 270, and 

320 nm), a 1260 Quaternary Pump (maintaining 0.7 

mL/min volumetric flow), a 1260 Vial Sampler 

(delivering 10 μL injection volume), and a G7116A 

thermostatic column compartment (maintained at 35°C). 

Protocol B: Advanced chromatographic methodology 

for the quantification of compounds numbered 5, 10, 11, 

12, 13, 20, 21, 22, 23, and 24 isolated from the plant, as 

shown in Fig. 2: Compound isolation was performed 

with an ACE 5 C18 stationary phase (250 × 4.6 mm, 5 μm 

particle size). The binary mobile phase consisted of (A) 

methanol and (B) dilute acetic acid (1.5% v/v). The 

elution profile commenced with 10% component A and 

90% component B, transitioning to 40% component A 

and 60% component B at 29 minutes, followed by 60% 

component A and 40% component B through 40 

minutes, concluding with 90% component A and 10% 

component B from 40 to 53 minutes. 

Figure 2. It lists the standards separated by the HPLC-DAD method 
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The instrumental configuration incorporated a 1260 

DAD WR spectrophotometric detector (monitoring at 

280, 290, 320, 370 and 535 nm), a 1260 Quaternary Pump 

(maintaining 0.7 mL/min volumetric flow), a 1260 Vial 

Sampler (delivering 10 μL injection volume) and a 

G7116A thermostatic column compartment (maintained 

at 35°C). 

2.5.3. Preparation of reference standard solutions  

Quantitative determination of phenolic constituents was 

accomplished through external calibration curves using 

six serial dilutions of each reference standard at precisely 

defined concentrations: 25, 50, 75, 100, 200, and 300 

μg/mL. Subsequent to preparation, these calibration 

solutions were subjected to HPLC-DAD analysis under 

identical instrumental conditions as the experimental 

samples. 

2.6. SPME-GC-MS analysis of volatile compounds in 

leaves and flowers of A. caucasicus 

2.6.1. SPME absorption of volatile compounds 

 The fiber was conditioned as recommended by the 

manufacturer before use. The plant was thoroughly 

fragmented in a laboratory-type grinder. From the 

powdered sample, enough to fill one-third of a 20 mL 

vial was placed in a 20 mL bottle sealed with 

PTFE/silicone septa (Supelco). Each sample was heated 

at 45°C for 15 minutes. Then, a syringe with an 

appropriate fiber tip was immersed in the bottle and 

absorbed for 40 minutes. The compounds exposed to the 

fiber tip were injected into the injection block of the GC 

unit and held for 20 minutes for absorption. 

2.6.2. Instrument conditions 

GC-MS analysis will be performed using an Agilent 

(Agilent Technologies, Santa Clara, CA, USA) gas 

chromatograph and HP-5MS ultra inert capillary 

column (30 m × 0.25 mm × 0.25 μm). High-purity helium 

(>99.99%) will be used as the mobile phase at a flow rate 

of 1.0 mL/min. The injector temperature was set to 250°C. 

The GC program maintained an initial temperature of 

50°C for 2 minutes. It will be raised to 150°C at a rate of 

2.5°C/min and held constant there for 5 minutes. Finally, 

it will be increased to 250°C at a rate of 6.5°C/min and 

held constant there for 1 minute. The MS operating 

parameters include an ionization energy of 70 eV, with a 

scanned mass range of 35-500 m/z [57]. 

3. Results and discussion 

3.1. GC-MS analysis and photochemical profile of A. 

caucasicus 

Various phytochemical compounds characterized by 

retention times ranging from 4 to 36 minutes and 

different indices varying between 700 and 1385 were 

detected in samples taken from the leaf and flower parts 

of A. caucasicus. As shown in Table 2 and Table 3, 

compounds found in high amounts in the flower and leaf 

parts of the plant include monoterpenes, terpenoids, 

sesquiterpenes, oxygenated heterocyclic compounds, 

and volatile organic compounds, and the proportions of 

these compounds vary according to plant parts. 

In the research, beta-pinene, D-limonene, and alpha-

pinene were identified as monoterpenes; silphiperfol-5-

ene as a terpenoid; modephene as a sesquiterpene; 

Furan, 2-ethyl and Furan, 2-pentyl, as oxygenated 

heterocyclic compounds; and hexanal as a volatile 

organic compound. The distribution and concentrations 

Table 2.  Phytochemical compounds of A. caucasicus leaf 

No RT (min) RI Name of the compound Content [%] 

1 4.11 705 Furan, 2-ethyl- 7.08 

2 6.16 802 Hexanal 9.62 

3 
7.29 834 

Butanal, 2-ethyl-3-

methyl- 
1.29 

4 7.86 850 2-Hexenal, (E)- 4.66 

5 
8.12 857 

6,6-Dimethylhepta-2,4-

diene 
0.99 

6 11.17 932 α-Pinene 4.21 

7 12.17 953 2-Heptanone,6-methyl- 1.51 

8 12.39 958 Benzaldehyde 2.37 

9 13.19 975 β-Pinene 19.34 

10 13.33 978 Sabinene 0.76 

11 13.95 991 Furan, 2-pentyl 3.01 

12 15.63 1023 p-Cymene 0.52 

13 15.84 1027 D-Limonene 28.68 

14 16.90 1047 β-Ocimene 0.90 

15 17.49 1058 Isophorone 2.94 

16 24.90 1195 Myrtenal 0.97 

17 31.68 1323 Silphiperfol-5-ene 5.02 

18 34.47 1378 Modephene 4.66 

19 34.81 1385 α-Isocomene 1.25 

Rt: Retention times on an HP-5MS UI column, RI: Experimentally 

determined retention indices on an HP-5MS UI column 

 

Table 3.  Phytochemical compounds of A.caucasicus flower 

No RT (min) RI 
Name of the 

compound 
Content [%] 

1 6.14 800 Hexanal 9.83 

2 9.30 890 2-Heptanone 1.23 

3 11.16 932 α-Pinene 6.19 

4 12.39 958 Benzaldehyde 2.47 

5 13.19 975 β-Pinene 52.26 

6 13.74 986 Sulcatone 1.36 

7 13.94 991 Furan, 2-pentyl 3.19 

8 15.62 1023 p-Cymene 1.28 

9 15.84 1027 D-Limonene 7.29 

10 16.90 1047 β-cis-Ocimene 0.87 

11 24.89 1195 cis-Myrtenal 1.28 

12 25.09 1198 Dodecane 1.58 

13 31.67 1223 Silphiperfol-5-ene 2.83 

14 34.46 1278 Modephene 1.09 

15 34.81 1285 (-)-Isocomene 0.55 

16 35.45 1298 Tetradecane 1.31 

17 36.44 1318 Caryophllene 5.19 

Rt: Retention times on an HP-5MS UI column, RI: Experimentally 

determined retention indices on an HP-5MS UI column 
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of these compounds in plant tissues provide significant 

contributions to understanding the phytochemical 

profile of A. caucasicus. 

In the leaf part of the plant, the monoterpenes β-

pinene (19.34%), D-limonene (28.68%), and α-pinene 

(4.21%); silphiperfol-5-ene (5.02%) as a terpenoid; 

modephene (4.66%) as a sesquiterpene; Furan, 2-ethyl 

(7.08%), and Furan, 2-pentyl (3.01%) as oxygenated 

heterocyclic compounds; and hexanal (9.62%) as a 

volatile organic compound were determined. In the 

flower part, the monoterpenes β-pinene (52.26%), D-

limonene (7.29%), and α-pinene (6.19%); silphiperfol-5-

ene (2.83%) as a terpenoid; modephene (1.09%) as a 

sesquiterpene; Furan, 2-pentyl (3.19%) as an oxygenated 

heterocyclic compound; and hexanal (9.83%) as a volatile 

organic compound were detected. 

When examining the phytochemical profile of the A. 

caucasicus plant, notable differences were observed 

between the leaf and flower parts. β-pinene (52.26%) 

stands out as the dominant compound in the flower part, 

while D-limonene (28.68%) was found in the highest 

proportion in the leaf part. This difference reflects the 

different physiological functions and ecological roles of 

plant organs. The high presence of monoterpenes in both 

plant parts is one of the characteristic features of the 

Aster genus, particularly containing compounds such as 

beta-pinene, which has antispasmodic, anti-

inflammatory [59], hypotensive [60], antimicrobial [61], 

anti-depressant, and sedative [58] effects, and D-

limonene, which has antibacterial, anti-inflammatory, 

antiviral, antinociceptive, and antidiabetic effects [62]. 

The approximately 2.7 times higher proportion of beta-

pinene in the flower part compared to the leaf part can 

be associated with the flowers' pollination process of 

attracting insects and their protective functions. In 

contrast, the approximately 4 times higher proportion of 

D-limonene in leaves compared to flowers can be 

considered as part of the leaves' defense mechanism 

against herbivores.  

The detection of terpenoids and sesquiterpenes such 

as silphiperfol-5-ene and modephene in both parts, but 

their presence in higher concentrations in the leaf part, 

indicates that these compounds are more actively 

synthesized in the vegetative tissues of the plant. It is 

particularly noteworthy that modephene is 

approximately 4.3 times higher in the leaf part (4.66%) 

compared to the flower part (1.09%). When the 

distribution of oxygenated heterocyclic compounds is 

examined, the detection of Furan, 2-ethyl compound 

only in the leaf part (7.08%) indicates the presence of a 

biosynthesis pathway specific to leaf tissue. Volatile 

organic compounds such as hexanal were found in 

similar proportions (9.62-9.83%) in both tissues. 

These differences in the chemical composition of the 

leaf and flower parts of A. caucasicus demonstrate that 

different tissues of the plant possess different 

physiological functions and ecological roles. These 

findings are expected to make significant contributions 

to the evaluation of the plant's potential pharmacological 

and bioactive properties. 

3.2. Total phenolic content and antioxidant properties 

of A. caucasicus extract 

In this study, total phenolic, total flavonoid, FRAP, and 

CUPRAC contents of A. caucasicus flower and leaf 

extracts were determined spectrophotometrically (Table 

4).  

When examining the analysis results, it was observed 

that the total phenolic content among the plant organs 

varied between 17.81 and 25.57 mg GAE/g dry weight. 

While the total phenolic content of the leaf part of the 

plant was 17.81±0.60 mg GAE/g, the flower part showed 

values of 25.57±5.40 mg GAE/g. These results indicate 

that although there is not a very significant difference 

between the values of the leaf and flower parts, the total 

phenolic content of the flower part is slightly higher 

compared to the leaf part. The leaf parts of plants are 

exposed to higher rates of sunlight compared to other 

parts due to their large surface areas. For this reason, 

flavonoids accumulate more abundantly in leaves 

compared to other parts as the plant's mechanism to 

protect itself from UV radiation and reduce oxidative 

stress [63-65]. As shown in Table 4, the total flavonoid 

content varied between 5.02 and 3.99 mg QE/g dry 

weight. It was observed that the total flavonoid content 

of the plant's leaf part (5.02±0.04 mg QE/g) was higher 

than the total flavonoid content of the flower part 

(3.99±0.11 mg QE/g). Unlike total phenolics (TP), which 

show higher concentrations in flowers, total flavonoid 

(TF) content is typically more abundant in leaves. This 

finding aligns with established research demonstrating 

that flavonoids primarily accumulate in leaf tissue as a 

protective mechanism against UV radiation and 

oxidative stress [66]. 

FRAP and CUPRAC assays were independently 

applied to the flower and leaf extracts of the plant. 

 

Table 4.  The antioxidant properties of A. caucasicus extracts were investigated, including the total phenolic content, total flavonoid content, FRAP, 

and CUPRAC analyses. 

Taxon 
Used part 

Total phenolic content  

(mg GAE/g dry sample)* 

Total flavonoid content  

(mg QE/g dry sample)* 

FRAP  

(µmol FeSO4.7H2O/g sample)* 

CUPRAC  

(mmol TEAC/g sample)* 

A. caucasicus Leaf 17.81 ± 0.60 5.02 ± 0.04 7.77 ± 0.18 0.32 ± 0.01 

 Flower 25.57 ± 5.40 3.99 ± 0.11 7.53 ± 0.17 0.27 ± 0.01 
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According to these findings, FRAP results ranged 

between 7.77 and 7.53 μmol Fe²⁺/g dry weight, while 

CUPRAC values varied between 0.32 and 0.27 mmol 

TEAC/g dry weight. The FRAP activity in leaves 

(7.77±0.18 μmol Fe²⁺/g) was slightly higher than in 

flowers (7.53±0.17 μmol Fe²⁺/g). Similarly, the CUPRAC 

activity in leaves (0.32±0.01 mmol TEAC/g) exceeded 

that observed in flowers (0.27±0.01 mmol TEAC/g). 

These results indicate that the higher total phenolic 

content in flowers compared to leaves demonstrates that 

flowers are richer in phenolic compounds, which is 

consistent with the overall findings. However, the lower 

total flavonoid content in flowers compared to leaves 

supports the premise that plant leaves accumulate 

flavonoids as a protective mechanism against UV 

radiation and to mitigate oxidative stress, resulting in a 

richer flavonoid profile than flowers. 

Furthermore, the elevated FRAP and CUPRAC 

values observed in leaves suggest that flavonoids may 

contribute more significantly to total antioxidant 

capacity than other phenolic compounds present in 

flowers. This observation aligns with expectations given 

the powerful reducing properties characteristic of 

flavonoids. 

When comparing our current research with similar 

studies in the literature, remarkably intriguing findings 

emerge. One study reported that the total phenolic 

content of 17 different species from the Asteraceae 

family, including A. caucasicus, varied between 2.65 and 

13.34 mg GA/g [67]. In a 2021 investigation on Cirsium 

englerianum, the total flavonoid content of the 

methanolic extract was determined to be 5.88±0.21 [68]. 

In comparison with these literature data, the total 

phenolic content of the plant in our study (17.81-25.57 

mg GAE/g) is significantly higher than the values 

reported for other species in the Asteraceae family (2.65-

13.34 mg GA/g). This suggests that our investigated 

plant is rich in phenolic compounds and may constitute 

a valuable resource for potential phytotherapeutic 

applications. 

The total flavonoid content, meanwhile, is 

comparable to the value reported in the literature for 

Cirsium englerianum; particularly, the value in our leaf 

samples (5.02±0.04 mg QE/g) approximates that of 

Cirsium englerianum (5.88±0.21). Another study 

examined the time-dependent variations of leaf extracts 

from Leuzea carthamoides, another member of the same 

family. In this investigation, FRAP values were observed 

to range between 1.2 and 60 μmol Fe²⁺/g [69]. Hence, it is 

evident that the FRAP values of the plant in our study 

(7.53-7.77 μmol Fe²⁺/g) are situated in the lower-middle 

range of the broad spectrum of values for Leuzea 

carthamoides. 

In conclusion, the compositional differences among 

plant parts analyzed in our study distinctly reflect the 

characteristic physiological functions and ecological 

roles of different plant organs. While flowers 

demonstrate superiority in total phenolic content, leaves 

exhibit higher flavonoid content and robust antioxidant 

capacity. These findings indicate a noteworthy 

phytochemical richness when compared with other 

members of the Asteraceae family and suggest that 

different parts of the plant could be evaluated as 

valuable natural resources for various purposes in 

pharmacological and therapeutic applications. 

Particularly, the antioxidant potential exhibited by leaf 

extracts suggests that they could be utilized as promising 

components in the development of protective and 

therapeutic formulations against various diseases 

associated with oxidative stress. 

3.3. Quantification of phenolic and flavonoid 

compounds via HPLC analysis of A. caucasicus extract 

In this study, ascorbic acid as a vitamin, along with 

various phenolic compounds and flavonoids, was 

examined in the leaf and flower parts of the A. 

caucasicus plant. The standard compounds used 

included 12 phenolic compounds such as gallic acid, 3,4-

hydroxy benzoic acid, vanillic acid, syringic acid, 

coumaric acid, caffeic acid, rosmarinic acid, pyrogallol, 

chlorogenic acid, oleuropein, and resveratrol; 

additionally, there were 11 flavonoids, including 

catechin, epicatechin, rutin, myricetin, quercetin, 

apigenin, cyanidin chloride, hesperetin, kaempferol, 

baicalein, and chrysin. 

The study employed two distinct methodologies. 

Advanced chromatographic techniques were developed 

to quantify compounds isolated from the plant, as 

detailed in Table 5. Protocol A was used to determine 

compounds 1, 2, 3, 4, 6, 7, 8, 9, 14, 15, 16, 17, 18, and 19, 

whereas Protocol B was specifically optimized for 

compounds 5, 10, 11, 12, 13, 20, 21, 22, 23, and 24. Fig. 3 

and Fig.4 demonstrate the clear separation achieved 

between the various phenolic compounds. 

In the study, both identification and quantification of 

a total of 24 phenolic compounds in the leaf and flower 

parts of the A. caucasicus plant were carried out by 

applying Protocol A and Protocol B (Table 5). Upon 

examination of the chromatograms obtained from the 

phytochemical analysis of A. caucasicus, the 
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characteristic compounds of the flowers are presented in 

Fig. 5, while those of the leaves are presented in              

Fig. 6. Regarding ascorbic acid content, it was detected 

at a level of 178.3 mg/kg in the flower part but was not 

detected in the leaf part. This accumulation of ascorbic 

acid in flowers is attributed to increased metabolic 

activity and greater exposure to oxidative stress [70]. 

Phenolic compounds were predominantly 

concentrated in the flower part of the plant. Gallic acid 

(59.8 mg/kg) and 3,4-hydroxy benzoic acid (16.8 mg/kg) 

were detected in the flower part but not found in the leaf 

part. Caffeic acid was determined to be 15.5 mg/kg in 

flowers and 7.5 mg/kg in leaves. Although caffeic acid is 

present in both parts, it has approximately twice the 

concentration in the flower part compared to the leaf. 

Vanillic acid, however, is present in higher amounts in the 

leaf part (Table 5). These compounds are known for their 

properties to neutralize free radicals and protect against 

oxidative stress. The higher accumulation of these 

compounds in the flower part compared to the leaf part 

indicates that the flower part has a higher antioxidant 

potential than the leaf part. 

Rosmarinic acid and p-coumaric acid, which have 

antioxidant and anti-inflammatory properties, were 

detected in both flower and leaf parts of the plant. The 

amounts of rosmarinic acid (131.6 mg/kg) and p-coumaric 

acid (141.9 mg/kg) in the flower part were higher than the 

amounts of rosmarinic acid (41.9 mg/kg) and p-coumaric 

acid (119.2 mg/kg) in the leaf part. These results indicate 

that the flower part is more effective in terms of 

antioxidant activity. 

Among flavonoids, Rutin, Quercetin, Apigenin, 

Hesperetin, Myricetin, and Chrysin were determined. 

Flavonoid compounds such as Apigenin (11.5 mg/kg), 

Hesperetin (321.5 mg/kg), Myricetin (4.7 mg/kg), and 

Chrysin (4.7 mg/kg) were detected in the flower part, 

while Quercetin was found to be 389.6 mg/kg in the 

flower part and 34.9 mg/kg in the leaf part. While 

Apigenin, Hesperetin, Myricetin, and Chrysin could not be 

detected at all in the leaf part, Quercetin was found in a 

much higher proportion in the flower part compared to 

the leaf part. This indicates that the immune-supporting, 

anti-inflammatory, and free radical scavenging 

properties [71] of flavonoid compounds are more 

prominent in the flower part compared to the leaf part. 

However, Rutin, which serves as a natural protection 

mechanism against harmful organisms and UV 

radiation, was found to be 1438.8 mg/kg in the leaf part 

and 315.2 mg/kg in the flower part, showing a significant 

difference in the leaf part of the plant. 

Due to the limited studies on A. caucasicus in the 

literature, research on similar species has been 

examined. In one study [72], the phenolic content of 11 

Aster species (A. diplostephioides, A. souliei, A. himalaicus, 

A. flaccidus, A. farreri, A. sutschanensis, A. tongolensis, A. 

Figure 4. The HPLC Chromatograms of the Phenolic Standards (Protocol B.) Their symbols and retention times are pyrogallol (1), chlorogenic 

acid (2), syringic acid (3), cyanidin chloride (4), resveratrol (5), oleuropein (6), hesperitin (7), kaempferol (8), baicalein (9) and chrysin (10) 

Figure 3. The HPLC Chromatograms of the Phenolic Standards (Protocol A). Their symbols and retention times are ascorbic acid (AsA) (1), gallic 

acid (2), 3-4 hydroxybenzoic acid (3), catechin (4), epicatechin (5), caffeic acid (6), vanillic acid (7), rutin (8), cumaric acid (9), ferrulic acid (10), 

rosmarinic acid (11), myricetin (12), quercetin (13), and apigenin (14) 
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bietii, A. yunnanensis, A. trinervius, and A. latibracteatus) 

collected from different regions was compared. This 

study investigated the content of chlorogenic acid and its 

isomers, rutin, isoquercitrin, 3,5-dicaffeoylquinic acid, 

3,4-dicaffeoylquinic acid, and 1,3-dicaffeoylquinic acid. 

According to the results, A. latibracteatus and A. trinervius 

contained abundant amounts of chlorogenic acid and its 

isomers (23.5 ± 4.9 and 20.5 ± 5.8 mg/g, respectively), 

while these compounds were found in significantly 

lower quantities in samples of A. latibracteatus and A. 

sutschanensis (7.6 ± 0.55 and 9.5 ± 0.43 mg/g, respectively; 

p < 0.01). Several other Aster species (A. souliei, A. bietii, 

and A. flaccidus) also contained specific amounts of 

chlorogenic acid and its isomers (13.3 ± 5.1, 14.3 ± 4.4, and 

15.2 ± 5.7 mg/g, respectively). In our current study, the 

chlorogenic acid content in the leaves and flowers of A. 

caucasicus was determined to be approximately twice as 

high as the highest values reported in the literature, 

while the rutin content was approximately 10 times 

higher in leaves and more than 10 times higher in 

flowers. In another study from the literature [73], 

quercetin content was examined in the methanolic extract 

of Aster spatulifolius flowers but was not detected. In 

contrast, our current study identified high levels of 

quercetin in both the leaves and flowers of A. caucasicus. 

A subsequent study conducted in 2018 investigated the 

flavonoid content, including apigenin, catechin, 

epicatechin, hesperidin, myricetin, quercetin, and rutin, in 

the petals of various Chinese asters from the Asteraceae 

family (to which A. caucasicus also belongs), categorized  

Figure 5. The chromatogram of the analysis results of A. caucasicus flowers 
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Figure 6. The chromatogram of the analysis results of A. caucasicus leaf 
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into seven groups based on flower colors [74]. According 

to this study, the highest apigenin value was reported as 

266.1 ppm, while the lowest was 7.9 ppm; the highest 

catechin value was 284.3 ppm, while the lowest was 4 

ppm. The A. caucasicus plant used in our current study 

demonstrated higher apigenin and catechin content in its 

flowers compared to most species examined. 

Furthermore, the content of other flavonoids such as 

epicatechin, hesperidin, quercetin, and rutin was found to 

be higher than all other species, while the myricetin 

content was higher than most species. 

The results revealed that the diversity of phenolic 

compounds in the flower part was higher than in the leaf 

part. The presence of these compounds, which confer 

strong antioxidant and anti-inflammatory properties, in 

the flower part has shown that this part of the plant can 

be effectively included in pharmaceutical applications 

and can be a biological source for pharmaceutical 

products. Additionally, the very high amount of Rutin, 

which has natural protective properties against UV 

radiation, and Vanillic acid, which has antioxidant 

properties, in the leaf part compared to the other part has 

shown that the leaf parts can be included as an important 

biological source in cosmetic products. 

4. Conclusions 

 In this study, a comprehensive analysis of A. caucasicus, 

a plant with limited and rare studies in the literature, 

was conducted. The phenolic and flavonoid contents, 

antioxidant capacities (total phenolic, total flavonoid, 

FRAP, and CUPRAC), and volatile compounds of the 

flower and leaf parts of the plant were examined in 

detail. This research has made a significant contribution 

to filling the knowledge gap in the literature regarding 

A. caucasicus. 

The analysis results demonstrated that the leaf parts 

of the plant are rich in flavonoids to protect against UV 

radiation and reduce oxidative stress. The overall 

antioxidant capacity of the leaves was found to be higher 

compared to the flowers. On the other hand, flower parts 

were richer in phenolic compounds, and their 

antioxidant capacity was slightly lower than that of 

leaves. 

In the chemical composition profile, beta-pinene 

(52.26%) stands out as the dominant compound in the 

flower part, while D-limonene (28.68%) was found in the 

highest proportion in the leaf part. This difference 

reflects the different physiological functions and 

ecological roles of plant organs. The high presence of 

monoterpenes in both plant parts is one of the 

characteristic features of the Aster genus. 

The total phenolic content was higher in flower parts 

(25.57 mg GAE/g) compared to leaves (17.81 mg GAE/g), 

while the leaves demonstrated higher total flavonoid 

content (5.02 mg QE/g) than flowers (3.99 mg QE/g). 

Furthermore, the leaves exhibited elevated FRAP (7.77 

μmol Fe²⁺/g) and CUPRAC (0.32 mmol TEAC/g) values, 

suggesting superior antioxidant capacity compared to 

the flower parts. 

HPLC analyses revealed that phenolic compounds 

such as gallic acid (59.8 mg/kg), caffeic acid (15.5 mg/kg), 

rosmarinic acid (131.6 mg/kg), and quercetin (389.6 

mg/kg) were present in higher concentrations in the 

flower parts compared to leaves, while rutin was 

detected at a significantly higher level in leaves (1438.8 

mg/kg) than in flowers (315.2 mg/kg). 

These findings highlight the potential of A. 

caucasicus flower and leaf parts in cosmetic and 

pharmaceutical applications and provide a solid 

foundation for future studies investigating the 

therapeutic applications of their bioactive properties. 

The flower parts, with their rich phenolic content, show 

promise for pharmaceutical applications, while the leaf 

parts, with their high flavonoid content and antioxidant 

capacity, could be valuable in cosmetic products, 

particularly for UV protection. 

However, a significant limitation of the study is the 

lack of in vivo tests that would provide deeper insights 

into the bioavailability and therapeutic efficacy of these 

active compounds. Future research should address this 

Table 5.   Contents of phenolic compounds in the leaves and flowers 

of A. Caucasicus 

No Compounds Flower (mg/L) Leaf (mg/L) 

Vitamin 

1 Ascorbic acid 178.3 N/D 

Phenolics 

2 Gallic acid 59.8 N/D 

3 3,4 hydroxy benzoic acid 16.8 N/D 

4 Vanillic acid 1.0 20.5 

5 Syringic acid N/D N/D 

6 Coumarıc Acid 141.9 119.2 

7 Caffeic acid 15.5 7.5 

8 Ferulic acid N/D N/D 

9 Rosmarinic acid 131.6 41.9 

10 Pyrogallol 46.7 84.6 

11 Chloragenic acid 51.2 54.5 

12 Resveratrol N/D N/D 

13 Oleuropein N/D N/D 

Flavonoids 

14

   
Catechin N/D N/D 

15 Epicatechin 54.8 39.4 

16 Rutin 315.2 1438.8 

17 Myricetin 4.7 N/D 

18 Qercetin 389.6 34.9 

19 Apigenin 11.5 N/D 

20 Cyanidin cloride N/D N/D 

21 Hesperitin 321.5 N/D 

22 Kaempferol N/D N/D 

23 Baicalein 10.5 11.6 

24 Chrysin 4.7 N/D 

N/D: Not Detected 
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limitation by including in vivo studies to verify the 

current findings and further investigate the 

pharmacokinetics of the active components of the 

extract. 
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Green synthesis of fluorescent carbon quantum dots from field horsetail 

Equisetum Arvense L and fluorimetric detection of Pd2+ ions 

Aysel Başoğlu  

GümüşhaneUniversity, Gümüşhane Vocational School, Chemistry and Chemical Processing Technologies, 29100, Gümüşhane, Türkiye 

Abstract 

The study presents a comprehensive phytochemical analysis of A. caucasicus, examining both the leaf and flower parts of this plant. The 

Fluorescent carbon quantum dots (CQDs) were synthesized via a hydrothermal method using field horsetail (Equisetum arvense L.) as a green 

carbon source at 180 °C. The resulting CQDs were characterized by various techniques, including UV–Vis absorption spectroscopy, fluorescence 

spectroscopy, fourier-transform infrared (FTIR) spectroscopy, and transmission electron microscopy (TEM). Under UV illumination at 365 nm, 

the CQDs displayed intense blue fluorescence. The effects of 32 different metal ions, including Li⁺, Na⁺, K⁺, Ag⁺, NH₄⁺, Tl⁺, Ba²⁺, Be²⁺, Ca²⁺, Cd²⁺, 

Co²⁺, Cu²⁺, Pb²⁺, Mg²⁺, Mn²⁺, Ni²⁺, Zn²⁺, Sr²⁺, Cr³⁺, Au³⁺, Y³⁺, Al³⁺, V³⁺, Bi³⁺, B³⁺, Sc³⁺, Sb³⁺, Ti⁴⁺, Se⁴⁺, Mo⁶⁺, W⁶⁺, and Pd²⁺, on the fluorescence properties 

of the CQDs were systematically investigated using fluorescence spectrophotometry. Among them, Pd²⁺ ions caused significant fluorescence 

quenching. Based on this response, a sensitive and straightforward fluorometric sensing strategy was developed for detecting Pd²⁺ in tap water. 

The method showed a good linearity over the concentration range of 0.5 to 15.0 µM, with a detection limit of 50.2  nM and a quantification limit 

of 150.6 nM. The applicability of the method was further validated through spiking experiments, yielding satisfactory recoveries at various 

concentrations. The approach also demonstrated excellent reproducibility, with a relative standard deviation (RSD) consistently below 2.3%. 

Keywords:  Pd2+ detection, fluorescent carbon quantum dots, hydrothermal-assisted synthesis, field horsetail (Equisetum arvense L.) 

1. Introduction

Initially observed as a byproduct in 2004 [1], carbon dots 

were later recognized as a distinct class of nanomaterials 

through detailed characterization reported in 2006 [2]. 

Between 2007 and 2011, production strategies and 

structure-property relationships were investigated, 

followed by the development of practical applications 

and large-scale production methods from 2011 onwards. 

Due to their small size, rich functional groups, 

fluorescence properties, chemical stability, 

biocompatibility, good solvent dispersion, and non-

toxicity, carbon dots are known as discrete, quasi-

spherical particles that find applications in various fields 

such as sensors, energy storage, drug delivery, 

bioimaging, catalysis, and LEDs. These superior 

structural features have positioned carbon dots 

significantly in materials chemistry [2]. However, due to 

their extensive structural diversity, there remains a need 

for the development of more economical and efficient 

production methods. Carbon dots can be found in 

various structural forms, including graphene-based, 

graphitic carbon nitride-based, polymer-derived, and 

classical carbon quantum dots and nanodots. The main 

difference between carbon quantum dots and carbon 

nanodots lies in their internal structure. Some 

researchers argue that carbon nanodots primarily exhibit 

an amorphous structure and lack a crystalline cage, 

whereas carbon quantum dots are emphasized to 

possess a crystalline structure [3,4]. This distinction 

becomes significant when considering the more 

pronounced crystallinity of carbon-based quantum dots. 

The microstructural properties of these dots can be 

adjusted to exhibit diverse characteristics. Quantum size 

is an important feature of carbon quantum dots and 

depends mainly on processing conditions such as 

precursor ratio [5], reaction time [6], temperature [7], and 

solvent [8]. 

Alternatively, key properties can be enhanced in 

carbon dots by employing strategies such as doping with 

heteroatoms, functionalizing the surface, or passivating 

the surface to alter their structural characteristics. 

mailto:abasoglu@gumushane.edu.tr
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Heteroatom doping [9], surface modification [9], and 

passivation techniques involve substituting carbon 

atoms with elements like N, B, S, and P, introducing 

functional groups to the carbon dot surface via covalent 

bonds, and applying passivation agents (e.g., 

polyethylene glycol, PEG) to coat the nanoparticles. The 

strategy used in material production is of critical 

importance in materials science. Carbon dot synthesis 

techniques are typically categorized into two primary 

strategies: 'top-down' and 'bottom-up' methods. In “top-

down” strategies, carbon-based precursors (e.g. 

graphene and fullerenes ) are broken down by exposure 

to harsh conditions. This approach is commonly used for 

synthesizing graphene quantum dots and carbon 

nanodots. In contrast, 'bottom-up' methods typically 

involve the polymerization and subsequent 

carbonization of small molecular precursors, such as 

citric acid and acetaldehyde, leading to the formation of 

carbon dots (e.g., carbon quantum dots – CQDs, carbon 

nanodots – CNDs, and carbon polymer dots – CPDs) 

with a lower degree of carbonation. Bottom-up 

approaches for preparing CDs generally include 

combustion/thermal and template strategies. Thermal or 

combustion-based approaches involve the 

rearrangement and carbonization of precursor materials 

through the application of heat. In principle, precursors 

that contain carbon—such as citric acid [10], 

acetaldehyde [11], and natural biomass [12] —can serve 

as the starting materials for CDs synthesis using thermal 

methods. Depending on the heating technique 

employed, these processes can be divided into categories 

such as direct pyrolysis, microwave-assisted, ultrasonic, 

and hydrothermal/solvothermal treatments. Applying 

green chemistry principles in the synthesis of carbon 

dots (CDs) offers numerous benefits, particularly in 

minimizing chemical hazards, improving cost-

efficiency, ensuring the use of renewable resources, 

reducing environmental impact, and supporting scalable 

production. Importantly, the intrinsic composition of 

plant-derived carbon dots (CDs)—rich in carbohydrates, 

proteins, amino acids, and other biomolecules—obviates 

the need for external reagents for doping or surface 

functionalization. In the present study, CQDs were 

synthesized using field horsetail (Equisetum arvense L.), 

a naturally sourced biomass, as the carbon precursor, 

without the use of any additional chemicals for doping 

or surface modification. Horsetail (Equisetum arvense) 

served as a precursor for the microwave-assisted 

preparation of luminescent silicon nanoparticles 

(SiNPs), as reported in a study by Adinarayana and 

colleagues in 2020 [13]. The synthesized SiNPs were 

characterized and suggested as a luminescent probe for 

detecting Fe³⁺ ions; however, no real sample analysis was 

conducted in the study. In our study, fluorescent CQDs 

synthesized via a different method (hydrothermal) 

enabled the selective detection of a different type of 

metal ion (Pd²⁺) and were successfully applied to real 

water samples. These features highlight the potential of 

the study to make a significant contribution to the 

literature. The optical characteristics of the CQDs were 

assessed using UV-Vis and fluorescence spectroscopy, 

while their structural features were analyzed via TEM 

and FTIR. As is well known, CQDs have found 

applications in many fields, particularly in ion detection 

due to their wide range of properties. The synthesized 

CQDs were used for the determination of Pd²⁺ ions.  

Palladium ions (Pd²⁺) are known to pose serious 

health and environmental threats due to their high 

toxicity. Human exposure to Pd²⁺ ions has been linked to 

various health issues, including respiratory 

complications, skin irritation, and genotoxic effects. Pd²⁺ 

can interfere with DNA and cellular proteins, potentially 

leading to mutations and cell damage. Prolonged 

exposure has been shown to cause systemic toxicity, 

particularly affecting vital organs such as the kidneys 

and liver, which are especially more susceptible to heavy 

metal accumulation and associated toxic effects [14,15]. 

Environmentally, Pd²⁺ ions can accumulate in aquatic 

ecosystems, leading to bioaccumulation and disruption 

of aquatic species, which can ultimately affect the food 

chain and biodiversity [12]. Pd²⁺ ions are also difficult to 

remove from contaminated water due to their ability to 

form stable complexes, making remediation efforts more 

challenging. Moreover, soil contamination with Pd²⁺ can 

lead to long-term damage to plant growth, impacting the 

photosynthetic and enzymatic activities of various 

species [16]. Therefore, strict environmental monitoring 

and control are necessary to mitigate the harmful effects 

of Pd²⁺ pollution. Analytical methods such as 

spectrometry (Bazeľ et al. 2021), colorimetry (Liu et al. 

2019), and electrochemical processes (Velmurugan et al. 

2017) have demonstrated trace-level detection 

capabilities for Pd²⁺ ions. The toxicity of heavy metals 

and their compounds is well established, with palladium 

(Pd²⁺) being increasingly recognized for its potential 

health risks. Exposure to palladium, particularly via 

inhalation of particulate forms, has been associated with 

allergic reactions and other toxicological effects in 

humans [17]. Moreover, palladium is commonly 

released into the environment through industrial 

activities such as automotive catalytic converter 

manufacturing and electronic waste processing, leading 

to its accumulation in soil, water, and air [18]. Given its 

toxic, hazardous, and carcinogenic nature, the World 

Health Organization [19] has established a maximum 

allowable concentration for palladium (Pd²⁺) ions in 

drinking water, set at 10 parts per billion, 6 ppb (56.4 

nM). These factors underscore the pressing necessity for 

accurate and specific detection of trace amounts of Pd²⁺ 
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ions to mitigate public health risks. In this study, the 

limit of detection (LOD) was obtained as 50.2 nM which 

is well below the standard limits set by the WHO for Pd2+ 

ions in drinking water. Consequently, the synthesized 

CQDs were successfully applied to the determination of 

Pd2+ ions at different concentrations in tap water.  

2. Materials and method 

2.1. Chemicals and materials 

The field horsetail (Equisetum Arvense L.) was collected 

from a rural area in Dipsizgöl Village of Bolu , Turkey. 

Standard stock solutions containing 1000 ppm of LiNO₃, 

NaNO₃, KNO₃, AgNO₃, NH₄Cl, TlNO₃, Ba(NO₃)₂, 

Be₄O(C₂H₂O₂)₆, Ca(NO₃)₂, Cd(NO₃)₂, Co(NO₃)₂, 

Cu(NO₃)₂, Pb(NO₃)₂, Mg(NO₃)₂, Mn(NO₃)₂, Ni(NO₃)₂, 

Zn(NO₃)₂, Sr(NO₃)₂, Cr(NO₃)₃, HAuCl₄, Y(NO₃)₃, 

Al(NO₃)₃, NH₄VO₃, Bi(NO₃)₃, H₃BO₃, Sc₂O₃, Sb₂O₃, 

(NH₄)₂TiF₆, SeO₂, (NH₄)₆Mo₇O₂₄, (NH₄)₂WO₄, and 

Pd(NO₃)₂ were all procured from Merck Chemical 

Company (Darmstadt, Germany). All chemicals utilized 

in this study were of analytical reagent grade and were 

used as received without any further purification. The 

water employed in all experimental procedures was 

double-distilled (DD) water. The buffer solutions used in 

this study, supplied by Merck Certipur (AVS Titrinorm), 

included glycine buffer (pH 1.0), citrate buffer  (2.0, 3.0, 

5.0, 6.0, and 12.0), phthalate buffer (4.01), disodium 

hydrogen phosphate buffer (pH 7.0), and borate buffer 

(8.0 to 11.0). 

2.2. Instruments 

The collected plant material was ground into a fine 

powder using a blender (Arçelik, Turkey) prior to 

extraction. Fluorescence data were collected using a PTI 

QM-4 spectrofluorometer, with a 1.0 nm slit width, and 

recorded in a 1 cm quartz cuvette. The UV-Vis 

absorption spectra of the CQDs were recorded using a 

Specord 21 spectrophotometer from Analytik Jena (Jena, 

Germany). The morphological features of the CQDs 

were analyzed using a transmission electron microscope 

(TEM), specifically the FEI TALOS F200S TEM operating 

at 200 kV (Thermo Fisher Scientific, Waltham, MA, 

USA). FTIR analysis of the freeze-dried CQDs was 

carried out using a Perkin Elmer 1600 spectrophotometer 

(Perkin Elmer, Inc., Waltham, MA, USA). 

2.3. Synthesis of CQDs 

CQDs were synthesized utilizing Equisetum arvense (EA), 

a plant commonly known as horsetail, as an 

environmentally sustainable precursor. The EA was 

thoroughly washed using tap water and subsequently 

rinsed three times with ultrapure water. The washed 

plant was then left to dry completely in the shade for 

four weeks. After drying, the material was finely ground 

to obtain a uniform powder. An amount of 8 grams of 

this powder was then mixed with 140 ml of ultrapure 

water. The mixture was subsequently placed in a 250 ml 

Teflon-lined autoclave, sealed securely, and heated in an 

oven at 180°C for 12 hours. Following the heating 

process, the autoclave was allowed to cool, and the 

resulting product was filtered using standard filter 

paper to separate larger particles. The filtrate was then 

passed through syringe filter membranes with pore sizes 

of 0.45 µm and 0.25 µm, respectively. The light brown 

dispersion of CQDs obtained was stored at 4°C in a 

refrigerator for future application in subsequent 

experiments. For fluorescence measurements, the 

working solution of CQDs was prepared by diluting 

1:250 (v/v, 0.4%) with deionized water. 

2.4. Fluorescence stability of the CQDs 

The impact of pH on the fluorescence (FL) intensity was 

investigated for the synthesized CQDs across a pH range 

from 1.0 to 12.0. To perform this examination, the pH of 

aqueous solutions containing the synthesized CQDs 

(0.4%, v/v) was adjusted within the range of 1.0-12.0 

using various aqueous buffer solutions. Subsequently, 

the FL intensities of the CQDs were measured at an 

excitation of 340 nm.  Furthermore, the crucial aspect of 

optical stability for practical applications was 

investigated. The FL intensities of CQDs solutions were 

also monitored under daylight illumination for various 

durations (0-45 minutes). To assess the fluorescence 

stability of CQDs, fluorescence spectra were recorded by 

exciting the solutions at 340 nm under different ionic 

strengths, ranging from 0 to 2.0 M KCl. 

2.5. Selectivity of the CQDs for metal ions  

Initially, the fluorescence spectra of a solution containing 

2 mL of CQDs and 2 mL of distilled water were recorded 

as baseline data. To investigate the impact of metal ions 

on the fluorescence emission properties of CQDs, 2 mL 

of a 100 µM metal ion solution was added to the CQDs 

solution prior to measurement. Fluorimetric titration 

was performed to explore the potential linear correlation 

between metal ion concentration and the fluorescence 

intensity of the CQDs. For this experiment, 2 mL of 

CQDs solution was added to each tube, followed by 

incremental additions of the metal ion solution, and the 

final volume was adjusted to 4 mL with distilled water. 

After a 6-minute incubation, the fluorescence spectra of 

the CQDs, both with and without the metal ions, were 

recorded at an excitation wavelength of 340 nm. 

2.6. Standard procedure for detecting Pd2+ 

The fluorescence quenching behavior of the CQDs in the 

presence of Pd²⁺ ions was evaluated using a standard 

addition protocol under ambient conditions [20]. In this 

procedure, 2 mL of the CQDs solution (0.4%, v/v) was 

distributed into a series of test tubes. 
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Except for the first tube, each received a defined quantity 

of the sample matrix. To assess the concentration-

dependent quenching effect, incremental volumes of 

Pd²⁺ solutions (1.5–15.0 µM) were added starting from 

the third tube in the sequence. The pH was adjusted to 

7.0 using 0.5 mL of citrate buffer, and each solution was 

brought to a final volume of 4 mL with deionized water. 

The change in fluorescence intensity between the first 

and second tubes served as a reference for estimating the 

Pd²⁺ levels in tap water samples. A modified standard 

addition method [21], based on fluorescence quenching 

of the CQDs by Pd²⁺ ions, was employed under the 

optimized conditions (Table S1 in the Supplementary 

Information). A detailed description of the procedure is 

provided in the Supplementary Information (Scheme 

S1). The analytical method was validated according to 

commonly accepted parameters. Linearity was 

evaluated over a concentration range of 0.5 to 15.0 µM 

using the modified standard addition approach. The 

limit of detection (LOD) and limit of quantification 

(LOQ) were determined following IUPAC 

recommendations, based on the standard deviation (Sd) 

of replicate blank measurements and the slope (m) of the 

calibration curve. These values were calculated using the 

formulas: LOD = 3 × Sd / m and LOQ = 10 × Sd / m 

The method’s accuracy was assessed through 

recovery studies. Tap water samples were spiked with 

Pd²⁺ at concentrations of 1.5, 1.75, 2.0, and 2.5 µM, and 

analyzed under identical conditions to evaluate the 

method's applicability and precision in real sample 

matrices.  

For sensitivity evaluation, various Pd²⁺ 

concentrations within the same range were mixed with 2 

mL of the CQDs solution. After adjusting the volume to 

4.00 mL, the solutions were incubated for six minutes. 

The fluorescence spectra were then recorded at an 

excitation wavelength of 340 nm using a 

spectrofluorometer. 

Figure 1. Synthesis of CQDs 
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3. Results and discussion 

3.1. Characterization of CQDs 

To create CQDs in an autoclave, a one-step synthesis 

process utilizing the hydrothermal method at 180°C was 

carried out (Fig. 1). This synthesis method is 

straightforward and does not require the use of surface 

passivation agents or treatment with strong acids or 

bases. 

The morphological characteristics and internal 

structure of the synthesized CQDs were examined 

through transmission electron microscopy (TEM), as 

presented in Fig. 2a and Fig2b. The TEM images revealed 

that the CQDs were uniformly distributed and exhibited 

predominantly spherical geometry in shape, with 

diameters ranging approximately from 11 nm to 21 nm. 

According to the size distribution histogram (Fig. 2c), the 

calculated average particle diameter was about 16.45 

nm. This estimation was based on measurements from 

94 individual particles using the ImageJ analysis 

software. Notably, no lattice fringes were observed in the 

high-resolution TEM images, indicating the amorphous 

nature of the CQDs. 

Elemental analysis was carried out via energy-

dispersive X-ray spectroscopy (EDX), with the results 

presented in Fig. 2d. The CQDs mainly consisted of 

carbon (C) and oxygen (O), with weight percentages of 

62.3% and 32.8%, respectively, confirming the 

carbonaceous nature of the nanostructures. Trace levels 

(each below 4%) of sodium (Na), silicon (Si), potassium 

(K), and sulfur (S) were also detected. The copper signal 

was excluded from the composition analysis, as it 

originated from the carbon-coated copper grid used 

during TEM sample preparation. It is worth noting that 

sodium and potassium are commonly present  in many 

plant species, while silicon is especially abundant in 

Equisetum arvense L., the botanical source of the CQDs 

[13]. 

Fig. 3 presents the FT-IR spectrum used to identify 

the functional groups present on the surface of the 

synthesized CQDs, which influence their solubility, 

optical properties, and sensing capabilities. A broad 

absorption band observed between 3342 and 3225 cm⁻¹ 

  

 
 

Figure 2. (a) TEM image of the prepared CQDs at a scale of 200 nm, (b) HRTEM image at a scale of 50 nm, (c) particle size distribution histogram 

based on the TEM image in (a), and (d) EDX spectrum showing the elemental composition of the CQDs 
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is attributed to the stretching vibrations of hydroxyl 

(OH) and amine (N–H) groups [22,23], commonly found 

in CQDs synthesized via hydrothermal methods. 

Additionally, a weak band observed near 3062 cm⁻¹ is 

likely associated with aromatic C–H stretching 

vibrations [24], suggesting the possible presence of 

graphitic or aromatic domains within the CQD structure. 

The absorption peaks at 2929 cm-1 and 2971 cm-1 are 

assigned to symmetric and asymmetric stretching 

vibrations of aliphatic –CH3 and –CH2 groups, 

respectively [25]. A sharp peak near 1669 cm-1 confirms 

the presence of carbonyl (C=O) groups [26], while a 

prominent band detected at 1575 cm⁻¹ is attributed to the 

C=C stretching vibrations [27], indicative of conjugated 

or aromatic domains within the carbon framework. In 

addition, signals observed at 1397 cm⁻¹ and 1442 cm⁻¹ 

correspond to the symmetric stretching modes of 

carboxylate (−COO⁻) groups [28]. Finally, the bands at 

1045 cm⁻¹ and 1084 cm⁻¹ are attributed to C–O and C–N 

stretching vibrations [29], suggesting the presence of 

ether and amine functionalities. These surface groups 

contribute to the chemical reactivity and fluorescence 

behavior of CQDs.   

3.2. Optical and fluorescence properties of CQDs 

The optical properties of the synthesized CQDs were 

investigated using UV–Vis and fluorescence 

spectroscopic techniques. As shown in Fig. 4a, the UV–

Vis spectrum of the CQDs displays a characteristic 

absorption profile extending from the UV region into the 

edge of the visible range. Although the diluted CQDs 

(1:250, v/v) show negligible absorbance within the 

visible window (400–700 nm), a pronounced  absorption 

band is observed in the ultraviolet region. The 

absorption peak at 278 nm corresponds to π- π* 

transition of C=C bonds in an aromatic sp2 structure, 

while the band at 326 nm is attributed to the n–π* 

transition [30].   

The fluorescence emission of the CQDs exhibits a 

clear dependence on the excitation wavelength. Upon 

excitation with 365 nm UV light, CQDs emit strong blue 

fluorescence, as shown in Fig. 1. The CQDs are 

characterized by their distinct excitation-dependent 

emission behavior (Fig. 4b). It was found that when 

aqueous solutions of CQDs were excited within the 

wavelength range of 340 to 400 nm, the emission maxima 

shifted towards longer wavelengths, accompanied by a 

reduction in emission intensity. In contrast, excitation 

within the 300 to 330 nm range resulted in the maximum 

emission wavelength remaining near 400 nm. The 

excitation wavelength yielding the highest fluorescence 

intensity was found to be 340 nm. This behavior 

demonstrates the excitation wavelength-dependent 

fluorescence characteristics of the CQDs. 

 
Figure 3.  FTIR spectrum of CQDs 

 
Figure 4. (a) UV-Vis absorbance spectrum, fluorescence excitation (Ex.) 

at 340 nm, and emission (Em.) at 420 nm for CQDs (0.4%, v/v) (b) 

Emission behavior as a function of excitation wavelength (300–400 nm) 

3.3. Optimization of experimental parameters 

Before conducting the quantitative analysis of Pd2+ ions 

using the proposed sensing system, the effects of pH, 

incubation time (0- 45 min), and ionic strengths (0 to 2 M 

KCl) on fluorescence intensity were investigated to 

determine the optimal conditions for Pd2+ detection    

(Fig. 5).  

Fig. 5a illustrates the fluorescence (FL) intensity of the 

CQDs measured under daylight conditions over a 45-

minute period. The maximum decrease in FL intensity, 

calculated at the 45th, was 3.18%. The decrease was 

determined using the formula: (F0-Ft) / Ft x100, where F0 

and Ft represent the fluorescence intensities at time 0 and 

at the given time points, respectively.  

3228 
-OH

3062
aromatic

-CH

2971 and 2929
alifatic -CH

1669
C=O

1575
C=C

1442 and 1397
COO-

1084 and 
1045

C-O/C-N

20

70

400100016002200280034004000

T
 %

Wavenumber (cm-1)

~278 nm 
C=C

(π-π*)
~326 
nm

C=O 

340 nm
​420 nm

0

200

400

0

2

4

190 265 340 415 490

A
b

so
rb

an
ce

UV-vis
Ex
Em

FL
 I

n
te

n
si

ty
 (

a.
u

.)

(a)

Wavelenght (nm)

0

1500

3000

300 400 500 600

F
L

 i
n

te
n

s
it

y
 (

a
.u

)

Wavelenght (nm)

400 nm

390 nm

380 nm

370 nm

360 nm

350 nm

340 nm

330 nm

320 nm

310 nm

300 nm

λex
(b)



Başoğlu         Turk J Anal Chem, 7(2), 2025, 209–219  

215 

 

 

 
Figure 5. Fluorescence stability of CQDs under different conditions. 

Effect of (a) daylight illumination time, (b) pH, and (c) ionic strength 

(KCl concentration) on the FL intensity of the CQDs 

Upon examining the graph, irregular fluctuations 

were observed between the 2nd and 6th minutes, while 

no significant change was noted between the 6th and 

20th minutes (ranging from 0.62% to 0.71%). This 

indicates that the activation of CQDs under daylight at 

room temperature is minimal between the 6th and 20th 

minutes. Therefore, the 6th minute, when daylight-

induced activation was lowest, was selected as the 

incubation period.  

As depicted in Fig. 5b, the influence of pH on the 

fluorescence intensity of CQDs was studied over a pH 

range of 1 to 12. At the strongly acidic pH of 1, the 

fluorescence intensity of CQDs was relatively low. 

However, it gradually increased as the pH approached 

neutrality  (from pH 1 to pH 7, excluding pH 6 ),  

reaching a maximum at pH 7. At pH 12, a substantial 

decline in fluorescence was observed,  while under 

moderately alkaline conditions, the decrease was less 

pronounced.  Thus, significant fluorescence quenching 

was noted under strongly acidic and highly alkaline 

(pH> 11) conditions. This can be attributed to 

protonation and deprotonation of surface functional 

groups (e.g. COOH, OH, and amino groups) on the 

CQDs. Between pH 7 and 11, the fluorescence intensity 

remained relatively stable. Consequently, pH 7 was 

selected as the optimal condition for further 

experiments. As shown in Fig. 5c, the fluorescence 

intensity of CQDs remained nearly unchanged across 

varying ionic strengths (0–2.0 M KCl). This stability 

under high ionic strength conditions demonstrates the 

excellent salt resistance of the CQDs. 

3.4.   Detection of Pd2+ Ions 

Initially, the effect of various metal ions at a 

concentration of 50 µM on the fluorescence properties of 

CQDs was investigated. Fluorescence spectra were 

recorded for aqueous CQD solutions containing 

different metal ions, including Li+, Na+, K+, NH4+, Mg2+, 

Ca2+, Ba2+, Be2+, Se2+, Cr3+, Mn2+, Al3+, Co2+, Ni2+, Cu2+, Zn2+, 

Ag+, Cd2+, Sr2+, Sn2+, Sb2+, As2+, Y3+, Sc3+, Mo2+, W3+, Tl3+, 

Ti4+, and Pd2+ using an excitation wavelength of 340 nm 

(Fig. 6). The free CQDs, without any metal ions, 

exhibited a maximum emission at 420 nm. Almost all the 

tested metal ions induced a certain degree of 

fluorescence quenching in the CQDs. Notably, Pd²⁺ ions 

led to a pronounced decrease in fluorescence intensity. 

As illustrated in Fig. 6, Pd²⁺ exhibited the strongest 

quenching effect among all the metal ions tested, 

indicating its potential for selective detection using the 

synthesized CQDs.  

 
Figure 6.  Fluorescence emission spectra of CQDs in the presence of 

various metal ions (50 µM each).  

The interaction between carbon quantum dots 

(CQDs) with Pd²⁺ ions was investigated through 

fluorescence titration, which revealed a concentration-

dependent quenching effect. As shown in Fig 7a, the 

fluorescence intensity of CQDs (recorded between 355 
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and 600 nm) progressively decreased with increasing 

concentrations of Pd²⁺ ions. Based on the quenching 

observed at 420 nm, an external calibration curve was 

constructed, as illustrated in Fig. 7b. However, 

deviations from Beer’s law were noted at Pd²⁺ 

concentrations above 15.0 µM. The inset in Fig. 7b 

reveals a strong linear relationship in the concentration 

range of 1.5–15.0 µM, described by the linear equation y 

= -41210x + 3E+00 with a correlation coefficient (R²) of 

0.9857. The limit of detection (LOD) for Pd²⁺ was 

calculated to be 50.2 nM, based on the IUPAC 3σ 

criterion: LOD=(3*SD)/S, where SD is the standard 

deviation of the intercept and S is the slope of the 

calibration curve. Furthermore, the limit of 

quantification (LOQ), defined as nine times the standard 

deviation of the blank signal divided by the slope, was 

found to be 150.6 nM. For real sample analysis, tap water 

was spiked with Pd²⁺ at concentrations of 1.5 µM, 1.75 

µM, 2.0 µM, and 2.5 µM. A modified standard addition 

method (described in Scheme S1, Supplemental 

Information) was employed to enhance the accuracy of 

Pd²⁺ quantification. Additional experimental details are 

provided in Fig. S1 (in the Supplemental Information). 

This calibration strategy has been previously adopted in 

fluorometric methods [21]. 

3.5. Pd2+ detection mechanism of CQDs   

The detection of Pd²⁺ using CQDs was achieved through 

a fluorescence quenching mechanism. A linear 

relationship was established between the quenching 

intensity and Pd²⁺ concentrations in the range of 0.5-15.0 

µM, with a limit of detection (LOD) of 50.2 nM, as shown 

in the inset of Fig. 7b. Numerous studies have 

investigated the fluorescence quenching interaction 

between CQDs and Pd²⁺ ions. As depicted in Fig. 8a, 

significant spectral overlap between the absorption 

spectrum of Pd²⁺ (peaks at 288 nm and 382 nm) and the 

excitation spectrum of CQDs suggests the involvement 

of two possible mechanisms: the inner filter effect (IFE) 

and Förster resonance energy transfer (FRET). FRET 

involves energy transfer from the excited state of the 

CQDs to the ground state of the Pd²⁺ ions, whereas IFE 

occurs when a secondary absorber reduces the intensity 

of the excitation light, resulting in apparent fluorescence 

quenching [31]. 

Notable changes were observed in the absorbance peaks 

at 278 nm and 326 nm upon the addition of Pd²⁺ ions to 

the CQD solution. To investigate this, a photometric 

titration was performed by gradually increasing the 

concentrations of Pd²⁺ ions from 12.5 µM  to 500 µM    

(Fig. 8b). With increasing Pd²⁺ concentrations, the initial 

absorbance peak at ~278 nm red-shifted to ~289 nm and 

increased in intensity. 

 

  
 

 
Figure 7. (a) Fluorescence response of CQDs in the presence of Pd2+ (0.5 

-500 µM Pd2+). (b) Relationship between F.L intensity and different 

concentrations of Pd2+ (0.5 - 500 Pd2+µM). Insent: Calibration graph for 

Pd2+ determination (0.5-15.0 µM Pd2+)  

Additionally, a broad peak appeared between 330 

and 450 nm, with a maximum around 383 nm. The 

enhancement in absorbance at ~289 nm and ~383 nm 

likely indicates strong electrostatic interactions and 

complex formation between CQDs and Pd²⁺ ions.          

Fig. 8b clearly shows a consistent increase in absorbance 

at these wavelengths as Pd²⁺ concentration increases, 

supporting the formation of ground-state complexes 

between CQDs and Pd²⁺ ions [32]. 

To evaluate the stability of these potential complexes, 

a plot of 1/(A₀ - A) versus 1/[Pd²⁺] yielded a linear 

relationship (R2= 0.9933) at 383 nm, as shown in                   

Fig. S2.  Here, A₀ represents the absorbance of CQDs 

alone, and A is the absorbance of the CQDs-Pd²⁺ 

complex. The intercept-to-slope ratio provided a 

stability constant of K =1.57E+03 (LogK: 3.12), suggesting 

the formation of relatively stable complexes, likely 

involving −OH- and −COO- groups on the CQDs surface. 

The CQDs display distinct absorption peaks at 278 

nm and 326 nm. Upon the addition of Pd²⁺ ions to the 

CQD solution, noticeable modifications in the UV-vis 

absorption spectra were observed. The shift in the 

absorption peaks following Pd²⁺ introduction suggests a 

significant interaction between Pd²⁺ ions and the CQDs, 

likely due to strong electrostatic forces, which result in 

fluorescence quenching. 
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Figure 8. (a) Absorption spectrum of Pd2+ and excitation spectrum of 

CQDs. (b) Absorption spectra for the spectrophotometric titration of 

the CQDs with Pd2+ ions. [Pd2+] = 12.5 µM – 500 µM. 

 
Figure 9. Stern-Volmer plots at different Pd²⁺ concentration ranges (0-

25 µM Pd²⁺ and 50-500 µM Pd²⁺) 

Ksv is the Stern-Volmer quenching constant, indicating 

the efficiency of the quenching process, and [Q] is the 

concentration of the quencher (Pd2+). A linear 

relationship between fluorescence quenching and Pd²⁺ 

concentrations was observed within two separate 

ranges: 0-25 µM and 50-500 µM, with Ksv values of 0.0159 

and 0.0043, respectively. This suggests a concentration-

dependent quenching mechanism, wherein the 

quenching efficiency decreases at higher Pd²⁺ 

concentrations. At lower concentrations, the quenching 

mechanism is attributed to dynamic quenching, where 

rapid interactions between CQDs and Pd²⁺ lead to a 

reduction in fluorescence. The lower Ksv value at a 

higher concentration range may suggest the saturation 

of binding sites or a possible shift in the quenching 

mechanism, where secondary effects like Inner filter 

effects (IFE) or Förster resonance energy transfer (FRET) 

may become significant. These findings underscore the 

important role of electrostatic interactions, dynamic 

quenching at low concentrations, and the contribution of 

secondary mechanisms at elevated concentrations in the 

fluorescence quenching process, as reported in similar 

systems [33,34]. 

3.6. Application to tap water sample  

To assess the accuracy of the method, spiked tap water 

samples were analyzed at various concentrations. A 

modified standard addition method was applied at four 

concentration levels within the linear range. Each 

recovery test was conducted in triplicate (N = 3) on the 

same day. The recovery rates ranged from 96.9% to 

99.8% as shown in Table 1. These results demonstrate 

that the proposed method is reliable and suitable for the 

quantification of Pd²⁺ ions in water samples. 

3.7. Comparison with previous studies 

To highlight the advantages of the present method, its 

analytical performance was compared with previously 

reported Pd²⁺ detection sensors based on carbon 

quantum dots (CQDs). Key parameters such as the limit 

of detection (LOD), linear range, synthesis procedure, 

environmental compatibility, and real sample 

applicability were evaluated. Detailed data are 

summarized in Table S1 (Supporting Information). Kang 

et al. [35] developed a multi-step system using grape 

skin powder along with C₂H₄O₃ and C₅H₉NO₂, relying 

on chemical additives; however, the use of ionic liquids 

and organic solvents (e.g., n-heptane) poses limitations 

in terms of environmental sustainability. Their sensor 

exhibited a LOD of 360 nM and a linear range of 0–40 

µM, and it was tested in real tap and river water samples. 

Dong et al. [36] reported a sensor based on 

hydrothermally synthesized CQDs from Momordica 

charantia, achieving a LOD of 348 nM and a linear range 
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Table 1.  Application of the developed method with the modified standard addition method for the determination of Pd²⁺ in tap water samples 

Sample Added (µM) aFound (µM) ± s bRecovery% RSD% 

Tap Water 

1.50 1.50 ± 0.01 100.2 0.6 

1.75 1.71  ± 0.02 98.4 1.2 

2.00 1.99 ± 0.05 99.6 2.3 

2.50 2.50 ± 0.05 100.1 2.1 
a: mean of three replicates; s: standard deviation; b: intraday precision; RSD: relative standard deviation 
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of 0–325 µM; however, its response to Fe³⁺ ions alongside 

Pd²⁺ limited its selectivity. Gao et al. [37] prepared 

sulfur-chlorine doped CQDs from humic acid using 

environmentally questionable starting materials (landfill 

leachate concentrate, polyethylene glycol), obtaining a 

LOD of 100 nM and a linear range of 5–40 µM. However, 

their method was not validated in real water samples. 

Nitrogen-doped red-emitting CQDs synthesized from p-

phenylenediamine, aminobenzoic acid, and nitric acid 

exhibited an LOD of 60 nM and a linear range of 0–33 

µM, but were applied only in confocal imaging and 

niosome systems without Pd²⁺ detection or 

environmental analysis. Furthermore, red fluorescence 

is susceptible to photobleaching and background 

interference [38]. Carbon dots synthesized via 

microwave-assisted pyrolysis of Pithecellobium dulce 

seed pods (LOD: 370 nM, linear range: 2–50.2 µM) were 

used for Pd²⁺ detection in well and pond water but 

showed a significantly higher LOD than the 50.2 nM 

obtained in our study [39]. Additionally, microwave 

pyrolysis requires specialized equipment and poses 

challenges in terms of laboratory accessibility and 

reproducibility. Despite these limitations, our 

hydrothermal synthesis of carbon quantum dots from 

Equisetum arvense without the use of chemical 

additives provides a more sensitive, selective, and 

environmentally friendly alternative for Pd²⁺ detection 

in environmental samples. 

4. Conclusions 

In this study, water-soluble fluorescent carbon quantum 

dots (CQDs) were successfully synthesized for the first 

time from field horsetail (Equisetum arvense L.) via a 

simple hydrothermal method. To the best of our 

knowledge, this plant source has not been previously 

employed for CQD synthesis, with the exception of its 

use in silicon nanoparticle production by Adinarayana et 

al. in 2020. The as-prepared exhibited strong blue 

fluorescence with excitation-dependent emission 

behavior in aqueous solutions. Among 32 metal ions 

tested, Pd²⁺ induced the most pronounced fluorescence 

quenching. A fluorimetric method for the selective and 

sensitive detection of Pd²⁺ ions were developed, offering 

a linear response in the range of 0.5–15.0 µM and a low 

detection limit of 50.2 nM. The limit of quantification 

(LOQ) was determined to be 150.6 nM. Method 

validation using spiked tap water samples yielded 

excellent recovery values between 96.9% and 99.8%, 

confirming the method’s accuracy and reliability. The 

Stern–Volmer analysis confirmed that fluorescence 

quenching followed a dynamic quenching mechanism, 

with potential contributions from inner filter effect (IFE) 

and Förster resonance energy transfer (FRET).  

Although the current study focused on spiked tap 

water, future research will aim to expand the 

applicability of this method to diverse environmental 

water matrices, such as river and industrial wastewater, 

to further assess its robustness and practical utility. 
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Supplementary materials 

 

1. The content of figures, scheme and, table:  

 

Figure S1. Modified standard addition graph for Pd2+ determination (Spiked Pd2+ = 1.5 µM) in tab water sample.  

Scheme S1. The procedure of modified standard addition method. 

Figure S2. A plot of 1/(A₀ - A) versus 1/[Pd²⁺] to explore the stability of these potential Pd- CQDs complex. 

Table S1. The analytical performance metrics of the developed method for Au3+ determination. 

Table S2. Comparison of recent CQD-based fluorescent sensors for Pd²⁺ detection. 

 

Figure S1. 

 
Figure S1. A plot of 1/(A₀ - A) versus 1/[Pd²⁺] to explore the stability of these potential Pd- CQDs complex 
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2. The procedure of modified standard addition method 

 
Scheme S1. The procedure of modified standard addition method 

 

2 mL of carbon quantum dots (CQDs) were added to all tubes. A defined volume of sample was added to all 

tubes except the first one. Increasing amounts of Pd2+ (ranging from 1.5 to 15.0 µM) were sequentially added to the 

third tube and subsequent tubes. The pH of the solutions was adjusted to 7.0 using 0.5 mL of citrate buffer and, the 

final volume was brought to 4 mL. The difference between the FL intensity of the first and the second tubes was 

related to the Pd2+ amount in the tab water sample solution. The fluorescence spectra of all solutions were recorded 

at an emission wavelength of 420 nm, with excitation at 340 nm. The concentration of Pd2+  was calculated using Eq. 

(S1): 

 

𝐶𝑋= 

𝐹0− 𝐹1

𝑚
 

 

 

  
Figure S2. Modified standard addition graph for Pd2+ determination in tab water sample (for the spiked conc. of 1.5 µM Pd2+) 

 



Başoğlu         Turk J Anal Chem, 7(2), 2025, 209–219  

3 

 

 

 

Table S1. 

Excitation wavelength (nm) 340 

Emission wavelength (nm) 420 

LOD (nM) 50.2 

LOQ (nM) 150.6 

Linear range (µM) 0.5−15.0 

Solvent water 

Time before measurement (minutes) 6  

The correlation coefficient (R2 ) 0.9857 

Intraday precision  

(RSD%, N = 3, for 1.5 µM ; 1.75 µM; 2.0 µM; 2.5 µM Pd2+ 

0.6 - 2.3 

LOD: limit of detection; LOQ: limit of quantification; RSD: Relative standard deviation 

 

Table S2. Comparison of recent CQD-based fluorescent sensors for Pd²⁺ detection 

Fluorescent 

probes 
Precursor Synthesis method/Temp. 

LOD 

(µM) 

Linear range 

(µM) 

Application/ 

Sample 

Ref. 

 

CQDs 
Grape skin 

powder/C2H4O3:C5H9NO2 

hydrothermal 

treatment/210°C 
0.36 0–40 

Determination/Tap water 

and river water 
[35] 

CQDs 
Momordica charantia 

(bitter gourd) 

hydrothermal 

treatment/210°C 
0.348 0–325 

Determination Tap and 

lake water 
[36] 

L-CQDs 

polyethylene glycol/ 

landfill leachate 

concentrate 

hydrothermal technique 

/200°C 
0.1 5–40 Sensor/No application 

[37] 

 

NRCDs 
p-Phenylenediamine/amino 

benzoic acid/ nitric acid 

Hydrothermal 

treatment/180°C 
0.060 0–33 

confocal imaging/ 

niosomes 
[38] 

CDs 
Pithecellobium dulce seed 

pods 

microwave-aided 

pyrolysis/ 500 

watts 

0.37 2 -50.2 
Determination/Bore 

water and Pond water 
[39] 

CQDs 
field horsetail (Equisetum 

arvense L.) 

Hydrothermal 

treatment/180°C 
0.050 0.5–15 Determination/tap water 

This 

work 

CQDs:carbon quantum dots;  CDs: carbon dots; NRCDs: nitrogen-doped red-emitting carbon dots; L-CQDs: humic acid-based sulfur-chlorine-

doped carbon quantum dots.  
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Abstract 

Inorganic silica and various mineral deposits are particularly important in the process waters of power plants. The presence of these inorganic 

species, especially silica, poses many challenges for process water applications in power plants. If silica in process waters is not controlled, it 

forms hard, difficult, and dangerous deposits in the process water. Silica formation and accumulation cannot be prevented by many conventional 

methods and scale inhibitors. In this study, Bacillus subtilis bacteria were used to minimize silica formation in the process water of power plants. 

For this purpose, many different parameters were optimized in the system steps. Under the optimum experimental conditions, the detection limit 

for SiO2 was determined as 0.0375 mg/mL, the quantitation limit as 0.1136 mg/mL, and the correlation coefficient as 0.9997. Additionally, recovery 

values range between 96.5% and 103.2%, indicating the accuracy of the method. The results obtained are promising for the use of silica removal 

in process water applications. In addition, the use of Bacillus subtilis bacteria for the treatment of process water will provide significant economic 

benefits. Therefore, this study will make an important contribution to the literature and will be very advantageous in terms of cost for various 

industrial organizations that face silica problems in process waters. 

Keywords:  SiO2, Bacillus subtilis, energy, water treatment, demineralization 

1. Introduction

An ideal boiler water treatment system consists of a 

reverse osmosis unit, thermal degasser, pressure filter, 

and softening unit to ensure the flow of high-purity feed 

water. If normal hard tap water is used as additional 

water in steam boilers, silica begins to accumulate on the 

heating surface of the boiler after a while. This consumes 

more energy and requires the use of more chemicals and 

large amounts of acid to clean the inside of the boiler. 

Although the water softening in the system helps to 

prevent scaling, after a while, it becomes insufficient, 

and more systemic problems arise. This is undesirable in 

terms of both time and cost [1,2]. Good pre-treatment, 

which is the building block of every system, is very 

important in terms of providing high standards of feed 

water to the system [3]. A schematic representation of 

feed water pretreatment for boilers is given in Fig. 1. 

Silica and mineral deposits can become serious 

operational problems for untreated or poorly treated 

process waters [4,5]. Poorly soluble electrolytes found in 

process water include calcium oxalate, silica, strontium 

sulfate, barium, carbonate, phosphate, calcium, and 

others. The constituents of these electrolytes vary 

depending on many variables such as pH, temperature, 

water chemistry, conductivity, etc. Among these mineral 

deposits, magnesium silicate and silica are particularly 

problematic. Since they cause excessive amounts of 

sediment formation, they cause operational failures that 

cause catastrophic damage in process water systems [6]. 

In industrial water systems, especially silica causes 

serious problems that cannot be solved. Uncontrolled 

silica will accumulate in significant quantities 

throughout the process, resulting in the formation of 

hard and challenging deposits that are difficult to clean. 

Conventional cleaners cannot counteract the silica build-

up and are also dangerous as they try to get rid of the 

silica by chemical treatment. It will also cause significant 

corrosion over time. This will reveal another problem 

that silica will create [5]. 
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Figure 1. Schematic representation of feedwater pretreatment for 

boilers 

Silica deposits accumulating in equipment such as 

distillation units, engine jackets, boilers, cooling tower 

fillings, steam generators, heat exchangers, evaporators, 

etc. cause inefficient heat transfer and a significant 

decrease in heat transfer rates. Failure in one or more of 

the successive steps will greatly affect the other steps. 

One of them is that organic and inorganic deposits in 

paper and pulp mills cause significant losses in 

production. Another is the accumulation in boiler pipes 

in industrial water systems. A visual of the accumulation 

of silica and mineral deposits is shown in Fig. 2 [7]. This 

buildup in boiler tubes reduces equipment efficiency, 

leading to increased fuel consumption and overheating 

in the system. In parallel, the accumulation of poorly 

soluble silica in the system creates a complex matrix 

environment. This will directly affect corrosion 

exposure, creating negative consequences for the system 

[8]. 

 

 
Figure 2. Silica and mineral deposits 

Many methods have been proposed to improve the 

quality of process water and, furthermore, to ensure that 

wastewater is purified and reused. In addition, with the 

advancement of technology, many different systems 

have been developed and used [9–11]. These include bio-

floc technology, recirculating aquaculture systems, and 

aquaponics [12,14]. These methods are generally 

expensive, can cause contamination by introducing 

different pathogens into the system, and are laborious. 

Other disadvantages include the fact that they often 

cause confusion in systems and also pose a threat to 

human health through accumulation. For this reason, the 

method that has been used more popularly in recent 

times to improve wastewater quality and provide 

treatment of process water is to use Bacillus subtilis 

bacteria. The method using Bacillus subtilis, which also 

has probiotic properties, is quite remarkable in that it is 

effective against a wide range of pathogens and has more 

advantages than others in improving the quality of 

process water [15,16]. In this study, experiments are 

presented to see what kind of change occurs when 

Bacillus subtilis bacteria are applied to all steps of the 

system to improve process water quality and reduce 

silica accumulation. 

2. Materials and methods 

2.1. Chemicals and reagents 

All chemicals used in this study were of analytical grade 

and used without further purification. Molybdic acid 

(MoO₃-(H₂O)₂), hydrochloric acid (HCl), sodium 

hydroxide (NaOH), oxalic acid (H₂C₂O₄), and 4-

(methylamino)phenol sulfate were used to form the 

reducing solution, and sodium disulfite chemicals were 

obtained from Merck. Silica stock solutions at a 

concentration of 100 mg mL−1 were prepared with 

sodium metasilicate (Na₂SiO₃) in deionized water.  

Working solutions of silica at different concentrations 

were prepared by diluting the main stock solution to 

appropriate concentrations. Bacillus subtilis, the 

biosorbent used in this study, was isolated from thermal 

water deposits in the lower region of Pamukkale 

travertines in Türkiye. 250 mL of Nutrient Broth (NB) 

medium was used to grow Bacillus subtilis bacteria. The 

pH of the medium was adjusted with 0.1 mol/L HCl or 

NaOH to ensure fermentation and then autoclaved. 

After the autoclaving step, 2.5 mL (3.6×107 ) of cell 

suspension was inoculated into each glass vial. Then, it 

was shaken at 120 rpm at 35 oC.  

2.2. Instruments 

The Water Story brand Dream Plus I Finesta model 

deionized water device was used to prepare the 

solutions required for the experimental studies. The Shin 
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Saeng brand SHPM-10 model magnetic stirrer was used 

to adjust the sample temperature. The WTW brand 

Inolab Multi 9630 IDS model pH meter was used to 

measure the instantaneous pH of the samples taken from 

each step of the demineralization system. Weighing of 

the chemical materials used to prepare the solutions 

during the study was carried out using the Mettler 

Toledo brand ML204T model precision balance. The 

measurements of the samples taken from each step of the 

water-vapor cycle were performed on a WTW brand AE-

S60-2U model spectrophotometer. Specific conductivity 

measurements of the samples taken in the water-steam 

cycle were carried out on the WTW brand Cond 3110 

model device. The determination of silica was carried 

out at a wavelength of 800 nm. 

2.3. Procedure 

This method was based on the measurement of 

biosorption of silica on Bacillus subtilis. To investigate the 

effectiveness of bacteria on silica accumulated in the 

system, a 50 mL water sample taken from the process 

was placed in a polypropylene volumetric flask. Before 

the addition of Bacillus subtilis, the process water sample 

had a total silica concentration of 41.8 mg/L, with 37.6 

mg/L in dissolved form and 4.2 mg/L as suspended 

silica. Other physical and chemical characteristics of the 

raw water sample were as follows: pH 7.3, electrical 

conductivity 1560 µS/cm, total dissolved solids (TDS) 

1648 mg/L, total hardness 90.1 ºFr, calcium 185.8 mg/L, 

magnesium 106.1 mg/L, bicarbonate 413 mg/L as CaCO₃, 

sulfate 550 mg/L, and total organic carbon (TOC) 5.7 

mg/L. Then, 3 mL volume of Bacillus subtilis suspension 

(corresponding to a concentration of 3x10⁸ CFU/mL) was 

applied to determine the amount of silica. Silica analysis 

was performed according to the Advancing Standards 

Transforming Markets (ASTM) standards [17,18]. First of 

all, a sample with a 3 mL concentration of Bacillus subtilis 

suspension was taken, and optimum conditions for the 

process were pH 8.7 and room temperature. And the 

preliminary step required for silica determination was 

completed. Then, a 10 mL volume of this sample with 

optimum conditions was taken into a polypropylene 

volumetric flask, and 2 mL of 10% (w/v) molybdic acid 

solution was added. Then, this mixture was stirred in a 

magnetic stirrer for 10 minutes. After this step, a 2 mL 

volume of 4-(methylamino)phenol sulfate 

(C1₄H₂₀N₂O₆S) reducing solution was added to the 

volumetric flask, and the stirring process was continued 

for another 10 minutes. After the reaction, the sample 

prepared for measurement was transferred to the UV 

cuvette, and analysis was performed using the UV-Vis 

spectrophotometer. All experiments were performed in 

three replicates. A schematic representation of the 

procedure in the study is given in Fig. 3. 

3. Results and discussion 

3.1. Effect of waiting time on Bacillus subtilis activity 

Samples taken from each step of the demineralization 

and boiler water systems to which Bacillus subtilis was 

added were kept for 0-72 hours, and the change in SiO2 

content was examined. The procedure in the study was 

applied to samples taken from each step of the system, 

and when the values obtained as a result of the analysis 

were examined, it was determined that very small 

decreases occurred in the amount of silica with Bacillus 

subtilis bacteria up to 48 hours of waiting and that silica 

removal was fixed after 48 hours. This result showed that 

the Bacillus subtilis activity and removal were still at high 

levels up to 48 hours to perform silica analysis in water 

samples taken from all steps of the process. When the 

same procedure was applied to water samples taken 

from the process steps at the end of the 48 hours, the 

analysis result showed that the activity of Bacillus subtilis 

decreased. What is intended to be explained in this 

section is that the conditioning with Bacillus subtilis 

Figure 3. Schematic representation of the procedure 
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bacteria can be applied immediately without waiting for 

any period of time in water samples taken from process 

steps. The procedure was applied to determine the 

direction of its effectiveness both as soon as the sample 

is taken from the process steps and when it is incubated 

with Bacillus subtilis for the specified periods. As a result, 

the optimization made in the 0-72 hour range is to check 

whether the effectiveness of Bacillus subtilis bacteria 

continues after how many hours the sample is left. It was 

shown that this value was fixed at the end of the 48 

hours, and the removal value decreased. The effect of 

waiting time on Bacillus subtilis activity is shown in Fig. 

4. 

 
Figure 4. Effect of waiting time on Bacillus subtilis activity 

3.2. Effect of pH on Bacillus subtilis activity  

The aim of pH optimization is to control the system's 

operation in the ideal pH range when the Bacillus subtilis 

suspension is added. The pH change was controlled at 

different stages of the process, and optimization was 

carried out at certain pH ranges to determine the 

required value for all stages of the process. According to 

the results obtained from all stages of the process, pH 

control provides a more reliable assessment of bacterial 

activity under changing conditions. For this purpose, a 

procedure was applied between pH 5-11 values to 

determine the effect of pH on silica removal in all stages 

of the process. The optimum pH value at which silica 

removal was achieved for all process steps was 

determined as 8.7 [19,20]. The effect of pH on Bacillus 

subtilis activity is shown in Fig. 5. 

3.3. Demineralization system 

3.3.1. Effect of Bacillus subtilis on silica concentration in raw 

water 

In the study, the specific environmental conditions of the 

sample to be analyzed for raw water when it is first taken 

are important. Therefore, the initial temperature, pH, 

and conductivity values at the point where the raw 

water sample was taken were measured. It was 

determined that the initial temperature at the point 

where the raw water sample was taken was 15 °C, the 

pH was 7.23, and the conductivity was 1726 µS/cm. 

 
Figure 5. Effect of pH on Bacillus subtilis activity 

  

The values obtained after applying the procedure to 

perform SiO2 analysis in raw water are given in Fig. 6. 

When Fig. 6 is examined, the effect of mixing time on the 

effect of Bacillus subtilis bacteria in raw water is 

examined. As a result of the examinations, it was seen 

that there was an increase in removal up to 10 minutes, 

but there was no difference in removal after 10 minutes. 

For this reason, it was seen that 10 minutes of mixing 

time was sufficient for the analysis in raw water. 

 
Figure 6. Effect of mixing time on removal in raw water. 

3.3.2. Effect of Bacillus subtilis on the pretreatment plant 

The pre-treatment process takes feed water from raw 

water. The ideal operating temperature of the pre-

treatment and subsequent demineralization process is 

15-35 °C. In addition, the ideal operating temperature 

varies seasonally between 15-35 °C. For this reason, 

Bacillus subtilis activity was examined at these 

temperatures, and its effect was evaluated (Fig. 7). The 

activity of Bacillus subtilis was examined by pre-

conditioning with Bacillus subtilis in the mentioned 

temperature range. It was observed that there was very 

little change in the amount of SiO2 as the temperature 

increased. It was also found that Bacillus subtilis bacteria 

worked effectively at 30 °C.  
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Figure 7. Effect of temperature on removal in the pretreatment plant. 

3.3.3. Effect of Bacillus subtilis on reverse osmosis system 

The formation of insoluble metal silicates in reverse 

osmosis is another problem. To prevent this situation, 

the softening process must be carried out appropriately. 

Therefore, samples taken from the feed water were 

examined in detail in the laboratory. First of all, specific 

environmental conditions in the field were determined 

to determine the conditioning rates in the process. Then, 

the initial temperature, pH, and conductivity values at 

the points where the sample was taken before reverse 

osmosis were measured. From the on-site measurement 

values of the water sample before reverse osmosis, it was 

found that the temperature was 20 oC, the pH was 7.20, 

and the conductivity was 1510 µS/cm. Among the 

chemicals dosed before reverse osmosis, silica-based 

antiscalant was used for membrane protection, and 

NaOH and HCl were used to balance the pH of the 

system. The effect of Bacillus subtilis on SiO2 in the 

presence of these chemicals used in the treatment before 

reverse osmosis was also investigated. The process was 

carried out by adding 0-10 mL of Bacillus subtilis bacteria 

to the raw water for analysis. As a result of SiO2 analysis, 

while the amount of SiO2 in the raw water sample 

without Bacillus subtilis bacteria was quite high, it was 

found that the SiO2 removal in the raw water sample 

with 3 mL of Bacillus subtilis bacteria was high. It was 

determined that the value remained constant when more 

was added. For this reason, the study was continued 

with the optimum value of 3 mL of bacteria.  

3.3.4. Effect of Bacillus subtilis on reverse osmosis membrane 

and effluent SiO2 concentration 

Biofilm growth in reverse osmosis membranes 

significantly reduces the water velocity inside the 

membrane. For this reason, when microbiological 

organisms enter the membrane, they reproduce here and 

form a biofilm. As a result, the pressure loss in the 

membranes increases, the production flow rate 

decreases, and as a result, the production efficiency of 

the system decreases, and causing production losses. 

However, instead of the antiscalant given before the 

membrane, the solution created with the addition of 5-

10-15-20-30% Bacillus subtilis bacteria for about one 

month was dosed into the system to condition the 

system. Determination of these dosage rates was 

preferred to be the same as the dosage rate of the existing 

antiscalant chemical to facilitate performance-cost 

comparison. Membrane efficiency was kept under 

observation during the one-month trial period. It has 

been determined that high efficiency is achieved in 

removing the amount of silica when the same amount of 

Bacillus subtilis bacteria is used instead of the existing 

antiscalant chemical. This led to the conclusion that the 

bacteria used are beneficial to the system, do not form a 

biofilm, reduce the amount of flux passing through the 

membranes, increase the membrane permeability, and 

are effective in the treatment of other impurities in the 

water, such as SiO2. High-pressure pumps are used for 

the effective operation of the reverse osmosis system. 

The operating pressure of the sample plant is 16-32 bar 

max, 50 Hz. The analysis results of the study showed that 

Bacillus subtilis was not affected by the operating 

pressure in this range. No additional chemical treatment 

was applied during the study period. 

3.3.5. Effect of Bacillus subtilis on electro-deionization 

system efficiency and product water SiO2 concentration 

Pretreatment with Bacillus subtilis increased the 

permeability of the Electro-Deionization (EDI) system 

and improved the water quality of the system. In the 

study conducted on the EDI product water according to 

the procedure, it was observed that positive 

improvements were experienced as the amount of 

wastewater decreased and the product capacity 

increased. In addition, this process maintained the 

stability of ideal pH (8.7) and pressure conditions (2 bar). 

It was determined that it did not affect the pH, which is 

one of the important parameters for the process of the 

system in this study, during the flow, and stabilized the 

system operating pressure. In addition, Bacillus subtilis 

conditioning was performed before EDI, and from the 

analysis results, it was seen that it provided an 

improvement equal to the amount of chemical used in 

the system, corresponding to 30%. In addition, the 

increase in membrane permeability of the EDI module is 

understood from the stability of pH and pressure, the 

stability of wastewater pressure, wastewater amount, 

and the stability of product water amount (maximum 

product water amount determined by the EDI 

manufacturer = 10 tons). It has also been observed that 

membrane life can be extended and used beyond 2 years 
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when Bacillus subtilis conditioning is applied instead of 

chemical conditioning. 

3.4. Boiler system 

3.4.1. Effect of Bacillus subtilis on boiler feed water 

Since silicates form highly persistent deposits in boiler 

tubes, their volatile carryover to turbine components is a 

critical issue. The composition of boiler feedwater must 

allow impurities to concentrate within reasonable levels 

without exceeding the tolerance limits of the specific 

boiler design. If the feedwater does not meet these 

requirements, pretreatment is necessary to remove 

impurities. However, complete removal of impurities is 

not always required, as chemical treatment within the 

boiler can effectively and economically eliminate them. 

The quantity and nature of impurities affect system 

purity, with certain impurities, particularly silica, being 

of greater concern. The impurity requirements for any 

given feedwater depend on the feedwater usage rate and 

the specific boiler design (pressure, heat transfer rate, 

etc.). Consequently, feedwater purity requirements can 

vary significantly [16].  

Boiler water softening chemicals are added 

continuously or intermittently depending on the 

hardness of the water and other factors, and the 

chemicals added to react with dissolved oxygen and the 

chemicals used to prevent scale formation and corrosion 

in the water supply system are continuously supplied to 

the water supply system during the process. A sample 

was taken from the boiler for analysis at 45 oC. It was left 

to cool in the cooler, and the sample was processed after 

the temperature was brought to normal. This situation 

represents the desired situation for the boiler system. 

According to the ABMA (American Boiler 

Manufacturers Association) standard, the system 

operates under ideal conditions. 0-30 mL of Bacillus 

subtilis bacteria was added to the boiler feed water. This 

value was determined according to the chemical ratio 

used in boiler feed water conditioning. Maximum silica 

removal was obtained as a result of using 20 mL of 

bacteria. The obtained result is given in Fig. 8. 

3.4.2. Importance of conditioning for turbine 

Direct steam conditioning is not applied under any 

circumstances, and therefore, the chemical quality of the 

steam depends on the measures applied to control the 

feedwater and boiler water. Therefore, feedwater and 

boiler water conditioning are very important. Because 

one of the most important objectives is to prevent 

deposits and corrosion in the steam path, for example, in 

pipes, valves, and turbine parts. The purity of the steam 

must be high. Silica is the most soluble of the common 

boiler water contaminants in high-pressure steam and 

has a high volatility. It can become supersaturated 

during expansion in the turbine. Its deposits on the 

blades cause loss of turbine efficiency and serious 

damage. Salts deposited in the steam pipe under load 

cause the development of concentrated solutions on 

unloading, following the entry of significant air or 

condensation of residual steam (Fig. 9) [21]. This effect is 

a situation that should be taken into consideration, 

especially for reheaters, turbines, and some feed heaters. 

In addition to causing mechanical failure, the stress 

occurring during turbine operation can initiate other 

forms of corrosion, such as corrosion cracking. 

 
Figure 8. Effect of Bacillus subtilis on boiler feed water 

 

 
Figure 9. Damage caused by silica on turbine blades. 

During the periodic maintenance after conditioning, 

it was observed that the turbine blades were not fouled 

and were clean after long-term use without much need 

for a suitable stabilizer. This indicated that the steam 

carried in the system was adequately conditioned in the 

feed and boiler water and that the Bacillus subtilis 

conditioning also reduced silica and other impurities in 

the feed water. 

3.5. Method validation 

Some validation parameters, such as the calibration 

equation, detection limit, recovery values, correlation 
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coefficient, and quantitation limit of the method used for 

the analysis of SiO2, were investigated. All analyses were 

performed at 25°C. Each solution was prepared in 

triplicate to ensure calibration accuracy and validate the 

analytical method. A calibration graph was created by 

evaluating the data obtained as a result of the analysis in 

the study.  To determine repeatability, intraday and 

interday standard deviations were examined. The 

relative standard deviation (%RSD) value between the 

outcomes of five distinct sample solutions generated at 

the same concentration was less than 2%, indicating the 

analytical method's precision. In this study, the lowest 

analyte concentration (LOD) and the lowest analyte 

concentration values that can be determined with 

acceptable repeatability and accuracy (LOQ) were 

determined using the values of 3Sb/m and 10Sb/m. 

Where Sb is the standard deviation and m is the slope of 

the calibration equation. Under the optimum 

experimental conditions, the detection limit for SiO2 was 

determined as 0.0375 mg/mL, the quantitation limit as 

0.1136 mg/mL, and the correlation coefficient as 0.9997. 

Additionally, the calibration equation is y = 0.0253x + 

0.0032, and the recovery values vary between 96.5% and 

103.2%, demonstrating the accuracy of the method. 

4. Conclusion 

Chemical pollution in water, air, and soil is becoming 

more and more alarming day by day. This study aims to 

replace chemical treatment in power plants or all 

processes that require a water/steam cycle with an 

economical and environmentally beneficial one. For this 

reason, some preliminary research has been carried out 

on the silica problem, one of the biggest problems in 

closed cycles. While the field application of this study 

was carried out, preliminary tests were carried out to see 

what effect it has on the removal of silicate-induced 

pollution in water and steam cycles in industry. To 

investigate the effect of the parameters taken from 

different steps, such as temperature and mixing time in 

the water and steam cycles of a private industrial 

establishment, and which are more important for each 

step, Bacillus subtilis bacteria were added to samples 

containing silica, and the results obtained were 

examined. The biosorption of silica on the Bacillus subtilis 

bacterium largely depends on the active sites of the 

biomass. Since they have both a live and active 

metabolism, resistance and biosorption mechanisms act 

as a whole. Biosorption of silica was achieved effectively 

thanks to the active sites of the Bacillus subtilis bacterium. 

When the results obtained in the study were analyzed, a 

more environmentally friendly way was followed by 

using Bacillus subtilis bacteria instead of toxic chemicals 

to reduce the amount of silica. In addition, one of the 

important results of the study is that Bacillus subtilis has 

been found to reduce not only silica but also the amount 

of impurities in the water. In addition to silica, this study 

revealed that Bacillus subtilis treatment effectively 

reduced other waterborne impurities. Specifically, in 

raw process water and boiler systems, notable 

reductions were observed in total hardness (from 1.76 to 

0.88 mg/L), magnesium (from 106.1 to 54.8 mg/L), 

calcium (from 185.8 to 91.2 mg/L), and total dissolved 

solids (TDS). These reductions were achieved without 

the need for conventional chemical dosing, highlighting 

the dual benefit of this biological approach in both silica 

and secondary impurity control. At the same time, it 

creates a preliminary idea by providing a different 

dimension for many similar studies. Most importantly, 

by strongly affecting the needs in the field of wastewater 

treatment, added value will be provided on behalf of our 

country, especially in the economic sense, on an issue 

that exists in the industry and is a constant problem. In 

light of the information obtained as a result of this study, 

the fact that it will both protect the environment from 

tons of chemicals used for the steam water cycle and help 

to provide a great economic gain reveals the other 

advantageous aspects of the study. It will also be 

beneficial to extend the life of the process and provide 

ease of operation. 
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Eco-friendly spectrofluorimetric determination of Hg²⁺ using green-synthesized 

carbon nanodots from apricot kernel shells  

Najlaa Ayad Salahaldeen1 , Nurhayat Özbek1 , Miraç Ocak1* , Ümmühan Turgut Ocak1  
1 Karadeniz Technical University, Faculty of Sciences, Department of Chemistry, 61080, Trabzon, Türkiye 

Abstract 

The green synthesis of blue fluorescent carbon nanodots (CNDs) from apricot kernel shells via a hydrothermal method was successfully executed. 

The interaction of the synthesized CNDs with various cations was systematically investigated using fluorescence spectroscopy. Fluorescence 

measurements were performed to evaluate the interaction of CNDs with 36 different cations, including Li⁺, Na⁺, K⁺, Be²⁺, Mg²⁺, Ca²⁺, Sr²⁺, Ba²⁺, 

Sc³⁺, Y³⁺, Ti⁴⁺, V⁵⁺, Cr³⁺, Mo⁶⁺, W⁶⁺, Mn²⁺, Fe³⁺, Co²⁺, Ni²⁺, Cu²⁺, Ag⁺, Zn²⁺, Cd²⁺, B³⁺, Al³⁺, Tl⁺, As⁵⁺, Se²+, NH₄⁺, Au³⁺, Sb³⁺, Sn⁴⁺, Bi³⁺, Hg²⁺, Pd²⁺, and 

Pb²⁺. Among these, the CNDs exhibited exceptional selectivity and sensitivity as a fluorescent probe for the detection of Hg²⁺ ions. The working 

range for Hg²⁺ detection was established as 35–95 µM, with a detection limit of 14.0 µM and a quantification limit of 41.4 µM. The method was 

validated and successfully applied to tap water and river water, demonstrating the practical utility of CNDs derived from apricot seed shells for 

environmental monitoring and analytical applications. 

Keywords:  Carbon nanodots (CNDs), hydrothermal method, apricot kernel shell, fluorescence spectroscopy, Hg2+ determination. 

1. Introduction

CNDs, a class of carbon-based nanomaterials, have 

garnered significant attention in recent years due to their 

unique optical properties, biocompatibility, 

environmental friendliness, and cost-effective synthesis 

[1-2]. These nanomaterials exhibit high fluorescence 

quantum yields, excellent photostability, and versatile 

surface functionalization capabilities, making them ideal 

candidates for sensing applications, especially in 

fluorescence-based detection systems [3-4]. Among 

these, the detection of heavy metal ions, particularly 

Hg²⁺, has been a major focus due to its toxicological and 

environmental significance [5]. 

Mercury is a highly toxic heavy metal with severe 

impacts on human health and ecosystems even at trace 

levels [6]. It is well known for its bioaccumulation in the 

food chain and persistence in the environment [7]. 

Consequently, the development of efficient, sensitive, 

and selective methods for Hg²⁺ detection has become a 

pressing need. In this context, CNDs-based 

spectrofluorimetric techniques have emerged as 

promising tools, offering rapid, cost-effective, and 

environmentally friendly solutions for mercury ion 

detection. 

Numerous studies in the literature highlight the 

potential of CNDs for Hg²⁺ sensing, leveraging their 

remarkable fluorescence properties and unique 

interaction mechanisms [8]. The fluorescence quenching 

of CNDs in the presence of Hg²⁺ is a commonly 

employed detection strategy, attributed to processes 

such as static or dynamic quenching [9-12]. The strong 

affinity of Hg²⁺ ions for the functional groups on the 

surface of CNDs, such as carboxyl, hydroxyl, or amine 

groups, underpins the high sensitivity and selectivity of 

these systems [13]. 

Significant advancements have been reported in the 

development of CND-based sensors with ultra-low 

detection limits, often reaching nanomolar or even 

picomolar levels [14-15]. These sensors have 

demonstrated excellent selectivity for Hg²⁺ over other 

metal ions, making them suitable for applications in 

environmental water samples [16-17]. Additionally, the 

use of green synthesis approaches for producing CNDs 

from natural or waste-derived carbon sources has 
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further enhanced their appeal as sustainable materials 

for analytical applications [18-19]. 

Recent studies have explored the synthesis of CNDs 

from apricot kernel shells, highlighting their potential in 

various applications. For instance, Xu et al. utilized a 

carbonization technique to produce greenish-yellow 

luminescent carbon quantum dots from apricot shells, 

demonstrating high photostability [20]. Another study 

focused on the preparation and characterization of 

biochar derived from apricot kernel shells using a 

hydrothermal method. The resulting biochar exhibited a 

uniform distribution of non-aggregated carbon 

microspheres and contained numerous oxygen-

containing functional groups, indicating its potential for 

adsorption applications [21]. Additionally, research has 

been conducted on recycling lignocellulosic waste, 

including apricot kernels, to design advanced carbon 

material precursors. These precursors can be used to 

obtain nanopowders with high applicability in pollution 

abatement, showcasing the versatility of apricot kernel-

derived carbon materials [22].  

Although there is extensive research on the use of 

biomass-derived CNDs for the spectrofluorimetric 

detection of metal ions [23], studies specifically focused 

on metal ion determination using CNDs derived from 

apricot kernel shells remain highly limited in the 

literature [20]. In a recent study, greenish-yellow 

fluorescent carbon quantum dots synthesized from 

apricot kernel shells exhibited selective fluorescence 

quenching in the presence of Fe³⁺ ions, with the 

fluorescence being restored upon the addition of 

ascorbic acid [20]. This finding demonstrated the 

potential of these CNDs for the selective detection of 

ascorbic acid [20]. 

In the presented study, CNDs were synthesized 

using a simple and rapid hydrothermal method from 

apricot kernel shells, and their interactions with a series 

of cations were investigated through fluorescence 

measurements. Among the examined cations, selective 

fluorescence quenching was observed with Be²⁺, V⁵⁺, 

Fe³⁺, Au³⁺, Hg²⁺, and Pd²⁺ ions. Notably, the fluorescence 

quenching of CNDs was found to be linearly dependent 

on Hg²⁺ ion concentration, making it possible to develop 

a new spectrofluorimetric method for the detection of 

Hg²⁺. The applicability of this method to real samples 

was also demonstrated. Thus, the presented study 

addresses a gap in the literature by providing a simple, 

rapid, and cost-effective spectrofluorimetric method for 

the determination of Hg²⁺ using CNDs synthesized from 

apricot kernel shells. 

2. Materials and Methods 

2.1. Instrumentation, reagents, and samples 

The instrumentation employed in this study included a 

Photon Technologies International Quanta Master 

Spectrofluorimeter (QM-4-2006) for fluorescence 

measurements, a high-precision Sartorius Ed224s 

analytical balance for mass determination, and an 

Analytik Jena Specord 210 spectrophotometer for UV-

Vis absorption spectroscopy. Sample preparation was 

conducted using a Vacuell Eco Line vacuum oven, a 

HERMLE Z 326 K centrifuge, an IKA RCT magnetic 

stirrer, and a JSOF-050 forced convection oven. Sample 

mixing and volumetric handling were facilitated by a 

Labnet Model No. 50100-320 V vortex shaker and 

Nichiryo automatic pipettes (10-100-1000 µL). Deionized 

water used in the study was obtained from a Merck 

Millipore Direct-Q 8 UV system. Ultraviolet 

measurements were performed using a SPECTROLINE 

MODEL CM-10 UV device, while pH analyses were 

carried out with an Orion Research Model 601 Digital 

Ionalyzer pH meter. Dialysis bags (6000 Da) were 

obtained from Merck (Darmstadt, Germany). Single-use 

filters with a pore size of 0.45 microns were purchased 

from Sartorius. Standard aqueous solutions of cations 

(1000 mg/L) were supplied by Merck. The real water 

samples analyzed in this study were tap water from 

Karadeniz Technical University (KTU) and water from 

the Harşit River. 

2.2. Preparation of the CNDs 

The apricot kernels were carefully cleaned, dried, and 

finely ground using a laboratory grinder. A precisely 

measured 1.0 g of the powdered material was dispersed 

in 150 mL of deionized water. The resulting mixture 

underwent hydrothermal treatment in a stainless steel 

autoclave at 180°C for 3 hours. Upon completion of the 

reaction, the obtained solution was sequentially filtered 

through black and white band filter papers to eliminate 

solid residues. The filtrate was subsequently centrifuged 

at 10000 rpm for 10 minutes to further purify the 

suspension. The supernatant was then subjected to 

dialysis against 200 mL of deionized water under 

continuous stirring at 600 rpm for 3 days, utilizing a 

dialysis membrane with a molecular weight cut-off of 

6000 Da. Following dialysis, the external solution was 

separately filtered through a 0.45-micron membrane 

filter to ensure the complete removal of any residual 

impurities. A 12.5 mL aliquot of the external solution 

was collected and diluted to a final volume of 100 mL 

with deionized water. The purified CND solution 

obtained after dialysis and filtration was subsequently 

diluted and utilized in spectrofluorimetric analyses for 

the detection of Hg2+ ions. 

2.3. Determination of the quantum yield     

The quantum yield of the synthesized CNDs (ΦCNDs) was 

determined using a comparative method, as described in 

previous studies [24]. A 0.1 M solution of quinine sulfate 

in 0.1 M H₂SO₄ (ΦR = 0.54) with a refractive index (η) of 
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1.33 served as the reference fluorescence standard. The 

CND solutions were prepared in deionized water, also 

with a refractive index (η) of 1.33, to ensure consistency 

in optical properties. Fluorescence emission spectra were 

recorded for both the quinine sulfate reference and the 

CND solutions at varying concentrations, with an 

excitation wavelength (λex) of 310 nm. The integrated 

fluorescence intensity values of the emission spectra 

were calculated. Corresponding absorbance values for 

each solution were measured under the same conditions 

as the emission spectra to maintain accuracy. A linear 

plot of integrated fluorescence intensity versus 

absorbance was generated for both the reference and the 

CND solutions. The slope (m) of the linear fit for the 

CNDs was compared to that of the reference solution, 

enabling calculation of the quantum yield for the CNDs 

using  Eq. 1. 

 

ΦCNDs  =  Φ𝑄 (
𝑚𝐶𝑁𝐷𝑠

𝑚𝑄
) (

ηCNDs
2

η𝑄
2 )                                                (1)      

                                         

In Equation (1), the terms CNDs and Q represent the 

synthesized CNDs and quinine sulfate, respectively. The 

parameter 𝑚 corresponds to the slope obtained from the 

linear plot of integrated fluorescence intensity versus 

absorbance for each solution. The refractive index, 𝜂, 

represents the optical property of the solvent used for 

each sample, accounting for variations in the medium's 

influence on fluorescence efficiency. These parameters 

collectively enable accurate determination of the 

quantum yield of CNDs relative to the reference 

standard. 

2.4. pH effect on the fluorescence spectra of CNDs  

To investigate the effect of pH on the fluorescence 

intensity of the CNDs, solutions were prepared across a 

pH range of 3 to 11 using appropriate buffer systems to 

maintain pH stability. Fluorescence measurements were 

performed by exciting the CND solutions at a 

wavelength of 310 nm, and the corresponding emission 

intensities were recorded. This systematic study was 

conducted to evaluate the impact of pH on the 

photophysical properties of the CNDs. 

2.5. Interactions of cations with CNDs 

2 mL of the CND solution was aliquoted into separate 

tubes. To achieve a final cation concentration of 1×10⁻³ 

M, appropriate volumes of the prepared intermediate 

stock solutions were added. The total volume in each 

tube was adjusted to 4 mL by adding deionized water. 

The fluorescence spectra of the prepared samples were 

then recorded, with excitation set at the wavelength 

corresponding to the maximum fluorescence intensity of 

the CNDs. The interactions of CNDs with cations such as 

Li+, Na+, K+, Be2+, Mg2+, Ca2+, Sr2+, Ba2+, Sc3+, Y3+, Ti4+, V5+, 

Cr3+, Mo6+, W6+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Ag+, Zn2+, Cd2+, 

B3+, Al3+, Tl+, As5+, Se2+, NH4+, Au3+, Sb3+, Sn4+, Bi3+, Hg2+, 

Pd2+, and Pb2+ were investigated spectrofluorimetrically. 

Among these, a regular decrease in fluorescence 

intensity was observed during titrations with increasing 

concentrations of Hg2+ ions, indicating a selective 

quenching effect. 

2.6. Determination of Hg2+ ions 

A spectrofluorimetric method for the determination of 

Hg²⁺ was developed based on the regular fluorescence 

quenching exhibited by CNDs in the presence of Hg²⁺. 

Initially, Hg²⁺ was added to pure water to calculate the 

recovery values. For this, a standard calibration curve 

was prepared and used to determine the concentration 

of Hg²⁺. The fluorescence intensity measurements were 

carried out at an emission wavelength of 347 nm. The 

limits of detection (LOD) and quantification (LOQ) of the 

developed method were determined to be 14.0 µM and 

41.4 mg/L, respectively. The working range of the 

method was established between 35 and 95 µM. The 

proposed method was successfully applied to tap water 

and river water samples. 

3. Results and discussion 

3.1. Synthesis and characterization of CNDs 

The summary of the hydrothermal method used for the 

synthesis of CNDs is shown in Scheme 1. The 

morphology of the CNDs was examined using 

transmission electron microscopy (TEM), which 

revealed the formation of aggregated clusters with sizes 

smaller than 50 nm (Fig. 1a). In the HRTEM images of 

the CNDs (Fig. 1b), a 0.34 nm d-spacing corresponding 

to the (002) plane of hexagonal graphite was observed, 

indicating that the CNDs possess a hexagonal graphite 

structure [25–27]. 

 

 
Scheme 1. Schematic diagram of the synthesis of CNDs via 

hydrothermal method 

3 hours at 180°C in the oven 

Apricot kernels 

Ground shells 

Dispersed CNDs 

Filtration 
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Figure 1. (a): TEM image of CNDs, (b): HRTEM image of CNDs 

XRD analysis confirmed the presence of a graphite-

like structure in CNDs (Fig. 2). The broad peak observed 

in the XRD pattern of the CNDs at approximately 2θ = 

22.3° is characteristic of amorphous carbon structures 

[28]. This peak reflects the short-range ordering and 

partially crystalline nature of the CNDs. Additionally, 

this value corresponds to a d-spacing of around 0.4 nm, 

commonly observed in carbon materials such as 

amorphous carbon, carbon nanotubes, or graphene 

oxide [29]. This suggests that the CNDs do not exhibit a 

fully crystalline structure but instead display partial 

ordering and possess an amorphous character [30]. The 

peak observed at 2θ = 34.0° in the XRD pattern 

corresponds to the (112) planes of graphite, confirming 

that the CNDs possess a hexagonal graphite structure 

[31]. The crystallite size of the CNDs was approximately 

calculated to be 32.2 nm using the Scherrer equation 

based on the XRD data. 

 
Figure 2. XRD diffractogram of CND 

XPS analysis was employed to determine the 

elemental composition of the CNDs, identifying the 

presence of carbon, oxygen, and nitrogen atoms (Fig. 3a). 

A detailed deconvolution of the XPS spectra revealed 

that the C1s peak was associated with various carbon 

bonding environments, including C=C, C–C, C–O, and 

C–N bonds (Fig. 3b). The N1s peak was attributed to 

pyridinic C–N bonds, indicating the presence of nitrogen 

in a nitrogen-rich functional group (Fig. 3c). The O1s 

peak was assigned to a combination of oxygen-

containing functional groups, including C=O, O–H, and 

C–O bonds (Fig. 3d), further confirming the presence of 

oxygen functionalities on the surface of the CNDs. 

FTIR spectroscopy provided further evidence for the 

functional groups present within the structure of CNDs 

(Fig. 4). Substantial vibrational bands included the C–H 

stretching vibration at 2913 cm−1, C=C stretching 

vibration at 1590 cm−1, the O–H stretching vibration at 

3311 cm−1, the C=O stretching vibration at 1723 cm−1, and 

the C–O/C–N stretching vibrations at 1029 cm−1. 

3.2. Optical and fluorescence properties of CNDs  

The optical properties of CNDs were analyzed using 

UV-Vis absorption spectroscopy. The UV-Vis absorption 

spectrum of CNDs is presented in Fig. 5. A strong 

absorption peak observed around 200 nm is attributed to 

the π→π∗ transitions of the C=C bonds, characteristic of 

sp2-hybridized carbon atoms within the graphite-like 

structure. Additionally, an absorption band near 250 nm 

corresponds to n→π∗ transitions of C–O and C–N 

bonds. These findings align with previously reported 

UV-Vis absorption spectra of carbon-based 

nanomaterials [32]. 

The visual appearance of the aqueous CND solution 

was documented under both daylight and UV light at 

365 nm, as illustrated in Fig. 5.  
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Figure 3. (a): XPS full spectra for the CNDs, (b): C1s, (c): N1s, (d): O1s 

spectra. 

 
Figure 4. FTIR spectra of CNDs 

 
Figure 5. UV-Vis absorption spectrum of CNDs. Images of the CND 

solution under UV light (inset right) and daylight (inset left) 

Under daylight conditions (Fig. 5 inset, left), the CND 

solution exhibited a pale yellow color, whereas under 

UV light (Fig. 5 inset, right), it displayed blue 

fluorescence. This observation confirms the fluorescent 

properties of the synthesized CNDs. The quantum yield 

of the CNDs was also determined using quinine sulfate 

as the standard reference. The quantum yield was found 

to be 0.27. 

To further investigate the fluorescence properties of 

CNDs, fluorescence emission spectra of the aqueous 

CND solution were recorded at excitation wavelengths 

ranging from 300 to 400 nm in 10 nm intervals (Fig. 6). 

As depicted in Fig. 6, increasing the excitation 

wavelength resulted in a decrease in fluorescence 

emission intensity and a red shift in the emission peak 

maxima. This excitation-dependent fluorescence 

behavior demonstrates that the synthesized CNDs 

exhibit multicolor fluorescence characteristics, 

consistent with findings reported in the literature [32]. 

As shown in Fig. 6, the CNDs exhibited the highest 

fluorescence intensity when excited at 310 nm. 

Therefore, 310 nm was used as the excitation wavelength 

in subsequent studies. 

 
Figure 6. Emission spectra of CNDs at different excitation wavelengths 
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3.3. The effect of pH on the fluorescence intensity of 

CNDs 

The fluorescence intensity of CNDs is highly influenced 

by pH, and this effect has been extensively studied in the 

literature [13]. To examine the effect of pH on the 

fluorescence intensity of prepared CNDs, solutions of 

CNDs were prepared across a pH range of 3 to 11 and 

excited at 310 nm. Fluorescence intensity at 347 nm was 

subsequently recorded, as shown in Fig. 7. As depicted, 

a significant reduction in fluorescence intensity is 

observed at pH 11, while no notable changes in 

fluorescence intensity occur at pH values of 3, 5, and 7. 

Considering that the pH of real samples typically ranges 

around 7, the experiments were conducted without the 

addition of any buffer solution. This approach, which 

eliminates the need for supplementary chemicals, 

provides several advantages, including cost-

effectiveness, environmental sustainability, and a more 

efficient experimental procedure. These benefits make 

this method a more practical and efficient alternative 

compared to other Hg²⁺ detection techniques reported in 

the literature. 

 

 
Figure 7. Variation of the fluorescence intensity of CNDs with pH 

(λex:310 nm, λem:347 nm) 

3.4. The effect of cations on the fluorescence of CNDs 

The interactions between CNDs and a variety of cations 

were systematically investigated by monitoring the 

fluorescence response at an excitation wavelength of 310 

nm. The effect of 36 different cations on the fluorescence 

spectra of CNDs was explored, including Li⁺, Na⁺, K⁺, 

Be²⁺, Mg²⁺, Ca²⁺, Sr²⁺, Ba²⁺, Sc³⁺, Y³⁺, Ti⁴⁺, V⁵⁺, Cr³⁺, Mo⁶⁺, 

W⁶⁺, Mn²⁺, Fe³⁺, Co²⁺, Ni²⁺, Cu²⁺, Ag⁺, Zn²⁺, Cd²⁺, B³⁺, Al³⁺, 

Tl⁺, As⁵⁺, Se²+, NH₄⁺, Au³⁺, Sb³⁺, Sn⁴⁺, Bi³⁺, Hg²⁺, Pd²⁺, and 

Pb²⁺ (Fig. 8a). Changes in the fluorescence intensity of 

CNDs upon interaction with different cations were 

monitored to evaluate their binding affinity and 

selectivity. This analysis aimed to elucidate the 

selectivity of CNDs for particular cations, with a focus 

on those ions that induced the most pronounced changes 

in fluorescence behavior. 

 

 
Figure 8. (a): Effect of cations on the fluorescence spectrum of CND, 

(b): The changes in fluorescence intensity at 347 nm with the effect of 

cations  

Fig. 8a illustrates the effect of various cations on the 

fluorescence spectrum of CNDs. Upon analyzing the 

interaction results, notable quenching in fluorescence 

intensity was observed with Be²⁺, V⁵⁺, Fe³⁺, Au³⁺, Hg²⁺, 

and Pd²⁺ cations (Fig. 8b). Spectrofluorimetric titrations 

were performed to determine whether the fluorescence 

quenching was related to the concentration of cation. 

However, there were no consistent and reproducible 

fluorescence responses with the increasing 

concentrations of Be²⁺, V⁵⁺, Fe³⁺, Au³⁺, and Pd²⁺ ions. The 

regular and predictable fluorescence quenching 

observed with only increasing Hg²⁺ concentrations 

provided a reliable basis for continued studies to 

develop a sensitive and selective determination method. 

Fig. 9 demonstrates the consistent fluorescence 

quenching in the spectra of CNDs as the concentration of 

Hg²⁺ increases. The inset of Fig. 9 illustrates the 

correlation between the fluorescence intensity at 347 nm 

and the Hg²⁺ concentration. A regular fluorescence 

quenching effect was observed within the Hg²⁺ 

concentration range of 35 to 95 µM (Fig. 9 inset). 

 
Figure 9. Spectrofluorimetric titration of CNDs with Hg²⁺ ions. Inset: 

Regular quenching in the fluorescence intensity of CNDs at 347 nm 

with increasing Hg²⁺ concentration (Hg²⁺ concentration: 35-95 µM) 
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3.5. Determination of Hg2+ ions 

The determination of Hg²⁺ was performed using the 

standard calibration method. The analytical 

performance data of the proposed method is presented 

in Table 1. The LOD and LOQ values of the method were 

determined to be 14.0 µM and 41.4 µM, respectively. The 

linear range (LR) was established to be 35-95 µM. The 

accuracy of the method was demonstrated through 

spiking-recovery studies conducted on real water 

samples. The results are presented in Table 2. As shown 

in Table 1, the correlation coefficient was 0.9859, 

indicating a high degree of linearity. The LOD value was 

calculated by dividing three times the standard 

deviation by the slope of the calibration curve. Eleven 

blank measurements were performed to determine the 

standard deviation for these experiments. The LOQ 

value was determined as three times the LOD. 

 

Table 1. Analytical performance data of the proposed method for Hg2+ 

determination 

Excitation wavelength (nm) 310 

Emission wavelength (nm) 347 

LOD (µM) 14.0 

LOQ (µM) 41.4 

LR (mg/L) 35-95 

Fluorescent reagent  (8/10) diluted CND solution 

Volume of CND solution (mL) 2 

Total volume (mL) 4 

Solvent  water 

Pre-measurement time 1-2 min 

Correlation coefficient  (R2) 0.9859 

  

 

Table 2. Results of spiked-recovery experiments for Hg2+ 

determination in water samples (N=3) 

Sample Spiked Hg2+ (mg/L) R%(intra-day) R% (inter-day) 

Deionized water 9.0 96.2±1.2 95.1±1.5 

Tap water 9.0 97.8±1.4 96.3±1.3 

River water 9.0 97.8±0.9 95.9±1.1 

 

3.6. Quenching mechanism 

The Stern-Volmer relationship can be used to explain the 

fluorescence quenching of CNDs in the presence of Hg²⁺. 

In the Stern-Volmer equation given by Eq. (2), Ksv 

represents the Stern-Volmer quenching constant, while 

I0 and I denote the fluorescence intensities in the absence 

and presence of the quencher (Hg²⁺), respectively. [Q] 

symbolizes the molar concentration of the quencher. 

 

I0/I =1 + Ksv [Q]                                                                   (2) 

 

As expected from Eq. 2, plotting I₀/I versus the molar 

concentration of the quencher should yield a straight line 

with a y-axis intercept of 1 when the quenching 

mechanism follows the Stern-Volmer relationship. The 

slope of this line corresponds to Ksv. The static quenching 

mechanism is based on the complexation of the quencher 

with the fluorophore in the ground state, while dynamic 

quenching is generally associated with collisions in the 

excited state [33]. The Stern-Volmer equation remains 

valid for both quenching processes, despite the differing 

mechanisms. Fig. 10a presents the Stern-Volmer plot for 

Hg²⁺-induced fluorescence quenching of the CNDs. As 

seen in Fig. 10a, the intercept of the line on the y-axis is 

1. This indicates that the Stern-Volmer relationship is 

valid for this system. However, to determine whether 

the quenching is dynamic or static, the effect of 

temperature was investigated. Fig. 10b shows the effect 

of temperature on I0/I. As seen in Fig. 10b, the I0/I value 

increases with increasing temperature. This result 

suggests that the quenching occurs through dynamic 

quenching [33]. 

 

 
Figure 10. Stern-Volmer plot. The light blue: 297 K, the orange: 313 K, 

and the dark blue: 353 K 

3.7. Comparison with other CNDs 

Table 3 summarizes a comparison of several 

spectrofluorimetric Hg²⁺ detection methods in water 

samples based on CNDs reported in the literature. As 

shown in Table 3, although the LOD and LR values of 

these methods are more advantageous compared to the 

proposed work, the CNDs used as fluorescent probes in 

these studies were generally synthesized using chemical 

sources of carbon, such as ammonium citrate, citric acid, 

folic acid, ethylene glycol, and urea [18,34,36,37]. In 

contrast, in the presented study, apricot seed shells were 

utilized as a carbon source, making it a green synthesis 

approach compared to the methods in the literature.  
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Additionally, the methods in the literature involve 

relatively long reaction times [18,34,35, 37,13]. However, 

the reaction time in the proposed study is much shorter 

than most of the reaction times reported in the literature. 

Namely, the proposed synthesis method is a fast 

approach. As seen in Table 3, toxic chemicals such as 

NaOH and H₂SO₄ were used in some stages of the 

synthesis processes reported in the literature [37, 13]. In 

contrast, in the proposed study, only apricot seed shells, 

a natural waste product, were used as the carbon source 

in the hydrothermal synthesis of CNDs. Therefore, the 

proposed method is an environmentally friendly and 

cost-effective approach. The method was successfully 

applied to the determination of Hg²⁺ in tap water and 

river water samples. These results demonstrate that the 

proposed method is a rapid, economical, and 

environmentally friendly approach that can be 

effectively applied to water samples containing Hg²⁺ at 

concentrations within the detection limits of the method. 

4. Conclusion 

CNDs were efficiently synthesized from apricot kernel 

shells using a green hydrothermal synthesis method. 

The synthesized CNDs were characterized by TEM, 

XRD, XPS, and FTIR spectroscopy. The optical 

properties of the CNDs were analyzed using UV-vis 

absorption and fluorescence spectroscopy. The method 

demonstrated a linear range for Hg²⁺ detection between 

35 and 95 µM. The LOD and LOQ values were 

determined to be 14 µM and 41.4 µM, respectively. The 

accuracy of the proposed method was successfully 

validated in tap water and river water samples.  

In conclusion, the proposed spectrofluorimetric 

method provides a rapid, cost-effective, and highly 

selective approach for the detection of Hg²⁺ in water 

samples. By utilizing CNDs synthesized from apricot 

kernel powder, this method offers a significant 

improvement over existing techniques reported in the 

literature. It presents an eco-friendly and highly selective 

alternative for environmental monitoring and analytical 

applications, demonstrating both practical and 

environmental advantages. 
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