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Abstract: Barium as an alkaline earth metal is widely used in multiple industries. Due to its widespread use, 
it is toxic to living things in high concentrations. In this study, polymer membrane barium–selective 
potentiometric sensors were prepared in which 4-aminobenzoic acid 2-diethylaminoethyl ester was used as 
an ionophore. The prepared sensors exhibited selective and stable behavior towards barium ions. The novel 
barium–selective potentiometric sensor had a low detection limit of 4.23×10-6 M over a wide linear 
concentration range from 1.0×10-5 to 1.0×10-1 M. The sensor proposed in the present study had good 
repeatability, short response time (8s) and could work over a wide range of pH. The sensors prepared simply 

and economically were able to determine barium ions in various samples with very high recoveries.  
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1. INTRODUCTION 

 
Barium occurs naturally in the food and groundwater, 
and its water–soluble salts are toxic (Kravchenko et 
al., 2014; Gad, 2014). Barium is commonly used in 
various industrial sectors such as the petroleum 

industry, electroplating, alloying, glass industry, and 
also in pigments and corrosion protection films 
(Grajeda et al., 2017; Modi et al., 2014). Due to its 
widespread use in industry, barium pollutes both soil 
and water. High concentrations of barium can be 
toxic to living things (Oliveira et al., 2012; Llugany et 

al., 2000). Especially in humans, it can cause a 

number of health problems such as respiratory 
failure, hypophosphatemia, loss of reflexes and 
rhabdomyolysis (Altunoluk et al., 2024). To date, 
inductively coupled plasma mass spectrometry (ICP–
MS), atomic absorption spectroscopy (AAS) and 
spectroscopic methods have been proposed for the 

determination of barium in various samples 
(Ardianrama et al., 2020; Bisergaeva et al., 2020; 
Huelga-Suarez et al., 2013). These methods, which 
are not particularly suitable for on–site analysis, are 
complicated to use, time-consuming, costly, and 
require experienced personnel and a well–equipped 
laboratory (Özbek, 2023; Abu Shawish et al., 2020).  

 

Potentiometric methodologies, which have a highly 
important place in electrochemistry, are a subject 
intensively studied by sensor researchers (Berkel and 
Özbek, 2024). Potentiometry is an electrochemical 

method in which the potential of an electrode system 
consisting of reference and working electrodes is 
measured against time (Isildak and Özbek, 2021). 
Potentiometric ion–selective electrodes (ISEs) have 
important advantages such as easy use, short 
response time, low limit of detection, wide range of 
concentration, low cost, low–energy consumption, 

good selectivity and repeatability (Abu Shawish et al., 
2016; Özbek et al., 2024a; Wu et al., 2023; Verma 
et al., 2023). ISEs are applied in many fields, for 

instance in the analysis of food, pharmaceutical, 
agriculture, medicine and environmental samples 
(Özbek and Isildak, 2022; Özbek and Altunoluk 

2024). ISEs can be prepared using a wide variety of 
materials (Özbek et al., 2022a).  
 
Ionophores are molecules that are both commercially 
available and synthesized. These molecules are the 
most important sensor material that can selectively 
interact with the analyte (Özbek et al., 2022a; Ören 

et al., 2024). Ionophores are undoubtedly the most 
critical components that influence the electrode's 
selectivity towards a single ion as well as other 
commonly used ions. 3-deoxy-D-erythro-hexos-2-
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ulose bis(thiosemicarbazone) (Zamani et al., 2010), 

2,3,4-pyridine-1,3,5,7,12-pentaazacyclopentadeca-
3-ene (Singh et al., 2005), 4-4′-methylene-

diantipyrine (Abedi et al., 2008), and organophos-
phorus compounds (Saleh, 2000) have been 
previously used as ionophores in the selective 
determination of barium ions as reported in the 
literature. In the current study, we developed new 

ion–selective sensors that exhibit high selectivity to 
barium ions by using the 4-aminobenzoic acid 2-
diethylaminoethyl ester (Figure 1) molecule as an 
ionophore. 4-aminobenzoic acid 2-diethylaminoethyl 
is also a local anesthetic drug (Özbek and Altunoluk, 
2024). This study aimed to investigate the ionophore 

properties of its chemical form.  
 
 

 
 

Figure 1. Chemical structure of the ionophore. 
 

2. EXPERIMENTAL SECTION 

 
2.1. Chemicals and Apparatus 

Graphite, high molecular weight poly(vinyl chloride) 
(PVC), 4-aminobenzoic acid 2-diethylaminoethyl 
ester (ionophore; ≥97%), plasticizers, anion 
excluder, tetrahydrofuran (THF; ≥99.9%), sodium 
hydroxide (NaOH; ≥98.0%), nitric acid (HNO3) and 

metal nitrate salts were of the greatest analytical 

purity and were obtained from Sigma-Aldrich. All 
potential measurements were made with an Ag/AgCl 

reference electrode (Thermo Scientific) connected to 
a multi-channel potentiometer (Medisen Medical Ltd. 
Sti., Turkey) and the prepared sensors. 
 
2.2. Method 

In this study, the preparation of solid contact PVC 
membrane barium–selective sensors were performed 
in two stages, as in our previous studies (Özbek et 
al., 2024b; Özbek et al., 2022b). Initially, conductive 
solid contact mixtures were prepared by dissolving 
50.0 mg graphite, 35.0 mg epoxy and 15.0 mg 

hardener in approximately 3 mL THF. Copper wires 
then were dipped into the homogeneous solid contact 
mixture 3–4 times and subsequently left to dry in the 
dark for 24 h. Then, polymer membrane mixtures 
were prepared by dissolving them in the solution of 

THF with the compositions in Table 1. Mixtures 
containing ionophore, PVC, plasticizer and anion 

excluder were dissolved in approximately 3 mL of 
THF. After a homogeneous mixture was provided, the 
mixtures reaching a certain viscosity were coated on 
the surface of previously prepared solid contact 
electrodes. The surface of pre–prepared conductive 
solid contact electrodes were covered with these 
mixtures and allowed to dry. Potentiometric 

measurements were conducted using barium ion 
solutions with the prepared sensors. The preparation 
steps and potentiometric measurement system of the 
new barium–selective sensors were summarized in 
Figure 2.

 

 

 
 

Figure 2. Preparation stages of barium–selective sensors. 
 

3. RESULTS AND DISCUSSION 

 
In the current study, sensors with a total of seven 
different compositions were designed using 3 
different plasticizers (namely, dibutyl phthalate 

(DBP), bis(2–ethylhexyl)sebacate (BEHS) and o–

nitrophenyloctyl ether (o–NPOE)). Plasticizers reduce 
the viscosity of the polymer matrix and provide 
mobility of the components in the membrane 

structure. In the literature, the most commonly used 
composition of PVC membrane electrodes was 
reported as 1–7% ionophore, 28–33% PVC, 60–69% 

https://www.sigmaaldrich.com/TR/en/product/sigma/p9879
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plasticizer and 0.03–10% anion excluder (Erol et al., 

2009). The potentiometric performance 
characteristics of the sensors prepared in these 

ranges were investigated using Ba2+ ion solutions. 
Barium ion solutions were prepared with Ba(NO3)2. 
The potentiometric performance features of the 
prepared sensors were given in Table 1. According to 
the obtained data, mixture number VII among the 

prepared sensors had the lowest detection limit 

(4.23×10-6 M) in a wide concentration range of 
1.0×10-5–1.0×10-1 M. When the potentiometric 

performance properties of the prepared sensors were 
evaluated, the most ideal composition was 
determined to be 3.0% ionophore, 32.0% PVC, 
64.0% BEHS and 1.0% KTpClPB. 

 
Table 1. Certain performance features of the prepared barium–selective potentiometric sensors. 
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1 32.0 3.0  64.0  1.0 1.0×10-5–1.0×10-3 1.08×10-5 15.5 (±2.2) 0.9859 

2 32.0 3.0   64.0 1.0 1.0×10-5–1.0×10-3 9.22×10-6 10.1 (±1.5) 0.9860 

3 32.0 4.0  63.0  1.0 1.0×10-5–1.0×10-1 9.97×10-6 11.0 (±1.1) 0.9866 

4 32.0 5.0  62.0  1.0 1.0×10-4–1.0×10-1 1.0×10-4 21.0 (±1.2) 0.9779 

5 32.0 4.0   63.0 1.0 1.0×10-4–1.0×10-1 9.77×10-5 16.5 (±2.5) 0.9518 

6 32.0 5.0   62.0 1.0 1.0×10-4–1.0×10-1 2.15×10-5 24.0 (±3.4) 0.9825 

7 32.0 3.0 64.0   1.0 1.0×10-5–1.0×10-1 4.23×10-6 19.0 (±0.2) 0.9995 

 
In this study, the behavior of sensors with and 
without ionophores in their composition against 
barium ions was tested in order to determine the 
influence of the ionophore used on the behavior of 
the sensor. For this purpose, the behavior of solid 

contact, without any ionophore (BEHS + PVC + 
KTpClPB) and optimum (Sensor VII) electrodes 

against barium ion solutions is presented in Figure 3. 
Based on this data, electrodes without ionophores in 
their composition did not give a linear response to 
barium ions. Consequently, it can be stated that the 
ionophore in the proposed sensor composition is able 

to interact with barium ions.  

 

 
Figure 3. Response of electrodes with and without ionophore to barium ions. 

 

The potential (mV)–time (s) behavior of this novel 
barium–selective sensor was presented in Figure 4a, 
which shows that the sensor displays a linear 
response in the concentration range from 1.0×10-5 to 
1.0×10-1 M. The detection limit of detection (LOD) the 
prepared sensor was calculated using the calibration 

curve in Figure 4b. The detection limit of the sensor 

was calculated considering the recommendations 
reported by IUPAC (Buck et al., 1994). The potential 
value corresponding to the point where the horizontal 
and vertical axes intersect in Figure 3b was written in 
its place in the linear equation. The detection limit of 
the proposed sensor was calculated as 4.23×10-6 M. 

The repeatability performance of the prepared novel 
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barium–selective potentiometric sensor was tested 

with barium ion solutions in three different 
concentrations (namely, 10-1, 10-2 and 10-3 M). 

Figure 4c shows that the sensor demonstrates 
repeatable and stable performance for three different 
concentration values. The results given in Figure 4 

(a–c) also indicates that the proposed sensor has a 

near–Nernstian response in addition to a low 
detection limit over a wide concentration range. 

Additionally, the sensor has a repeatable and stable 
behavior.  

 
Figure 4. a-) The potentiometric response (E (mV)–time (s)), b-) calibration curve c-) repeatability of 
barium–selective sensor. 

 
The response time of the newly developed barium–
selective potentiometric sensor was investigated 
according to the guidelines recommended by IUPAC 
(Buck et al., 1994). For this purpose, the equilibrium 
time of the sensor from one concentration to another 

was determined. The sensor developed according to 
Figure 5 reaches equilibrium in approximately 8 
seconds for a 10–fold concentration change and has 
a very fast response time.  

 
Figure 5. The dynamic response time of the sensor developed in the present study. 

 
One of the most essential characterization 
parameters of ion–selective electrodes is considered 

to be their selectivity. Selectivity is the behavior of a 
sensor towards a single species in the presence of 
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diverse ionic species. In this study, ten different 

cationic species were used to test the selectivity of 
the prepared sensor against barium ions. Figure 6 

indicates the response of the barium–selective 
potentiometric sensor to barium ions relative to other 
ions. Based on this data, the prepared sensor 
exhibited the highest potential values against barium 

ions. Selectivity coefficients (𝐾𝐴,𝐵
𝑝𝑜𝑡

) were calculated to 

mathematically express the selectivity of the ions 
used in the investigation of selectivity. Selectivity 
coefficients for different ions were calculated based 

on the separate solution method (SSM) defined by 
IUPAC (Umezawa et al., 2000). For this purpose, 
using the data obtained from potentiometric 
measurements, the potential value of every ion at the 
concentration of 1.0×10-2 M was written into the 
equation recommended by IUPAC, and the selectivity 
coefficients were then calculated for the ions in Table 

2.  

 

𝑙𝑜𝑔𝐾A,B
pot

=
(𝐸B − 𝐸A)𝑍A𝐹

𝑅𝑇𝑙𝑛10
 + (1 −

𝑍A

𝑍B
)𝑙𝑜𝑔𝑎A 

 

where, 𝐾𝐴,𝐵
𝑝𝑜𝑡

 = selectivity coefficient, aA = activity of 

Ba(II), aB = activity of interfering ion, zA = charge of 
Ba(II), zB = charge of interfering ion; R, T, and F have 
the usual meanings. 
 
According to the data presented in the Table 2, the 
selectivity order of the examined cations varies as K+ 
> Sr2+ > Co2+ > Mn2+ > Ni2+ > Na+ > Zn2+ > Mg2+ > 

Li+ > Cd2+. The developed sensor is around 100 fold 
more selective towards barium ions than the closest 
interfering type. Based on the data given in Figure 6 
and Table 2, we can state that the proposed novel 
sensor is highly selective towards barium ions than 
other species. 

 
 

 
Figure 6. Selectivity of the newly developed barium–selective sensor towards other ions. 

 
Table 2. The selectivity coefficient of barium–selective sensor. 

 

Interfering ions log𝐾𝐵𝑎(𝐼𝐼),𝑀+𝑛 𝐾𝐵𝑎(𝐼𝐼),𝑀+𝑛 

K+ –2.02 9.55×10-2 

Sr2+ –2.70 1.99×10-3 

Co2+ –3.28 5.25×10-4 

Mn2+ –3.65 2.24×10-4 

Ni2+ –3.82 1.51×10-4 

Na+ –3.79 1.62×10-4 

Zn2+ –3.89 1.29×10-4 

Mg2+ –4.16 1.92×10-5 

Li+ –4.36 4.36×10-5 

Cd2+ –4.53 2.95×10-5 

 
The working range of the prepared sensor in terms of 
pH was determined using nitric acid (for pH 2.0–7.0) 
and sodium hydroxide (for pH 8.0–12.0). The pH 
working range was studied for two different 

concentration values, 1.0×10-2 and 1.0×10-3 M 
barium ion solution was added to the pH solutions 
previously prepared. Potentiometric measurements 
were taken with the prepared sensor. Potential–pH 
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graph was drawn with the obtained data. The pH 

working range of the barium–selective sensor is 
given in Figure 7 which points that pH remained 

constant between 5.0 and 11.0 at both concentration 
values. While the high potential values at pH values 
of less than 5.0 in 1.0×10-2 M concentration are due 
to the presence of hydronium ions, the low potential 
values at high pHs in both concentrations may be due 

to the formation of Ba(OH)2. The low potential values 

at pH < 5.0 in 1.0×10-3 M concentration may suggest 
that the sensor exhibits an unstable behavior in this 

acidic environment. Combined, it can be suggested 
that the newly proposed sensor can work stably at 
different concentration values independently of pH 
changes. 

 

 
Figure 7. pH working range of the newly proposed barium–selective sensor. 

 
Analytical applications of the produced sensors are an 
important indicator of sensor performance. In 
particular, applications in different matrices are 

necessary to demonstrate the selectivity and 
reliability of the sensor against a single ion. 
Therefore, applications of ISEs in real samples are of 
great importance. Analytical applications of the 

prepared novel barium–selective potentiometric 
sensor were conducted using different water and tea 
samples. Barium ions were added to these samples 

in the amounts presented in Table 3, and 
subsequently potential values were measured with 
the newly developed sensor. The amount of barium 

added in the real samples was calculated by 
substitution of the potential values into the linear 
equation. Consequently, it was observed that the 
developed sensor can detect barium ions with high 

recoveries (>90.0%). The obtained results show that 
the sensor can give reliable results in the 
determination of barium ions in different matrices.  

 
Table 3. Detection of Ba2+ ion in different samples. 

 

Real Samples Ba2+ quantity, (M) 

Added Ba2+  Found (± SD) with sensor* % Recovery 

Bottled water  
1.0×10-3 

9.57 (±0.35) ×10-4 95.7 

Tea 9.55 (±0.25) ×10-4 95.5 
Pure water 9.12 (±0.10) ×10-4 91.2 

Tap water (Tokat, Turkey) 9.02 (±0.13) ×10-4 90.2 

     *Average value (n = 3). 

 
Comparison of the proposed new sensor with its 

counterparts in the literature is given in Table 4. As 
seen there, the sensor has a faster response time 
than previously proposed ones. It is relatively similar 
to the others in terms of linear working range and 

detection limit. When pH working ranges are 
examined, there is only one equivalent that can work 
at high pH levels independently of changes in the pH 
(Saleh, 2000). 
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Table 4. The potentiometric performance characteristics of sensor compared with other proposed barium ISEs. 

 

Ionophore Concentration range, M Limit of 
detection, M 

pH working 
range 

Response time 
(s) 

Reference 

(E)-2-(2-((2-
carbamothioylhydrazono)methyl)phenoxy)acetic 

acid 

1.0×10-6 – 
1.0×10-1 

5.54×10-7 6.0–9.0 <10 Altunoluk et al., 
2024 

2,3,4-pyridine-1,3,5,7,12-

pentaazacyclopentadeca-3-ene 

1.41×10−6 – 

1.0×10−1 

Not reported 2.5–7.0 18 Singh et al., 2005 

4-4’-methylenediantipyrine 1.0×10-6 – 

1.0×10-2 

5.2×10-7 3.4–10.6 15 Abedi et al., 2008 

1,2-bis(diarylphosphine oxide) naphthalene 1.0×10-5 – 
1.0×10-1 

5.0×10–6 3.0–11.0 60 Saleh, 2000 

Barium–Rose Bengal 5.0×10-5 – 
1.0×10-1 

2.5×10-6 4.5–10.0 20 Othman et al., 
2006 

4-aminobenzoic acid 2-diethylaminoethyl ester 1.0×10-5 – 

1.0×10-1 

4.23×10-6 5.0–11.0 8 This work 
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4. CONCLUSION 

 
ISEs have an essential place in electroanalytical 

chemistry due to their versatile applications. 
Features such as low cost, on–site analysis, ease of 
preparation and simple use distinguish ISEs from 
other costly analytical devices that require a 
laboratory. For many years, researchers have 
proposed sensors selective to many cationic and 

anionic species by taking advantage of these 
properties of potentiometric ISEs. They have 
significant advantages over other analytical 
techniques, especially in the detection of ionic 
species. In this study, 4-aminobenzoic acid 2-
diethylaminoethyl ester was utilized as an ionophore. 
The proposed novel barium–selective potentiometric 

electrode was found to have a wide concentration 
range, near–Nernstian response, and lower limit of 
detection. Additionally, the sensor had a wide pH 

working range and fast analysis time. Therefore, we 
can state that the proposed sensor is rapid, selective, 
economical and reproducible for the on–situ 
detection of barium ions. This electrode which was 

successfully applied to different real samples can be 
utilized as an alternative to the various other 
analytical methods in the analysis of barium ions. 
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Abstract: Accurate vapor-liquid equilibria (VLE) calculations of carbon dioxide and hydrogen sulfide mixtures are 
critical to gas processing and the affordable, safe design of flow assurance technologies. Inaccurate VLE predictions  
can lead to inaccurate gas hydrate phase equilibria predictions and ensuing safety and economic risks. This research 
paper explores the potential incorporation of Deep Neural Networks (DNNs) to support conventional expert systems 
within the context of predicting VLE. It facilitates more flexible and data-driven approaches that are required due to  
the growing intricacy and dynamic character of chemical processes. Moreover, various cubic and non-cubic equation 
of state (EoS) models (such as SRK, PR, CPA, SAFT, and PC-SAFT) were also examined to compare predicted VLE for 
various mixtures of CO2 and H2S. Prior to the comparison of DNN-predicted VLE with EOS models, binary interaction 
parameters were optimized for all  EOS with the available experimental  phase equilibria measurements. Model  
accuracies were compared and analyzed for various binary systems containing CO2/H2S + other associative and non-
associative components. The absolute average deviation in vapor and liquid phase composition/bubble pressure was 
calculated and compared for all five-state EOS with DNN predictions. The DNN and equation of states with BIP gave a 
reliable illustration of the phase behavior of CO2/H2S-containing systems compared to others as indicated by the 
lower AADP values. By contrasting the applied DNN model with conventional techniques, we explore the promising 
channel for future research directions and industry applications, as well as an opportunity for innovation and field  
advancement for modern expert systems.
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1. INTRODUCTION

Vapor-liquid equilibria (VLE) calculations are of utmost 
importance in chemical industries, including separation, 
flow  assurance,  CO2 sequestration, acid  gas  capture 
using  amines,  and  gas  hydrate  phase  equilibria 
prediction. While VLE of mixtures comprising of simple 
non-polar molecules (e.g., small hydrocarbons) can be 
reasonably  explained  using  traditional  estimation 

techniques  (e.g.,  cubic  EoS),  accurate  prediction  of 
phase  behavior  of  polar  associating  molecules  (e.g., 
water, alcohols, glycols) and acid gaseous species (e.g., 
CO2, H2S) is very difficult because of complex molecular 
arrangements as dictated by the nature and number of 
associating sites on the molecule. Errors in predicting 
phase behavior of these associating systems can lead to 
faulty  design  of  various  unit  operations.  Accurate 
prediction of VLE for CO2 and H2S gas mixture decides the 

mailto:naveedkhan19755@gmail.com
https://dergipark.org.tr/jotcsb
http://www.turchemsoc.org/
https://orcid.org/0000-0001-8961-1358
https://orcid.org/0000-0003-1260-5480
https://orcid.org/0000-0001-8083-0503
https://orcid.org/0000-0001-8083-0503


Naveed Khan et al., (2025), 8(1), 11-28.  RESEARCH ARTICLE

12

accuracy of the hydrate phase boundary and significant 
error in VLE may result in an inaccurate hydrate stability 
condition.
 
Various researchers have measured the VLE behavior of 
CO2 and H2S containing systems, as summarized in Table 
S1-S2.  For  example,  a  systematic  study  of  H2S  + 
hydrocarbon mixtures was carried out by Stamataki and 
Magoulas (Stamataki & Magoulas, 2000). They employed 
the  Jhaveri  and  Youngren's  volume  translated  (J-PR) 
Peng-Robinson EoS to investigate the phase equilibria 
and  volumetric  behavior  of  H2S containing  systems 
(Jhaveri & Youngren, 1988). A comprehensive evaluation 
of H2S containing ternary and quaternary systems (with 
methane,  ethane,  propane,  and CO2) was  performed 
using  cubic  plus  association  EoS  by  Tzirakis  et  al. 
(Tzirakis et al., 2016). Additional reviews and analysis of 
thermophysical properties and VLE of pure and mixed 
systems  can  be  obtained  from  the  following  studies 
(Azari et al., 2013; da Silva et al., 2018; Diamantonis et 
al., 2013; Espanani et al., 2016; Faúndez & Valderrama, 
2013; Ghosh, 1999; Lee & Lin, 2007; Nasrifar & Tafazzol, 
2010; Tzirakis et al., 2016; Young et al., 2018). 

Expert  systems  increase  the  effectiveness,  reliability, 
and safety of chemical engineering processes by utilizing 
state-of-the-art computational techniques and domain-
specific knowledge. Expert systems have the ability to 
optimize chemical process operations by suggesting and 
implementing advanced control methods. They can be 
particularly  useful  in  predicting  VLE  equilibrium  by 
combining domain knowledge, thermodynamic models, 
and computational methods. 

Recently,  Deep  Neural  Networks  (DNNs)  have  been 
applied to predict various VLE data sets over range of T, 
and P conditions (Azari et al., 2013; Carranza-Abaid et 
al., 2023; Del-Mazo-Alvarado & Bonilla-Petriciolet, 2022; 
Eze & Masuku, 2018; Kamari et al., 2020; Nguyen et al., 
2007; Roosta et al., 2019; Sharma et al., 1999; Vaferi et 
al.,  2018;  Wu  et  al.,  2015;  Zarenezhad  &  Aminian, 
2011). A DNN is trained on an extensive dataset obtained 
from  chemical  engineering  scenarios  as  part  of  the 
standard  technique.  In  order  to  produce  more 
sophisticated and precise predictions, the trained model 
seeks  to  identify  complex  patterns  and  relationships 
within the data. The expert system's current knowledge 
base can be combined with DNN results, allowing rule-
based  reasoning  and  data-driven  insights  to  work  in 
harmony.

TensorFlow integrates the Keras library, which includes 
the  Functional  APIs  for  constructing  complex  Neural 
Network  (NNs)  in  flexible  and  powerful  ways.  The 
Functional APIs have not been often studied or used in 
chemical processes like Vapor-Liquid Equilibrium (VLE) 
prediction.  In  the  context  of  chemical  processes, 
especially VLE prediction, we may come across situations 
where the input data includes a combination of several 
categories (e.g.,  molecular structures,  thermodynamic 

parameters, etc.) In these circumstances, the Functional 
API's capacity to manage common layers and numerous 
inputs  and  outputs  can  be  useful.  In  non-linear 
regression  analysis,  it  is  challenging  to  estimate  the 
functional  relationship  between  the  multi-dimensional 
independent and target variables. With the availability of 
APIs through the modern libraries of neural networks, it 
is convenient to design, and train customized NNs for 
better  prediction  of  target  data.  The  models  created 
using functional APIs are more flexible than sequential 
designs, especially when prediction of multiple outputs 
are required using multidimensional input features. Such 
models are quite suitable to work with shared layers, 
non-linear  topologies,  or  multi-dimensional  regression 
problems  where  the  multiple  output  with  different 
physical meanings depends on the same input dataset.

The  measurement  of  vapor-liquid  equilibria  for 
multicomponent systems over a range of temperature 
and pressure conditions is a costly, time-consuming, and 
laborious task. Hence, the accurate estimation of VLE is 
of utmost importance for the accurate design of process 
equipment  and  chemical  applications.  Conventionally, 
the equation of state coupled with the flash algorithm is 
the most common technique to estimate phase equilibria 
and thermophysical properties. Over the past decades, 
there have been many attempts to accurately estimate 
the equilibrium properties of hydrocarbons with gases of 
acids as highlighted in the following studies (Diamantonis 
et al., 2013; Li, 2008; Li & Yan, 2009; Wong & Sandler, 
1984). However, there is a need to compare all different 
EoS models to evaluate their effectiveness in predicting 
phase  equilibria.  The  current  study  highlights  the 
effectiveness  of  various  EoS  models  such  as  Soave 
Redlich Kwong (SRK), Peng Robinson (PR), cubic plus 
association  (CPA),  Statistical  Associating  Fluid  Theory 
(SAFT), and perturbed chain SAFT (PC-SAFT) for phase 
equilibria  prediction  with  optimized  binary  interaction 
parameters. Moreover, a DNN model was also created by 
using  functional  APIs  of  Keras  to  predict  the VLE  of 
hydrogen sulfide and carbon dioxide-containing binary 
systems.  The  model  can  predict  pressure  and  vapor 
phase  mole  fraction  very  close  to  their  experimental 
values.  Expert  systems  typically  employ  domain 
knowledge  and  rule-based  procedures,  but  utilizing 
Keras' Functional API can enhance system performance, 
especially for applications that benefit from deep learning 
techniques.  To  compare  the  model  accuracies  EoS 
algorithm was implemented with a reliable multiphase 
flash  algorithm  for  predicting  VLE.  Finally,  VLE 
predictions utilizing DNN were compared with various 
EoS mentioned earlier.

2. METHODOLOGY

The significant breakthrough in the field of NN occurred 
with the concept of backpropagation that deal with the 
adjustment of weights while training a multi-layer NN for 
minimum prediction error  (Li et al., 2012). Meanwhile, 
the implementation of  deep learning became possible 
with  the  help  of  modern  computing  resources,  like 
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powerful machines, advanced algorithms, and availability 
of larger datasets. It served many disciplines and solved 
complex problems in computer vision, healthcare, stock 
trading, social networks, and real-world problems from 
numerous  branches  of  engineering  (Mahfooz  et  al., 

2023; Mahfooz et  al.,  2022; Zhong et  al.,  2021).  In 
chemical engineering, the use of DNN is highly valuable 
for solving complex problems. Some major applications 
of DNNs have been observed in certain areas like quality 
control,  process  modeling  and  control,  predictive 
maintenance,  material  design,  energy  efficiency,  flow 

assurance, water treatment, etc. (Han et al., 2019; Han 

et al., 2023; Zhang & Zhang, 2022). While solving real-
world chemical engineering problems, high-quality data, 
architecture  of  DNN,  and  a  robust  training 
implementation are among the crucial requirements of 
using a DNN. Multiple  layers of  interconnected nodes 
make up a DNN, which is often divided into three basic 
types: An input layer, single or numerous hidden layers, 
and an output layer (see Figure 1). The term "deep" 
refers to the availability of multiple hidden layers, which 
allows learning of complex data representations.

Figure 1. A generalized deep neural network structure. 

Here,  we  have  implemented  a  functional  API  for 
designing and training a DNN. It  offers  an adaptable 
approach  to  create  neural  network  architectures  by 
defining  the  connections  between  layers  in  a  more 
evident and practical pattern. It is more flexible than its 
competitor i.e., the sequential approach for constructing 
neural networks. Functional API is useful for multi-model 
and multitask learning as it conveniently affords multiple 
input and output layers. This adaptability empowers to 
build intricate network structures that concurrently offers 
multiple  predictions  on  diverse  types  of  data.  A 
mathematical representation for a simple DNN using the 
Functional API with one shared layer and one non-shared 
(specific) layer is provided below. This example considers 
a DNN with two branches of input data, one shared layer, 
and one specific layer:
Input Layers:
Input for the first branch: X1

Input for the second branch: X2

Shared Layer:
Linear Transformation: Zs=Ws⋅X1+bs

Activation Function: As=gs(Zs)
Specific Layer:
Linear Transformation: Zn=Wn⋅X2+bn  
Activation Function: An=gn (Zn) 
Where, X1 and X2 are inputs for first and second branch, 
respectively. Zs and As are the outputs of the shared layer 
after applying a linear transformation and the activation 
function.  Similarly,  Zn and,  An are  the  output  of  the 
specific layer after applying the linear transformation and 
the activation function. Ws, bs, Wn, and bn represent the 
weights and biases for the shared and specific layers. 
Here, gs and gn represent the activation functions applied 
to  the  shared  and  specific  layers,  respectively.  The 
shared layer is normally used for feature extraction and 
the specific layer is used for task-specific processing. The 
input data from branches are processed separately that 
allows for different data types to be processed differently 
in  the  network.  A  simplified  block  flow  diagram 
representing DNN implementation is illustrated in Figure 
2.
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Figure 2. A block flow diagram representing DNN implementation. 

Conventionally, VLE is predicted utilizing cubic EoS and 
statistical associating fluids theory models (such as SAFT 
and  PC-SAFT).  Among  cubic  EoS,  the Redlich-Kwong 
equation was the first reported modification to original 
van der Waal EoS (vd-EoS). Redlich and Kwong (RK) 
modified  the  vd-EoS  with  a  T-dependent  energy-
associated  term ‘a(T)’ to  correct  the PVT properties  of 
fluids (Redlich & Kwong, 1949). The RK-EoS equation is 
given in by Equation 1:

P= RT
v−b

− aα
v ( v+b ) (1)

Wherea , b  and α are described in Table S3.
To improve phase behavior calculations at higher 

T and P, Soave suggested the revision in the RK EoS by 
encompassing a more complicated T dependence term to 
the attraction parameter, as given in Equation 2 (Soave, 

1972).

P= RT
v−b

− a
v ( v+b ) (2)

v  is molar-volume

a&b  are energy and volume parameters for SRK EoS
.
The detailed information about SRK EoS parameters is 
discussed  in  Table  S3  (provided  in  supplementary 
information). Moreover, the SRK-EoS energy parameter (
a ) for mixture is estimated by utilizing Equation 3:

a=∑
i

c

∑
j

c

xi x jaij

and,

ai
j
=(1−ki j )(aia j )

0 .5

(3)

Furthermore, Peng and Robinson (1976) introduced an 
EoS by transforming the attractive term's denominator 
and  developed  a  modified  form  for  the  EOS 
parameters (such  as  a and b), which  offers  additional 
benefits to the SRK-EOS in predicting liquids, as shown in 
Equation 4 (Peng & Robinson, 1976).

P= RT
v−b

−
a(T )

v ( v+b )+b( v−b ) (4)

Concerning non-cubic equation of states, Chapman et al. 
(Chapman et al., 1989) proposed a SAFT EoS model to 
estimate accurate fluid phase equilibria, established on 
the  Statistical  Associating  Fluid  Theory  (SAFT). 
The SAFT-EoS can be expressed in terms of Helmholtz 
free energy (A) by the generalized form as described by 
Equation 5:

Ares=A seg+Achain+A Assos
(5)

In contrast to SAFT, the PC-SAFT EoS regard molecules 
as chains consist of hard spherical-segments, and the 
effect of chain-length is considered for both repulsive and 
dispersive contributions. Moreover, the PC-SAFT EoS also 
considers the association term is  to account for,  and 
model systems containing polar organic molecules (H2S, 
CO2),  organic  hydrate  inhibitors  (alcohols,  glycols), 
hydrocarbons (low to medium hydrocarbon) and water. 
(Gross  &  Sadowski,  2001).  The  PC-SAFT  EoS  is 
implemented  in  the  current  work  for  various  binary 
systems of H2S/CO2 + hydrocarbon and given by Equation 
6.
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Ares=A seg+Achain+A Assos
(6)

Cubic plus association (CPA) EoS is an expansion of SRK 
EoS  with  an  additional  term  for  the  association  of 
molecules and is given by Equation 7.

A (T ,V ,n )−A IGM (T ,V ,n )=Δ A phy+Δ A Assos  (7)
where, Aphy is the Helmholtz free energy (A) contribution 
term which considered the variation due to the presence 
of repulsive and attractive interactions and AAssos is the 
Helmholtz free energy term that account for the changes 
in A because of association of molecules. 

The  Aphy and  AAssos term of the CPA equation of 
state is given in (Equations 8 & 9) (Soave, 1972). 

ΔA phy=n(−log (1−
bm
V

)−
am
RTbm

log (1+
bm
V

)
(8)

 


S

assos X
XnRTnVTA )

2

1
(ln),,(

(9)

Moreover,  the  XA which  is  defined  as  the  fraction  of 
species  not  bonded  at  site  A,  and  is  calculated  by 
(Equation 10) (Chapman et al., 1989; Huang & Radosz, 

1991).







  




B

ABBX XA 1
1

(10)

The XA for mixtures is calculated by utilizing Equation 
(11):

X A i
= 1

1+ρ∑
j

x j∑
B j

X B j
Δ
AiB j

(11)

A  generalized  algorithm  representing  optimization  of 
pure component and binary interaction parameters for 
numerous fluid phase models is illustrated in Figure 3. 
Additional  details  and  parameters  used  in  above 
mentioned  EoS  are  provided  in  the  supplementary 
materials (Equations S1-S12).

Figure 3. A generalized algorithm illustrating VLE prediction and model parameters (BIP & pure component) 
optimization using equation of states. 

3. EXPERIMENT AND RESULTS

3.1. Data for Vapor Liquid Equilibria 
Nevertheless, to achieve erroneous prediction of vapor-
liquid equilibria using DNN and equation of states (both 
cubic  and  non-cubic  EOS),  vapor-liquid  equilibria 
experimental data was also collected over a wide range 
of pressure, temperature, and compositions. Tables S1 & 
S2 enlist the VLE experimental measurements for various 
binary mixtures of hydrogen sulfide and carbon dioxide in 
the  presence  of  hydrocarbons.  The  collection  of 
thermodynamically  corrected data  is  essential  as  any 

source  of  unreliable  data  sets  may  lead  to  model 
inaccuracies. The current data set is adapted from Khan 
et  al.  (2016)(Khan  et  al.,  2016).  The  experimental 
dataset will ensure the accurate optimization of binary 
interaction parameters before the prediction of  phase 
envelopes  utilizing  cubic  and  non-cubic  equations  of 
state.  The  absolute  average  deviation  in  predicting 
pressure and compositions is entirely dependent on the 
goodness  of  experimental  data  as  the  coupled 
uncertainties may result in error-based prediction.
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3.2. Deployment of DNN to Estimate Fluid Phase 
Equilibria
The imprecise knowledge of VLE becomes critical for the 
operation  and  control  of  chemical  processes.  The 
predictions  with  thermodynamics  models  often  show 
deviation  from the  experimental  VLE  data  and  some 
exclusively  data-driven  models  with  their  parameter 
fitting  approach  may  not  exactly  specify  data-fitting 

function. Moreover, these models normally use iterative 
algorithms with significant computational cost. A neural 
network  model  trained  on  a  dataset,  can  efficiently 
predict better results, and can be integrated with any 
existing software packages for data evaluations. Figure 4 
shows the architecture of the designed neural network 
model that is constructed by utilizing TensorFlow and 
functional APIs of Keras (Abadi et al., 2016).

Figure 4.  VLE neural network for prediction of pressure (P) and vapor phase composition (y).

As demonstrated in Figure 4, the computational model of 
neural network establishes a relationship between input 
features and outputs that are available at two different 
ends of the network. The first hidden layer is connected 
to  the  first  output  layer  and  second  hidden  layer. 
However,  the  second  output  layer  then  follows  the 
second hidden layer. The first hidden layer is a shared 
layer that finds joint features advantageous to each of 

the two outputs. In contrast, the second hidden layer 
improves  prediction  accuracy  by  learning  specific 
features for predicting the second output. The proposed 
architecture  is  quite  suitable  for  multi-dimensional 
regression  problems,  where  multiple  output  with 
different physical meanings depends on the same input 
dataset. 

Figure 5.  Comparison plot for AI trained predicted Pressure (P) and experimental pressure.
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Our  binary  VLE  data  include  molar  fractions  of 
components,  temperature,  pressure,  and  critical 
properties  of  components.  The  data  were  divided 
randomly into training (60%), validation (20%), and test 
(20%) datasets.  The validation and test  datasets  are 
utilized  for  assessing  the  overall  efficiency  of  the 
network. Feature scaling was also applied to preprocess 
the raw dataset. It confirms about the contribution of 
each feature is proportionately equal for the predictions 
and the model is trained accurately and efficiently. Our 
scaled features (xi) are obtained by using standardization 
of input values (x) as given below by Equation 12: 

xi=
x−mean( x )

standard deviation( x )
(12)

A  neural  network  can  approximate  any  function  by 
minimizing  a  cost  function  using  backpropagation  or 
gradient  descent  (Hanin,  2019;  Hornik,  1991;  Irie  & 

Miyake,  1988;  Nasrifar  &  Tafazzol,  2010).  The 
performance  of  neural  network  is  measured  at  each 
learning step by observing the cost function. We used 
Mean Square Error (MSE) for training our model that is 
the  most  common  cost  function  for  the  regression 
problems. It is defined as given by Equation 13: 

MSE= 1
N
∑
i=1

N

( y i− ŷ i)
2

(13)

Here, N represents the # of observations in the given 
input dataset. The actual and evaluated output values 
are represented by yi and ŷ i respectively. 
Hyperparameters  were  optimized  after  very  keen 
observations at different stages of model design. One of 
the objectives was to produce a model that avoids over-
adaption of training data and generalizes well on new 
data.  This  issue  of  memorization  of  training  data  by 
complex models is known as overfitting that always limits 
the generalization of any model. Early stopping is one of 
the techniques to overcome this issue. We applied early 
stopping by choosing a patience value of 20, that means 
training  is  stopped  if  there  is  no  improvement  over 
validation  set  for  20  consecutive  epochs.  To  achieve 
better  performance  of  optimization,  we  used  Nadam 
(Nesterov-accelerated Adaptive Moment Estimation) that 
is an extension of the famous Adam optimizer  (Tato & 

Nkambou,  2018).  The  optimizer  algorithms  help  to 
achieve reduction in cost function that keep changing the 
weights and learning rate of the neural network. The 
default value of learning rate was used to initialize the 
training.  Figures 5 & 6 compares the predicted values of 
P and y with their values measured experimentally. All 
points are close to the regressed diagonal line showing 
satisfactory results achieved by the model. In addition, 
the absolute average deviation in pressure and vapor 
phase (AADP/AADy %) mole fraction calculated utilizing 
the DNN for H2S and CO2 containing binary systems as 
represented in Figure 7 & 8 respectively. The calculated 
AADP/AADy using the trained model were tested for 20% 
of the total datasets. The model on the basis of individual 
critical  parameters,  liquid  phase  mole  fraction,  and 
temperature  accurately  output  the  vapor  phase  mole 
fraction and pressure.

Figure 6.  Comparison plot for AI trained predicted vapor phase mole fraction and experimental vapor phase mole 
fraction.
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Figure 7. Absolute average deviation in pressure and vapor phase mole fraction (AADP/AADy %) Using AI trained 
network for various CO2 containing binary systems.

Figure 8. Absolute average deviation in pressure and vapor phase mole fraction (AADP/AADy %) Using AI trained 
network for various H2S containing binary systems.

3.3. Vapor-Liquid Equilibria using Cubic Equation of 
States
The flash algorithm was coupled with cubic and non-cubic 
EoS  to  calculate  VLE  for  numerous  H2S  and  CO2-
containing binary systems. Prior to the prediction of VLE 

utilizing  EoS,  binary  interaction  parameters  were 
optimized to  account  for  the  interaction  between the 
species. Figure 9 (a) shows predicted VLE utilizing the PR 
EoS for CO2+ n-C7 binary mixtures over a range of T & P. 
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Figure 9. Model predictions for (a) CO2+ n-C7 over a T range of 310.65 to 394.26 K (b) H2S + cyclohexane over a T 
range of 323.15 to 422.60 K (c) H2S + n-C6 vapor-liquid equilibria over a T range of 322.9 to 422.6 K and (d) H2S + 

n-C7 over a temperature range of 310.92 to 477.594 K VLE using the PR EoS. Experimental measurements were 
taken from (Kalra et al., 1978; Laugier & Richon, 1995; Ng et al., 1980; Théveneau et al., 2006). 

Figure 9 (b) represents the VLE predictions compared 
with  experimental  measurements  for H2S  + 
cyclohexane binary mixtures over a T range of 323.15 to 
422.60 K. The model estimations agree well  with the 
experimental  measurements.  Nevertheless,  the 
pressure-composition envelop predictions start deviating 
from experimental data within proximity of the critical 
point. The inaccuracy in predicting vapor-liquid equilibria 
near critical regions may be associated with the version 
of the α function. Hence, to accurately predict the phase 
envelop near-critical region, it is suggested here to test 
the  PR-EOS  with  various  correlations  available  for  α 
calculation  as  discussed  in  detail  by  the following 
researchers  (Dahl & Michelsen, 1990; Lopez-Echeverry 
et  al.,  2017; Mathias & Copeman, 1983; Twu et  al., 
2002a). The  α function shows linearly dependency on 
temperature in  the supercritical  region and thus it  is 
recommended (Twu et al., 2002b) to utilize the second 
function  when  temperature  exceeds  the critical  point. 

However,  the  former  modification  may  result  in 
a discontinuity  in  enthalpy  calculation,  and  the 
implications are discussed in detail in the following study 
(Lopez-Echeverry et al., 2017).  It is quite apparent from 
Figure 9 (c-d) that the PR EoS predictions of VLE for 
binary mixtures of H2S + n-C7/n-C6/cyclohexane over a 
range of temperatures and pressures show reasonably 
fair agreement in the dew and bubble point calculations. 
The calculations illustrate  that  the model  successfully 
predicts  binary  systems  VLE,  and  a  temperature-
dependent binary interaction parameter (BIP) is essential 
to  precisely  estimate  the  liquid  part  of  the  phase 
envelope. Conclusively, the PR EoS precisely predicts the 
phase  envelope  for  selected  self-associating  systems. 
The predicted phase envelopes utilizing Peng Robinson 
EoS for all other binary systems also show reasonable 
accuracy with experimental measurements (see Section 
3.5 for comparison and Table S6 for a summary of results 
without BIP).
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Figure 10. Model predictions for (a) CO2+ n-C7 over a T range of 310.65 to 394.26 K (b) H2S + n-hexane over a T 
range of 322.9 K to 422.6 K (c) H2S + n-C7 vapor-liquid equilibria over a T range of 310.92 K to 477.594 K vapor-
liquid equilibria utilizing the SRK EoS. Experimental measurements were taken from (Kalra et al., 1978; Laugier & 

Richon, 1995; Ng et al., 1980; Théveneau et al., 2006). 

Similarly,  to  evaluate  the  effectiveness  of  SRK  EoS, 
an algorithm was developed, and T- dependent BIP was 
optimized  for  CO2 and  H2S binary  mixtures.  The SRK 
EoS predictions for binary systems such as CO2+n-C7 and 
H2S + n-C6/n-C7 are also in reasonable agreement with 
the experimental measurements, as shown in Figure 10 
(a-c). However, as evident from Figure 10 (c), the SRK 
predictions  are  accurate  at  low  to  moderate 
temperatures but show deviation at higher temperatures 
for the liquid part illustrating the importance of the SAFT-
based equation of state.

The CPA EoS incorporates the association term in its 
formulation  to  account  for  the  hydrogen  bonding  in 
associative  molecules.  Hence,  it  provides  a significant 
improvement over SRK EoS for VLE prediction.  Figure 11 
(a-c)  indicates  that  the  CPA  EoS  predictions  of  VLE 
for H2S + n-C6/n-C7/cyclohexane binary mixture over a T 
range of 310.92 to 422.6 K. It is apparent from Figure 11 
(a) that the  CPA EoS model is successful in capturing 
liquid  and  vapor  side  phase  boundary  for  H2S  (self-
association)  +  non-associative  systems;  hence 
illustrating the reliability of this CPA EoS.
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Figure 11. CPA EoS predictions for (a) H2S + n-C6 over a T range of 322.90 to 422.6 K (b) H2S + n-C7 

over a T range of 310.92 K to 422.6 K (c) H2S + cyclohexane over a T range of 323.15 K to 422.6 K. 
Experimental data was taken from (Laugier & Richon, 1995; Ng et al., 1980; Théveneau et al., 2006). 

Figures 11 (b-c) shows the evaluation of CPA-EOS model 
predictions  for  the  H2S  +  n-C7/cyclohexane  binary 
systems VLE over a T range of 310.92 to 422.6 K. VLE 
predictions for  H2S + n-C7/cyclohexane systems agree 
with the experimental measurements, except immediate 
to  the  critical  point  at  moderately  higher  T.  The 
significant errors in calculating dew and bubble point P at 

higher T are credited to the range of Tr over which the 
CPA-EOS  parameters  were  optimized  (CPA  EoS 
parameters were optimized up to a Tr range of 0.90).
3.4. PC-SAFT Predictions for VLE of H2S/CO2

In addition,  to evaluating the effectiveness of 
the non-cubic EoS, VLE predictions were also carried out 
using SAFT-EOS and its modification (PC-SAFT). 
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Figure 12. Model prediction for (a) H2S + cyclohexane (b) H2S + nC6 and (c) H2S + n-C7 VLE using SAFT (statistical 
associating fluid) EoS. Experimental measurements were taken from (Laugier & Richon, 1995; Ng et al., 1980; 

Théveneau et al., 2006).

Prior  to  VLE  calculation  using  SAFT  EoS,  binary 
interaction parameters were optimized utilizing carefully 
selected experimental data. Pure component parameters 
(three parameters for non-associative species (such as 
hydrocarbons) and 2 parameters for associating species) 
for  SAFT were adopted from the literature (see Table 
S5). Figures 12 (a-c) demonstrate the dew and bubble 
point  calculations  for H2S  +  n-Cyclohexane/n-C6/n-
C7 binary  mixtures.  The  VLE  calculations  are  in 
reasonable accord with the experimental data, but the 
liquid  part  of  the  VLE  envelope  was  slightly  over-
predicted by the SAFT-EoS. The model predictions for the 
selected binaries show excellent accord for the vapor part 
of the phase envelope, yet the VLE envelope's liquid part 
is slightly overpredicted. Also, it is not unusual to have 
wrong predictions of thermophysical properties and VLE 
envelopes utilizing inappropriate pure components and 
BIP.  The  uncertainties  in  prediction  near  far  critical 

regions  and  the liquid  part  of  the  envelop  might  be 
associated with the poorly optimized equation of state 
parameters.

The  higher-order  SAFT  EoS  (Chapman  et  al.,  1990; 

Wertheim,  1984) was  modified  to  develop  PC-SAFT 

(Gross & Sadowski, 2001; Huang & Radosz, 1990, 1991). 
PC-SAFT-EoS originated  from  SAFT,  as  in  SAFT, the 
reference fluid is considered a hard sphere whereas PC-
SAFT uses a hard chain. The PC-SAFT EoS contemplates 
molecules  as  chains  consisting  of  hard  spherical 
segments, and the effect of chain length is considered for 
both repulsive and dispersive contributions as discussed 
in Section 2. In this work, the PC-SAFT EoS algorithm 
was adapted from (Martín et al., 2011)  and parameters 
used are listed in Table S4.

Figure 13. Model predictions for (a) H2S + n-C6 & (b) H2S + n-C7 VLE utilizing the PC SAFT EoS.
Experimental measurements were taken from(Laugier & Richon, 1995; Ng et al., 1980; Théveneau et al., 2006).

The  VLE  predictions  of CO2 + n-C10 / 
methylcyclohexane binary  mixtures  reveal  that  model 

predictions  utilizing PC-SAFT with  optimized  binary 
interaction  parameters  are  in  excellent  accord  with 
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experimental measurements (Figure S5 a-b). The VLE 
calculations  were  also  conducted  for the CO2 +  n-
C7 binary mixture as given in Figure S1. The PC-SAFT 
predictions are observed to be more precise for the vapor 
part of the VLE envelope in comparison with the liquid 
part; the latter was slightly under-predicted by PC-SAFT 
EoS in all the former binary mixtures (see Table S7 for 
a summary). The higher error in the liquid part of the 
phase envelope utilizing SRK-EOS is attributed to the 
inherent  limitation  of  accurately  predicting  liquid 
densities.  In contrast,  Peng & Robinson's  Equation of 
state shows reasonably better prediction because of the 
term b(v−b), which significantly improves the depiction 
of  the  attractive  part  of  the  equation  of  state,  and 
consequently,  improves  the  ability  of  the  PR-EOS  to 
predict liquid densities. Also, Figures 13 (a-b) show VLE 
predictions and experimental measurements for H2S+n-
C6/n-C7 binary systems over a range of T and P. It is 
quite  evident  from  Figure  13  (a-b)  that  PC-
SAFT predictions are in close accord with experimental 
measurements.  Figure  S6  compares  the  errors  in 
predicting the bubble pressure for binary systems of H2S 
&  CO2 using the  SAFT and PC-SAFT EoS. PC-SAFT 
EoS was  observed  to  provide  equivalent  precision 
to SAFT in  predicting  the  vapor  phase.  However, PC-

SAFT EoS gives overall improved prediction in estimating 
the bubble pressure (see Figure S6(a-b). A summary of 
DNN  and  five  EoS  in  predicting  VLE  of CO2 and 
H2S containing  binary  mixtures  is  also  discussed  in 
Section 3.4.

3.5. Comparisons of DNN and EoS Models for VLE 
Prediction
To examine the effectiveness of DNN over cubic and non-
cubic EoS in the prediction of VLE of binary systems, 
errors in predicted P and vapor phase composition ( y) 
are compared. Before comparing the performance of the 
various equations of state models, all the experimental 
data  points  were  utilized  in  optimizing  the  binary 
interaction  parameter  as  per  the below  objective 
functions. 

AADP= 1
N∑

i=1

N Pexp−Pcalc

Pexp
∗100% (14)

As expected, the cubic equation and non-cubic EoS show 
drastic improvements in prediction accuracy when binary 
interaction parameters are carefully optimized (see also 
summary in Table S6 & Table S7 for comparison). 

Figure 14. Comparison of AADP %for H2S containing binary mixtures. 

Figure 14-15 compares the absolute average deviation in 
vapor  phase  compositions  and pressures  (AADy % & 
AADP %) prediction for DNN with cubic and SAFT-based 
EOS with optimized BIP. Based on the optimized binary 
interaction  parameters  for  various  multicomponent 
systems  the  calculated  AADx / AADy and  AADp 
enlisted in Figures 14 &15 for all equation of state (cubic 
and  non-cubic)  models.  Additionally,  to  celebrate  the 
impact  of  BIP  optimization,  the  un-optimized  VLE 
predictions using cubic and SAFT-based models are given 
in  Tables  S6  &  S7.  The  hydrogen  sulfide-containing 
systems including binary mixtures of H2S+C4, H2S+i-C4, 
H2S+C5,  H2S+C6,  H2S+C7,  H2S+cyclohexhane, and 

H2S+Ethylcyclohexane,  shows  that  the  PC-SAFT  EOS 
output least error (0.975% for AAdy and 1.420 % for 

AADp respectively).  Moreover, the PC-SAFT equation of 
state also shows accurate predictions accuracy for CO2-
containing binary mixtures, and the binary mixture of 
CO2+N2, CO2+C6, CO2+C8, CO2+Cyclohexane, CO2+C6H6, 
CO2+C10, CO2+C7, and CO2+Toluene shows an absolute 
error  of  1.48  % and  2.97  % for  AAdy and  AADp 
respectively. A comparison of the CPA equation of state 
provides an average error in predicting y & x is to be 
2.51 % & 5.96 % respectively for H2S-containing gas 
mixtures and an error of 2.57 % and 17.26 % for CO2-
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containing gas mixtures. By contrast, the trained model 
(DNN) predicted higher accuracy for all selected binary 
systems and the average error in predicting yand P is 
5.20 % & 6.04 % respectively for binary CO2 mixtures. 
Moreover, the trained DNN model also shows reasonable 
error  in  predicting  yand  P to  be 4.46 % & 6.35 % 
respectively  for  H2S-containing  gas  mixtures. Overall, 
a relative comparison of VLE prediction shows that PC 
SAFT EOS yielded the least deviation in comparison with 
other equation of state models. However, the DNN model 

developed in this work is comparable to cubic and SAFT-
based EoS. Designed DNN shows acceptable accuracy in 
predicting phase equilibria for various H2S and CO2 binary 
systems over an extended range of T and P conditions. It 
was also observed that the execution of flash calculation 
utilizing DNN does not  need long computational  time 
even if coupled with the dynamic process simulation. In 
contrast, non-cubic equations of states (SAFT and PC-
SAFT) and CPA EoS require higher computational time 
when coupled with the dynamic process simulation. 

Figure 15. Comparison of AADP % for CO2 containing binary mixtures.

4. CONCLUSION AND FUTURE DIRECTIONS

The DNNs have remarkable abilities to capture complex, 
nonlinear correlations that are inherent in VLE systems. 
By using data-driven learning, the model  can replace 
traditional methods for prediction, especially in scenarios 
where there are intricate interactions between multiple 
variables. The functional APIs have been underexplored 
in constructing NNs for chemical processes. They have 
potential to enable the expert system to integrate deep 
learning  models  and  harness  the  power  of  neural 
networks used in  chemical  engineering processes.  By 
using a  DNN model  through functional  APIs,  multiple 
parameters along with VLE data were included in training 
data sets over range of T and P conditions. Cubic, SAFT, 
and  PC-SAFT  EoS  were  tested  to  predict  VLE 
of H2S/CO2 containing binary mixtures. Absolute errors 
were  estimated  and  compared  with  results  obtained 
using  the  developed  DNN  model  for  various  binary 
mixtures, including self-associating systems. The model 
was compared with EoS predictions utilizing optimized 
binary interaction parameters and provided comparable 
accuracy as PC-SAFT EoS (most accurate among the 5 
EoS tested in this work). However, time required for flash 
calculation using DNN was significantly lower than SAFT, 
PC-SAFT, and CPA EoS. This warrants further evaluation 
of  DNN-based  approach  as  lower  computational  time 
along with VLE prediction accuracy comparable to PC-
SAFT could be of significant interest to process simulation 

software developers. While, predicting the vapor part of 
the phase envelope, all equation of states including DNN 
give reasonable accuracy. However, the liquid part of the 
phase  envelope's  predictions  shows  significant  errors 
using  all  EoS,  mainly  because  of  the  poorly  fitted 
association EoS terms for these systems. 

I. The Soave Redlich Kwong and Peng Robinson 
equation of states should be tested with various 
forms  of  α function  to  completely  test  the 
accuracy of the cubic equation of states.

II. Over the past decades multiple formulations for 
a∧bwere  proposed  in  the cubic  equation  of 
state  to  improve  saturation  pressure,  liquid 
density, and VLE predictions. Thus, it would be 
recommended  to  thoroughly  test  those 
formulations to select optimal parameters.

III. In addition to the testing of basic parameters in 
cubic equations of states, various combinations 
of repulsive and attractive terms should also be 
tested comprehensively to estimate accurate VLE 
and thermophysical properties. 

IV. The  use  of  conventional  and  unconventional 
mixing rules in all equations of states should be 
tested extensively to locate the most suitable 
way to estimate a multi-component system.

V. Generally,  binary  interaction  parameters  were 
optimized  utilizing  experimental  VLE  data, 
however,  there  is  a  need  to  estimate  binary 
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interaction  parameters  utilizing  structural 
property relationships. 
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Abstract:  Removal  of  Cd(II)  ions  from  aqueous  solutions  was  investigated  using  a  nickel
hydroxide/reduced graphene oxide composite as the adsorbent material. Influential parameters of
the  batch  adsorption  process  were  optimized  using the  Box-Behnken  design,  which  enabled  a
systematic evaluation of the effects of various factors. An analysis of variance was performed to
develop a quadratic regression model for predicting the percentage of Cd(II) removal. The optimal
conditions for achieving maximum removal efficiency were identified as an adsorbent dosage of 60
mg,  a  pH  of  8.0,  and a  mixing  period  of  40  minutes.  Isotherm analysis  was  conducted  using
nonlinear regression,  with the sum of squared errors serving as the error function.  The results
indicated that the Langmuir model provided a better fit to the experimental data compared to the
Freundlich  model,  as  evidenced  by  higher  determination  coefficients  (0.9684)  and  lower  error
values.  This suggested that the adsorption process is characterized by a monolayer adsorption
mechanism on a homogeneous surface. The maximum adsorption capacity was found to be 218
mg/g, indicating the effectiveness of the nickel hydroxide/reduced graphene oxide composite in
removing Cd(II) ions from solution.
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1. INTRODUCTION

Release  of  heavy  metals  into  aquatic
environments  has  become  a  significant
environmental  concern  due to  their  persistent
and  toxic  nature.  Unlike  organic  pollutants,
heavy  metals  do  not  degrade  and  can
accumulate  in  ecosystems,  posing  long-term
threats  to  both  the  environment  and  human
health. Cadmium (Cd), a particularly hazardous
heavy metal,  is  extensively  used in industries
such as  battery  manufacturing,  electroplating,
textile processing,  pesticides,  dyes and plastic
production.  The  ongoing  industrial  activity
involving  Cd-containing  products  significantly
impacts the environment, leading to increased

Cd  levels  and  high  exposure  risks  to  human
health (Charkiewicz et al., 2023). 

In recent years, extensive research has focused
on  the  biological  effects  of  Cd,  which  is
classified as a toxic and carcinogenic substance,
with the potential to stimulate various harmful
biological  processes.  Cd  tends  to  accumulate
predominantly  in  the  kidneys  and  liver,  each
storing about 30%, while the rest is dispersed
across  other  organs.  This  accumulation  is
concerning  due  to  its  exceptionally  long
biological half-life, which can extend from 10 to
30 years (Peana et al., 2023). The accumulation
of Cd in various tissues causes the disruption of
key  cellular  processes  like  proliferation  and
differentiation, and triggers oxidative stress by
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promoting  the  formation  of  reactive  oxygen
species. Prolonged exposure to Cd causes long-
term  damage  in  the  body,  weakens  bones,
contributes  to  cardiovascular  problems  and
increases  the  risks  of  cancers  in  the  lungs,
prostate and other organs  (Hayat et al., 2019)
(Gulisano  et  al.,  2009).  Because  of  its  toxic
effects,  the  removal  of  cadmium  from
environmental  sources  is  critical  to  prevent
contamination of water bodies.

A range of treatment technologies such as ion-
exchange  processes,  electrochemical  methods
and chemical precipitation have been employed
for  the  removal  of  heavy  metals  from  water
bodies (Goyal et al., 2021; Hosseini et al., 2020;
Kim et al., 2024; Pohl, 2020; Sun et al., 2020;
Zhang & Duan, 2020). However, adsorption has
emerged  as  a  favored  approach  due  to  its
economic viability, ease of operation, and ability
to  effectively  handle  trace  amounts  of  metal
contaminants. The initial step in an adsorption
process is to select the most suitable adsorbent
based  on  factors  such  as  the  adsorption
capacity, uptake rate, production cost, and the
type  of  adsorbate  (Saleem  et  al.,  2019).
Currently,  there  is  a  significant  demand  for
engineered  nanomaterials  characterized  by
highly porous structures and large surface area
properties, as the potential candidates in heavy
metal removal. Metal oxides such as iron oxide
(Gusain et al., 2024), manganese oxide (Peng et
al.,  2015),  aluminum  oxide  (Sen  &  Sarzali,
2008), zinc oxide (Sharma et al., 2019); carbon
nanomaterials  such  as  carbon  nanotube  (Al-
Khaldi  et  al.,  2015),  graphene/graphene oxide
(Bian et al., 2015), graphitic carbon nitride (Guo
et al., 2018); and their combinations (Liu et al.,
2016;  Thy  et  al.,  2019) have  attracted
considerable  attention  to  remove  Cd  from
aqueous  systems.  Metal  oxides  exhibit  high
adsorption  capacities  attributed  to  their  large
surface  areas,  high  binding  affinities  and
tunability of  active surface sites  (Gupta et al.,
2021).  However,  reducing  the  size  of  metal
oxides  to  the  nanometer  scale  leads  to  a
significant  increase  in  surface  energy,  which
compromises  their  stability.  This  instability
often  leads  to  aggregation  driven  by
interparticular  forces  like  Van  der  Waals
interactions  and reduces  their  effectiveness in
adsorption  processes  (Hua  et  al.,  2012).
Graphene-based  nanomaterials  can  serve  as
effective  porous  supporting  materials  to
minimize  aggregation  and  enhance  the
mechanical  integrity  and  scalability  of  metal
oxides.  Due  to  the  challenges  and high costs
associated  with  the  large-scale  synthesis  of
graphene-based  nanomaterials,  embedding
them  into  metal  oxides  offers  a  more
economically viable solution (Gupta et al., 2021;
Sreeprasad et al., 2011).

Despite  the  extensive  literature  on  the
adsorption of Cd using metal oxide and carbon
nanomaterials,  there  is  limited  research
specifically  focused on their  combined effects.
This  gap  in  research  highlights  the  need  for
further  exploration  into  the  development  of
hybrid  material,  as  they  possess  unique
properties  that could improve their  adsorption
capacity  in  heavy  metal  removal  from  water
systems.  For  example,  metal  oxides  can  be
produced by cost-effective routes, regenerated
through  simple  methods  and  exhibit  good
chemical  stability  across  a  wide  range  of  pH
levels  (Kumar et al., 2013). On the other hand,
graphene-based nanomaterials  offer  numerous
active  sites  with  an  exceptional  surface  area
and porous structure, making them particularly
efficient  in  removing  pollutants  from
contaminated water  (Dayana Priyadharshini  et
al., 2022).

In  this  study,  nickel  hydroxide  and  graphene
oxide  were  selected  to  synthesize  the  hybrid
material due to their complementary properties
and  potential  for  enhanced  adsorption
performance. Nickel hydroxide is well-known for
its high adsorption capacity, surface reactivity,
and  chemical  stability,  making  it  an  effective
material for removing pollutants from aqueous
systems  (Ogata  et  al.,  2016;  Zheng  et  al.,
2021).  As  the  second  constituent  of  the
composite,  graphene  oxide  exhibits  abundant
oxygen-containing  functional  groups  that
facilitate  the  adsorption  and  improve  the
dispersion  of  the  hybrid  material.  Previous
studies  have  demonstrated  the  efficacy  of
similar  hybrid materials  for the removal of  Cd
ions from aqueous solutions (Deng et al., 2013;
Wan et al., 2018).

Herein,  nickel  hydroxide/reduced  graphene
oxide [Ni(OH)2/RGO] composite was synthesized
via a straightforward method and employed for
the  efficient  removal  of  cadmium  ions  from
aqueous  solutions.  Batch  adsorption
experiments  were  systematically  conducted,
with  key  experimental  parameters  optimized
using Response Surface Methodology (RSM) to
enhance  adsorption  efficiency.  In  adsorption
studies, RSM enables analysis of the influence
of variables and their interactions, allowing for
precise predictions of adsorption behavior. This
methodology  reduces  the  number  of  required
experiments,  thereby  saving  time  and  costs,
while  also  identifying  the  most  influential
parameters and enhancing the understanding of
process  dynamics  (Anfar  et  al.,  2020).  The
equilibrium  adsorption  data  obtained  under
optimum conditions  were  evaluated  by  fitting
them to both Langmuir and Freundlich isotherm
models,  utilizing  non-linear  regression
techniques  to  assess  the  adsorption  behavior
and model suitability.
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2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents
All reagents used were of analytical grade, and
ultrapure  water  from  a  Healforce  Smart  Mini
system was  used  to  prepare  all  samples  and
standard solutions. A Cd(II) stock solution (1000
mg/L) was obtained from High Purity Standards
(North Charleston, USA), and daily working and
calibration  solutions  were  freshly  diluted  from
the  stock  solution.  Nickel  nitrate  [Ni(NO₃)₂],
ammonium  fluoride  (NH4F),  and  ammonium
hydroxide  (NH4OH),  essential  for  synthesizing
Ni(OH)2 nanoflowers, and other reagents used in
synthesis of graphene oxide such as hydrogen
peroxide,  35%  hydrochloric  acid,  95-98%
sulfuric  acid,  85%  orthophosphoric  acid,
hydrazine  hydrate,  potassium  permanganate
were  all  purchased  from  Merck  (Darmstadt,
Germany). Nitric acid (65% v/v), purchased from
Isolab  (Germany),  and  used  as  the  eluent.
Buffer solutions at  pH 4 and 6 were prepared
using potassium dihydrogen  phthalate  (Merck,
Germany),  while the pH 8 buffer solution was
prepared using sodium tetraborate decahydrate
(Merck, Germany). Graphite powder with a high
purity  of  99.9995%  was  supplied  from  Alfa
Aesar. 

2.1. Synthesis Procedure
The  synthesis  of  Ni(OH)2/RGO  composites
followed  a  procedure  adapted  from  the
literature,  employing  a  homogeneous
precipitation  technique  (Cheng  et  al.,  2010).
Initially,  graphene oxide (GO) was synthesized
from  graphite  powder  using  Improved
Hummer’s method  (Marcano et al.,  2010). For
the synthesis  of  Ni(OH)2/RGO composites,  100
mg of GO was dispersed in 250 mL of deionized
water  through  ultrasonication  for  1.0  h.  The
homogeneous dispersion of GO was then added
to  the  nickel  precursor  solution,  which  was
prepared by dissolving 3.5 g of Ni(NO3)2 and 1.5
g  of  NH4F  in  250  mL  of  deionized  water.
Ammonium hydroxide solution was then added
dropwise  to  the  mixture  until  the  pH  was
adjusted  to  8.0.  Following  this,  100  μL  of
hydrazine  hydrate  was  introduced  to  the
mixture  for  the  in-situ  reduction  of  graphene
oxide.  The resulting solution was heated to 60
°C  and  stirred  continuously  for  40  minutes.
Afterward,  the  mixture  was  filtered,  and  the
particles  were  thoroughly  washed  with  water
and ethanol. Finally, the product was dried in an
oven at 55 °C for 24 hours.

2.2. Instrumentation
The concentration  of  Cd  in  aqueous  solutions
was  determined  using  a  ATI  UNICAM  929  AA
model  Flame  Atomic  Absorption
Spectrophotometer (FAAS). The hollow cathode
lamb of  cadmium (Varian,  USA)  was operated
with  a  wavelength  of  228.2  nm,  0.50  nm
spectral  bandpass  and  12.0  mA.  A  deuterium

lamp was used for the correction of background.
The Raman spectrum of Ni(OH)2/RGO composite
was recorded using an inVia Renishaw Raman
spectrometer with a 532 nm laser beam. SEM
images  were captured  with  a  FEI  Quanta 600
scanning  electron  microscope  (SEM).  Prior  to
imaging, the nanoparticle surfaces were coated
with  gold-palladium  using  a  Quorum  SC7620
Sputter Coater under argon plasma.

2.2. Batch Study
Adsorption experiments were conducted in 10.0
mL  of  aqueous  solution  containing  different
concentrations  of  Cd  (II).   1.0  mL  of  pH  8.0
buffer and 60.0 mg of Ni(OH)2/RGO composite
were added to the Cd containing solutions. The
solutions were agitated on an orbital shaker for
at  room  temperature.  After  40.0  minutes,
individual  flasks were removed and the upper
phase  transferred  to  conical  tubes  for
centrifugation  at  5000  rpm  for  5  minutes.
Finally, the solutions were sent to FAAS for the
determination  of  Cd(II)  concentration.  The
following equations (Eq. 1 and 2) were used to
calculate  the removal  and adsorption  rates  of
Cd(II).

Q=
(C0−C i )xV

m
(Eq. 1)

%RE=
(C0−C i ) x100

C0
      (Eq. 2)

where  Q  refers  to  the  adsorption  capacity  of
composite material in mg/g, %RE is the removal
percentage  of  Cd(II)  ions,  V  is  the  solution
volume in L, m is the adsorbent amount in g, C i
and C0 are the Cd(II) concentration at final and
initial stage in mg/L. 

2.3. Response Surface Methodology
Box-Behnken  design,  as  part  of  Response
Surface  Methodology  (RSM),  was  applied  to
determine  the  optimum  conditions  for  the
adsorption  process.  The  experimental  setup
involved  three  factors:  Adsorbent  dosage  (A),
pH (B) and mixing period (C), each evaluated at
three levels (-1, 0, 1), as detailed in Table 1. A
quadratic  polynomial  equation  was  used  to
model  the  experimental  data,  and  the
corresponding  regression  coefficients  were
calculated.  The  general  form  of  non-linear
quadratic  equation  is  described  in  Equation  3
(Dean et al., 2017).

Y=β0+∑
i=1

n

β i xi+∑
i=1

n

βii x i
2+∑

i=1

n

∑
j=1

n

β ij x i x j+ε

(Eq. 3)
where  the  term  β0 denotes  to  the  model
coefficient  while  β i,β ii,  β ij correspond  to  the
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linear,  quadratic,  and  interaction  coefficients,
respectively.  The  variables  x i and  x j are  the
independent  factors  in their  coded levels,  𝑛 is
the number of independent variables,  and  𝜀 is
the  model  error.  The  dependent  variable

represents the removal percentage of Cd(II) ion.
The  ranges  of  values  for  the  factors  in  the
experimental design were determined based on
preliminary  experiments  and  practical
considerations  relevant  to  the  adsorption
process.

Table 1: The values of variables in experimental design.

Factor 1 Factor 2 Factor 3
Std Run A:Adsorbent dosage, mg B:pH C:Mixing period, min
11 1 40 4.0 40
13 2 40 6.0 21
5 3 5.0 6.0 2.0

12 4 40 8.0 40
16 5 40 6.0 21
8 6 75 6.0 40

10 7 40 8.0 2.0
6 8 75 6.0 2.0
4 9 75 8.0 21

14 10 40 6.0 21
17 11 40 6.0 21
7 12 5.0 6.0 40
3 13 5.0 8.0 21
1 14 5.0 4.0 21
9 15 40 4.0 2.0
2 16 75 4.0 21

15 17 40 6.0 21

2.4. Adsorption Isotherm Models 
Langmuir and Freundlich models were used to
analyze  the  adsorption  equilibrium  data.  The
model equations of Langmuir and Freundlich in
their non-linear forms are described in Equation
4  and  5,  respectively  (Al-Ghouti  &  Da’ana,
2020).

Qe=
bQmCe
1+bCe

(Eq. 4)

Qe=K Ce
n (Eq. 5)

In  Equation  4,  C e is  the  equilibrium
concentration of Cd(II) in mg/L, while  Qe is the
adsorbed  amount  of  Cd(II)  in  mg/g.  The
maximum adsorption capacity of adsorbent and
the  adsorption  energy  are  denoted  by  Qm
(mg/g) and b (L/mg), respectively.  In Equation
5, K (mg/g (L/mg)1/n) and n (dimensionless) are
the Freundlich constants. Here, n indicates how
well  the  adsorption  process  conforms  to  the
model, while K represents the amount of Cd(II)
adsorbed per unit equilibrium concentration on
the adsorbent material.

In  the non-linear approach,  error  analysis  was
performed  using  Solver  add-in  function  in
Microsoft Excel. The error function, the sum of
the  square  of  the  errors  (ERRSQ),  was
minimized to achieve the best fit between the
experimental  data  and  the  estimated  model
predictions.  The ERRSQ equation  is  presented
as follows (Suwannahong et al., 2021):

 ERRSQ=∑
i=1

n

(Qe ,experimental−Qe , predicted )2

(Eq. 6)
The  coefficient  of  determination  (R2)  was
investigated as an indicator of model suitability.
The value of R2 ranges from 0 to 1, with higher
values indicating a better model fit. The formula
for R2 as follows (Suwannahong et al., 2021):

R2=1−
∑
i=1

n

(Qe ,experimental−Qe , predicted )2

∑
i=1

n

(Qe, experimental−Qe, experimental )
2

 

(Eq. 7)
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3. RESULTS AND DISCUSSION

3.1. Characterization 
The  morphological  characterization  of  the
Ni(OH)₂/RGO  composite  was  examined  using
SEM analysis. The SEM image of the composite,
shown in Figure 1, revealed cube-like structures
of Ni(OH)₂ randomly distributed across the RGO
sheets  (Vivek et al., 2023). The FTIR spectrum
of composite is displayed in Figure 2. The sharp
peak  at  3625  cm-1 was  attributed  to  the  O-H
stretching vibrations, confirming the O-H bonds
in  beta  nickel  hydroxide  and  the  presence  of

water  molecules  adsorbed  between  layers
(Akhtar  et  al.,  2024).  The weak bands around
2900 cm-1 and 1048 cm-1 were associated with
the asymmetric  and symmetric  CH2 stretching
and  C-O-C  stretching  vibrations,  respectively,
corresponding  to  the  remaining  oxygen-
containing functionalities  in GO structure after
reduction  (Emiru  &  Ayele,  2017).  Additionally,
the characteristic band centered at 556 cm1 was
assigned to the stretching vibrations of  Ni–OH
(Şaylan et al., 2022). These findings confirm the
incorporation of RGO into the nickel hydroxide
lattice. 

Figure 1: SEM image of Ni(OH)2/RGO composite.

Figure 2: FTIR spectrum of Ni(OH)2/RGO composite.
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3.2.  Analytical  Parameters  of  Cd(II)
Determination
The  analytical  parameters  of  Cd(II)
determination was evaluated through the limit
of detection (LOD),  limit of quantification (LOQ),
repeatability  (percent  relative  standard
deviation, %RSD), linear range  and regression
analysis.  The different concentrations of Cd(II)
(0.10-10.0 mg/L) were prepared from the stock
solution  by diluting with  ultrapure  water.  This
calibration  standards  were  analyzed  by  FAAS
and the lowest concentration with a signal/noise
ratio  equal  or  greater  than  3  was  used  to
determine  LOD  and  LOQ  values  for  Cd(II)

determination.  The  following  equations  (Eq.  8
and 9) were used to LOD and LOQ values.

LOD=3 xS /m   (Eq. 8)

LOQ=10 xS/m (Eq. 9)

where S is the standard deviation of at least five
replicate analyses of  lowest concentration and
m is the slope of calibration plot constructed in
the  linear  range.  The  linear  range  was
determined as the range with a R2  ≥ 0.99. The
analytical parameters of Cd(II) determination is
given in Table 2.

Table 2: The analytical parameters of Cd(II) determination by FAAS.

Parameter Value
LOD, mg/L 0.021
LOQ, mg/L 0.072
%RSD 6.5
Linear range, mg/L 0.10 – 5.0
R2 0.9919

The method demonstrated LOD and LOQ values
of  0.021  mg/L  and  0.072  mg/L,  respectively.
Satisfactory repeatability was achieved, with an
%RSD of 6.5% at the lowest concentration level.
The linear range was established between 0.10
and  5.0  mg/L,  with  an  R²  value  of  0.9919.
Effluent and influent concentrations during the
adsorption process were determined using the
linear  equation  from the  calibration  plot  (y  =
0.0685x + 0.01).  Samples with concentrations
exceeding the linear range were appropriately
diluted before analysis.

3.3. RSM Modelling
The experimental design for the optimization of
operating  conditions  in  the  batch  adsorption
process  was  developed  using  Box-Behnken
design.  The  effects  of  independent  variables
[adsorbent dosage (A), pH (B) and mixing period
(C)] on the removal percentage of Cd(II)  from
aqueous solutions were investigated based on
the   analysis  of  variance  (ANOVA).  Table  3
represents  the ANOVA results  of  experimental
design. 

Table 3: Analysis of variance for the experimental design of adsorptive removal of Cd(II).

Source Sum of df Mean F-value p-value
Model 7173 6 1195 52.1 5.7E-07 significant
A-Adsorbent dosage 2033 1 2033 88.6 2.76E-06
B-pH 4221 1 4221 184 9.17E-08
C-Mixing period 257 1 257 11.21 0.0074
AB 202 1 202 8.81 0.0141
AC 127 1 127 5.51 0.0408
B2 333 1 333 14.53 0.0034
Residual 229 10 22.9
Lack of Fit 189 6 31.4 3.08 0.1477 not significant
Pure Error 40.8 4 10.2
Cor Total 7402 16
R2 0.9690
Adjusted R2 0.9504
Predicted R2 0.8619
Adeq Precision 25.32
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The  results  given  in  Table  3  demonstrated  a
strong  model  fit,  with  a  highly  significant  p-
value (p < 0.0001) and an insignificant lack of
fit.  This  indicated  that  the  chosen  variables
were  well-suited  for  the  model,  accurately
representing  the  experimental  data  and
confirming its reliability for predicting response
values. The robustness of the model was further
validated by a high R2 value of  0.9690, which
was close to 1.00, indicating a good fit to the
experimental data and strong predictive power.
In  addition  to  that,  the  satisfactory  alignment
between the predicted R2 (0.9504) and adjusted
R2 (0.8619)  showed  the  reliability  of  model,
confirming  the  minimal  overfitting  and
consistent  performance  in  predicting  and
adjusting the datasets (Roy et al., 2014). 

The independent  variables,  adsorbent  dosage,
pH  and  mixing  period,  were  found  to  be
significant  factors  in  the  adsorption  process.
Significant  interaction  effects  were  observed
between adsorbent dosage and pH, as well as
adsorbent dosage and mixing period, indicating
that  these  variables  influence  each  other’s
effect on adsorption efficiency. Furthermore, the
quadratic  term  for  pH  revealed  a  non-linear
relationship,  showing  the  importance  of
optimizing  pH  for  maximum  adsorption.  The
response surface graphs  showing the removal
percentage  as  a  function  of  the  interactions
between  the  two  variables  are  illustrated  in
Figure 3.  In  this  analysis,  the two parameters
were varied while the other was held constant. 

Figure 3: 3D response surface plots for Cd(II) removal percentage for the interaction between two
operating parameters.

As seen in Figure 3, the removal percentage of
Cd(II) increased with the increase in adsorbent
dosage,  likely  due  to  the  increase  in  the
presence of  active  sites.  pH was identified as
the  most  influential  factor  in  the  removal  of
Cd(II)  ions.  The  removal  efficiency  increased
significantly,  from 20% to  91%,  as  the  pH of
solution  was  increased  from  4  to  8.  This
improvement was attributed to the formation of
favorable conditions for electrostatic  attraction
between  the  negatively  charged  adsorbent
surface  and  positively  charged  Cd(II)  ions  at
higher pH levels (Lin et al., 2018).  The highest
cadmium removal  was  observed  at  pH  8.  To
assess the potential for Cd(II) ion precipitation
as  hydroxides,  control  experiments  were
conducted with Cd(II) spiked samples at a fixed

concentration,  without  the  addition  of
adsorbent.  The  absorbance  values  of  Cd(II)
solution in ultrapure water were compared with
those  at  pH  8.0,  and  the  reduction  in
absorbance was used as an indicator  of  Cd(II)
precipitation.  Results  showed  that  only  about
12% of  Cd(II)  was  converted  into  hydroxides,
suggesting that the conditions did not lead to
significant  precipitation.  This  finding  supports
the  conclusion  that  adsorption,  rather  than
precipitation,  was  the  primary  removal
mechanism for Cd(II) in this study. 

The  quadratic  model  used  to  predict  the
removal  percentage  (%RE)  of  Cd(II)  from
aqueous solutions using Ni(OH)2/RGO composite
is expressed in Equation 10.

%RE=57.2362−0.3315 A−19.1913 B−0.03979C+0.101557 AB+0.008457 AC+2.2178 B2
(10)

As a result, the optimum conditions of the batch
adsorption  process  were determined to  be an
60  mg  of  adsorbent  dosage,  pH  8.0  and  a

mixing  period  of  40  minutes.  The  average
removal  percentage  of  Cd(II)  under  optimum
conditions was calculated as %93. 
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3.4.  Isotherm  analysis  by  nonlinear
regression
A nonlinear  approach  was  applied  to  analyze
the  adsorption  data  using  Langmuir  and
Freundlich  isotherm  models.  Error  analyses

were  performed  to  estimate  isotherm
parameters with ERRSQ employed as the error
function  to  be  minimized.   The  estimated
parameters  of  adsorption  isotherms  are
presented in Table 4.

Table 4: The isotherm parameters of Langmuir and Freundlich models estimated by nonlinear
regression.

Parameter Value

Langmuir
Qm (mg/g) 218.12
b (L/mg) 0.2418

R2 0.9684
ERRSQ 132.8

Freundlich
K (mg/g) (L/mg)1/n 40.83

n 0.775
R2 0.9487

ERRSQ 215.9

As given in Table 4, the adsorption data analysis
indicated that the Langmuir  model provided a
better  fit  than the Freundlich  model  for  Cd(II)
adsorption.  The maximum adsorption  capacity
(Qm) was found to be 218.12 mg/g, suggesting a
high  adsorption  potential,  while  the  Langmuir
constant  (b)  indicated  moderate  affinity
between the adsorbent and adsorbate ions  (Al-
Ghouti  &  Da’ana,  2020).  A  high  correlation
coefficient (R2=0.9684) and lower error sum of
squares  (ERRSQ=132.8)  further  confirmed the
suitability  of  the  Langmuir  model,  suggesting
monolayer  adsorption  on  a  homogeneous
surface  (Ncibi, 2008). In comparison, the lower
R2 and  higher  ERRSQ  for  Freundlich  revealed
that  it  was  less  effective  in  representing  the
adsorption behavior accurately.

The  performance  of  the  synthesized  hybrid
material was compared with similar adsorbents
reported in the literature, particularly graphene
oxide/metal  oxide  nanocomposites  for  Cd
removal.  For  example,  magnetic  graphene
oxide  demonstrated  a  maximum  adsorption
capacity  of  91.29  mg/g  (Deng  et  al.,  2013),
while  reduced  graphene  oxide-zinc  oxide
nanocomposites  achieved  49.99  mg/g  for  the
removal  of  Cd(II)  from  contaminated
wastewater  (Motitswe  et  al.,  2024).  Similarly,
magnetic iron oxide/graphene oxide (Fe3O4/GO)
nanocomposites  exhibited  a  maximum
adsorption  capacity  of  52.083  mg/g  for  Cd(II)
removal  (Thy  et  al.,  2019).  Furthermore,  in
another  study,  the  maximum  adsorption
capacity  was  reported  as  45.05 mg/g  using  a
magnetic  graphene  oxide/MgAl-layered  double
hydroxide  nanocomposite  for  cadmium  in
aqueous  solutions  during  batch  equilibrium
experiments  (Huang et  al.,  2018).  In terms of
adsorption behavior,  magnetic graphene oxide
(Deng  et  al.,  2013) and  magnetic  iron
oxide/graphene  oxide  nanocomposites  (Thy  et
al.,  2019) also  followed  the  Langmuir  model,
with  electrostatic  interactions  and  surface
functional  groups  playing  a  significant  role  in

adsorption. In  contrast,  reduced  graphene
oxide-zinc  oxide  nanocomposites  (Motitswe  et
al.,  2024) exhibited  a  combination  of
heterogeneous  and  homogeneous  coverage,
with adsorption mechanisms attributed to ionic
bonding and dipole–dipole interactions involving
oxygen groups on ZnO nanoparticle.  Huang et
al.  (2018)  identified  multiple  mechanisms,
including surface complexation, precipitation of
metal hydroxides, and isomorphic replacement,
for  Cd(II)  adsorption  on  MgAl-layered  double
hydroxides, while the Langmuir model was also
observed  (Huang  et  al.,  2018).  Overall,  while
diverse mechanisms and adsorption  behaviors
were  reported  across  these  studies,  the  high
adsorption  capacity  and  strong  interactions
observed in this study revealed the potential of
the  Ni(OH)2/RGO  composite  as  an  effective
adsorbent  for  Cd(II)  removal  from  aqueous
environments.

4. CONCLUSION

In this study, the adsorption of Cd(II) ions from
aqueous solutions using Ni(OH)2/RGO composite
was investigated for the efficient removal of this
element. The effects of mixing period, pH and
adsorbent  dosage  were  examined  to  achieve
maximum  adsorption  efficiency.  Response
surface methodology using Box-Behnken design
was  employed  to  optimize  the  influential
parameters.  pH  of  solution  and  adsorbent
dosage  were  identified  as  key  parameters
influencing  Cd(II)  removal.  The  adsorption
isotherm  analysis  was  performed  using
nonlinear  regression  analysis.  The  Langmuir
model  provided the best  fit,  with  an R2 value
close to 1 and low value of error function. This
finding  suggested  monolayer  adsorption  on  a
uniform  surface  with  finite  adsorption  sites,
indicative  of  a  strong,  specific  interaction
between the adsorbent and Cd(II) ions. With a
high  maximum  adsorption  capacity  of  218
mg/g, the Ni(OH)₂/RGO composite demonstrates

36



Öztürk Er, E., JOTCSB. 2025, 8(1), 29-40. RESEARCH ARTICLE

considerable potential  as an effective material
for Cd(II) removal in aqueous environments.
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Abstract: Due to the significant economic and environmental benefits, the demand for biomass-derived 

building blocks in polymer development has increased in recent years. Bio-based plastics, integral to 
advancing a circular economy, have consistently been a leading topic among emerging technologies. In 
this study, we aim to evaluate the effectiveness of different esterification catalysts. To achieve this, we 
synthesized a range of fully bio-based oligomers using glycerol and malonic acid as starting materials, 
along with three catalysts: tin(II) 2-ethylhexanoate (stannous octoate, Sn(Oct)2), stannous chloride 
dihydrate (SnCl2·2H2O), and aluminum chloride (AlCl3). The chemical structures of the synthesized 
oligomers were confirmed using NMR and FTIR spectroscopy. Thermal properties were assessed using DSC 

and TGA. FTIR analysis verified successful oligomer synthesis, and a glass transition temperature (Tg) of 
approximately -56 °C was determined via DSC. Additionally, the oligomers exhibited maximum working 
temperatures at around 278 °C, corresponding to a 50 wt% loss.  
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1. INTRODUCTION 

 
Despite the advantages polymers offer in terms of 
energy savings, weight reduction, and durability, 
their appeal has diminished due to the rapid 
depletion of petroleum resources and increasing 
environmental concerns (Iwata, 2015). Bio-based 
polymers, derived from renewable resources, 

present a promising alternative to traditional 
petroleum-based polymers. The demand for 
biomass-derived building blocks for polymer 

development has surged in recent years, driven by 
both economic and environmental considerations. 
Bio-based plastics have consistently topped the list 
of emerging technologies, particularly within the 

framework of a circular economy. Recent research 
has led to the synthesis of various bio-based 
polymers, including poly(lactic acid) (PLA) (Balla et 
al., 2021), poly(glycolic acid) (PGA) (Jem & Tan, 
2020), poly(butylene succinate) (PBS) (Wang et al., 
2022), cellulosic plastics (Morinval & Averous, 

2022), poly(hydroxyalkanoates) (PHA) (Ansari et 
al., 2021), poly(ε-caprolactone) (PCL) (Acik, 2020), 
and starch-based plastics (Zhang et al., 2021). 
These materials have garnered increasing interest 
from technical and industrial perspectives, with the 

potential to replace petroleum-based polymers in 

diverse applications such as clothing, sanitation, 
drug delivery, packaging, tissue engineering, 
agriculture, and toys (Tremblay-Parrado et al., 
2021). 
 
Two major challenges in the adoption of bio-based 
polymers have been their cost and performance. 

However, costs have decreased due to 
advancements in bioprocessing technologies and 
the establishment of global biorefineries that 

produce bio-based monomers and building blocks 
(Bozell & Petersen, 2010). For instance, succinic 
acid, a bio-based monomer, is now commercially 
produced by companies like BioAmber and Myriant. 

Over the past two decades, aliphatic polyesters 
derived from sebacic acid, itaconic acid, 1,4-
butanediol, 1,3-propanediol, succinic acid, 2,5-
furandicarboxylic acid, adipic acid, glycerol, and 
other compounds have been extensively studied, 
ranging from rigid plastics to soft elastomers (Fei et 

al., 2022; Kasmi et al., 2021; Zhang et al., 2021). 
These materials have attracted significant attention 
from both academic and industrial sectors. Malonic 
acid (MA), a dicarboxylic acid derived from glycerol, 
can function as either a monomer or a crosslinker 

https://doi.org/10.58692/jotcsb.1533944
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(Zhao et al., 2020). While some researchers have 

explored the use of MA in crosslinking polyvinyl 

alcohol (PVA) via esterification, its application in 
polymer synthesis remains relatively underexplored 
(Qiu & Netravali, 2013). Dogan and Kusefoglu 
reported some success in polymerizing MA with 
soybean oil, indicating potential for future studies in 

this area (Doğan & Küsefoğlu, 2008). 
 
In this study, we aim to evaluate the performance 
of different esterification catalysts. To this end, we 
synthesized a variety of fully bio-based oligomers 
using glycerol and malonic acid as starting 
materials, in conjunction with three catalysts: AlCl3, 

Sn(Oct)2, and SnCl2·2H2O. AlCl3, in particular, is 
notable for its low environmental impact and cost-
effectiveness compared to zeolites, transition metal 
catalysts, and rare earth catalysts. The chemical 

and thermal properties of the synthesized oligomers 
were characterized using NMR/FTIR and DSC/TGA 
techniques.  

 
2. EXPERIMENTAL SECTION 

 
2.1. Materials 
Glycerol (GLY, ≥99.5%), malonic acid (MA, 99%), 
AlCl3, Sn(Oct)2, stannous chloride dehydrate 
(SnCl2.2H2O) and all solvents were purchased from 
Sigma-Aldrich. All reagents and solvents were used 

as received without further purification.  
 
2.2. Synthesis of PGM Oligomers 
Oligomers with various catalysts were produced by 
a two-step polycondensation method. First stage, 

esterification, led to the formation of oligomers with 
only low molecular weight compounds. Then, 

increasing the temperature and reducing the 
reaction pressure facilitated the coupling of the 
oligomer chains by either an esterification or a 
transesterification reaction. The experiments were 
run in 100 mL round-bottom flask equipped with a 
distillation setup and a nitrogen inlet to remove 

water and other by-products. All reactions of GLY 
with MA were carried out with a diol /diacid molar 
ratio of 1.1:1. At the first stage, the reaction 
mixture was continuously stirred under nitrogen to 
limit oxidation. The flask was immediately placed 
into an oil bath at 135 °C and allowed to react for 3 
h. After oligomerization, at the second step of 

polycondensation, the reaction mixture was 
subsequently heated to final temperature 210 °C. A 

vacuum of 7 mbar was applied for another 3 h to 

remove water vapor. After polymerization, the 

reaction products were dissolved in chloroform and 

then precipitated in cold methanol (‒ 30 °C) to 
remove the unreacted monomers and catalyst. 
Precipitated polymer was then filtered and dried in 
a vacuum oven at room temperature for 24 h.  
 

2.3. Characterization  
1H NMR spectra of oligomers were obtained on a 
Bruker (Ultrashield Plus Biospin Avance III) 400 
MHz NMR spectrometer using tetramethylsilane as 
the internal standard. CDCl3 was used as solvent to 
prepare solutions. The synthesized polymers were 
characterized by Fourier transform infrared 

spectroscopy (FTIR) with ATR using a Jasco 6800 at 
450–4000 cm-1 wavelength range with 16 scans. 
The molecular weights were determined using 
Agilent 1200 gel permeation chromatograph (GPC). 

THF was used as eluent, and PMMA standards were 
used for calibration. The sample concentration was 
1 mg/mL and eluent flow rate was 1 mL/min. 

Differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) were performed 
under nitrogen on a Mettler Toledo (DSC 3) and 
Mettler Toledo (TGA/DSC 3+). For DSC, the samples 
were heated from room temperature to 160 °C at a 
rate of 10 °C/min and held for 3 min to eliminate 

the thermal history. Then, they were cooled to -60 
°C and heated again from -60 to 160 °C at a rate of 
10 °C/min. For TGA, samples were heated from 25 
to 600 °C at 10 °C/min heating rate.   
 
3.. RESULTS AND DISCUSSION 

 
3.1. Chemical Structure of Synthesized 

Oligomers 

Various bio-based oligomers were synthesized 
through a two-step melt polycondensation process 
using three different catalysts (Figure 1). The initial 
reactions were carried out at a temperature of 135 
°C, selected based on the melting point (135 °C) 
and boiling point (140 °C) of malonic acid. Following 

synthesis, the number-average molecular weight 
(Mn) of the oligomers ranged from approximately 
200 to 400 g/mol, indicating the formation of dimers 
or oligomers (Table 1). This suggests that the 
catalysts were not sufficiently effective during the 
second step, namely, transesterification. Among the 
catalysts, only the synthesis of PGM using AlCl3 

achieved the desired yield. Therefore, only its 
characterization was performed, and the results are 

presented in the following sections. 
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Figure 1: Image of the PGM oligomer samples produced using AlCl3. 
 

Table 1: Molecular weight and thermal properties of PGM oligomers with various catalysts. 

Catalyst 
Mn  

(g/mol) 
Mw  

(g/mol) 
PDI 

T5% 
(°C) 

Tmax 
(°C) 

Residue at 
600 °C wt.% 

Tg 
(°C) 

AlCl3 247.7 326.4 1.32 178 268 1.7 -56.5 

Sn(Oct)2 423.5 434.0 1.02 - - - - 

SnCl2.2H2O 194.9 261.6 1.34 - - - - 

 
Tg glass transition temperature, T5% temperature at 5 % weight loss, Tmax temperature at 50 % weight 

loss. 

 
The chemical structure of the synthesized 
poly(glycerol malonate) (PGM) oligomers was 
characterized using 1H NMR spectroscopy. The 1H 
NMR analysis revealed that the PGM oligomer 
backbone consisted of a mixture of alkane and ester 
bonds (Figure 2). In the 1H NMR spectrum, the 

presence of ester bonds was confirmed by the signal 
at δ = 3.89 ppm, which corresponds to the COO-

CH2- protons from the glycerol repeating units. The 
chemical shift at δ = 3.37 ppm was attributed to the 
CO-CH2-CO- protons from the malonate repeating 
units. Additionally, the hydroxyl terminal group 
(HO-CH2-) signal was observed at δ = 3.71 ppm, 
consistent with the relatively low molecular weight 

of the oligomeric samples. 
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Figure 2: 1H NMR spectrum of the PGM oligomers.  
 

FTIR spectra were taken of the synthesized 

oligomers to evaluate their chemical composition 
and are shown in Figure 3. A broad O-H stretching 
peak can be seen around 3322 cm-1 indicating the 
presence of hydroxyl (–OH) from alcohols. Peaks 
around 2882 cm-1 correspond to C-H stretching. A 

strong absorption peak at approx. 1722 cm-1 is 

attributed to C=O stretching vibrations of ester 
group. Absorption peaks at 1240 and 1044 cm-1 

indicate the presence of C-O stretching and O-CH2 
stretching, respectively.  

 
 

 
 

Figure 3: FTIR spectrum of PGM oligomers with AlCl3. 
 

3.2. Thermal Properties of Synthesized 
Oligomers 

Differential scanning calorimetry (DSC) was utilized 

to investigate the thermal properties of the PGM 
oligomers. The DSC curve for the PGM oligomers 
synthesized with AlCl3 is presented in Figure 4, with 

the glass transition temperature (Tg) summarized in 
Table 1. PGM, being an amorphous oligomer, 
displayed a glass transition temperature of 

approximately -56 °C. This low Tg suggests that 
PGM could serve as an effective plasticizer, offering 
advantages in mixing or blending processes.
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Figure 4: Second heating DSC curve of PGM oligomers with AlCl3. 
 
 

Thermogravimetric analysis (TGA) was performed 
on several samples of the synthesized oligomers, 
with the results summarized in Table 1. The TGA 

curve for PGM oligomers synthesized with AlCl3 is 
shown in Figure 5. TGA analysis allows for the 
comparison of thermal stability among the samples. 

Thermal degradation of PGM oligomers occurred in 

a single degradation step, with an initial 
decomposition temperature (T5%) of 178 °C. 
Additionally, the maximum thermal degradation 

temperature (T50%) was observed at 268 °C. At the 
end, a small amount of residue (1.71 wt%) was 
recovered at 600 °C.  

 

 
 

Figure 5: TGA curve of PGM oligomers with AlCl3. 
 

4. CONCLUSION 
 

Bio-based oligomers were successfully synthesized 
via melt polycondensation using biomonomers 
glycerol (GLY) and malonic acid (MA), which are 
industrially produced through fermentation or 
extraction from biomass. The effects of three 
esterification catalysts on the chemical and thermal 

properties of the oligomers were evaluated. Among 
them, only the synthesis of PGM using AlCl3 

achieved the desired yield. The bio-based oligomers 
exhibited promising thermal stability, with a T5% of 
178 °C and a T50% of 268 °C when synthesized with 
AlCl₃. Given its low cost and minimal environmental 
impact, AlCl3 emerged as the most suitable catalyst 
for the synthesis of these oligomers.  
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Abstract: This article presents a comprehensive study into the leaching of heavy metals such as Al, As,
Cd, Cu, Zn, Ni, Fe and Cr from Moroccan phosphate solid waste. Sulfuric acid, perchloric acid and nitric
acid were used as leaching agents at various concentrations (0.5 M, 1 M, 2 M, 3 M and 4 M) under
ambient temperature conditions, maintaining a particle size of 160 µm and a stirring time of 1 hour. To
optimize  the  efficiency  of  metal  extraction,  research  focused  on  the  subtle  interplay  between  acid
selection  and  concentration.  Nitric  acid  appears  as  the  front  runner,  consistently  showing  excellent
leaching results for all  metals, especially at higher concentrations. Although perchloric acid does not
exceed the efficiency of nitric acid, its performance is competitive and position it as a viable alternative,
with encouraging results, especially at moderate concentrations. Sulfuric acid shows different trends in
metal  leaching  efficiency,  highlighting  the  need  for  separate  and  customized  approaches.  At  lower
concentrations it shows moderate effectiveness, with leaching efficiency varying depending on the metal.
As acid concentration increases, extraction efficiency changes, requiring careful consideration of specific
metal properties. In the hierarchy of leaching agents, the position studied is nitric acid > perchloric acid
> sulfuric acid, indicating the superior performance of nitric acid, followed by perchloric acid, compared
to sulfuric acid during metal leaching.
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1. INTRODUCTION 

Heavy  metal  pollution  is  one  of  the  major
environmental problems today. Most heavy metal
ions are toxic  to living organisms.  Heavy metals
are  present  in  nature  and  industrial  waste.  The
main  source  of  heavy  metal  pollution  is  metal
plating,  mining,  smelting,  battery  manufacturing,
tanneries,  petroleum  refining,  pigment
manufacturing, etc. (Sulaymon et al., 2014; Yuntao
Chen et al., 2024).

Heavy metals are defined as metals with a specific
density  of  greater  than  5  g/cm3,  this  definition
includes the alkali  metals,  alkaline earth  metals,
lanthanides  and  actinides,  which  are  not
considered heavy elements in  a  chemical  sense,
while  excluding  some  other  elements  such  as
arsenic, due to its chemical and ecological effects,
it  is  often  considered  a  heavy  metal.  One
classification  that  can  combine  these  properties
and  explain  the  similarities  in  mechanisms  of
heavy  metal  toxicity  in  different  organisms  is
based  on  equilibrium  constants  describing  the
formation  of  metal  ion  ligand  complexes.
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Therefore, there are three classes of metals with
different  bonding  preferences.  Elements  with  an
affinity  for  oxygen  containing  ligands  belong  to
class A, elements with an affinity for nitrogen- or
sulfur-containing  ligands  belong  to  class  B,  and
elements with intermediate characteristics have an
affinity for O-, S- or N- containing ligands belonging
to borderline (Stanković et al., 2018).

Based on coordination chemistry and the effects
on the environment,  heavy metals are all  in the
class B and the borderline group (Stanković et al.,
2018; Kumar Sharma et al., 2004).

The principal elements classified as heavy metals
include Cr, Mn, Co, Cu, Zn, Mo, Hg, Ni, Sn, Pb, Cd,
Sb, etc. (Sulaymon et al., 2014).

Cd with an atomic number of  48 and an atomic
weight of 112.41, is classified within group XII  of
the  periodic  table  of  chemical  elements.  It
naturally  occurs  at  trace  concentrations,
associated  with  sulfide  ores  of  zinc,  lead  and
copper. Human activities including the combustion
of  fossil  fuels  and  the  release  of  leachate  from
landfill sites, agricultural areas and mining waste,
particularly those linked to zinc and lead mining
operations,  contribute  significantly  to  the
contamination of  the environment with cadmium
(Genchi et al., 2020).

Cr is  the seventh most abundant element in the
earth. With an atomic number of 24 and a mass
number of 52, it occupies a place in group 6 and
period 4 of the periodic table. It  exhibits various
oxidation states,  ranging from 0 to +6, with the
most  stable  states  being  0,  +3  and  +6.  The
primary source of chromium is chromite ore, where
it predominantly exists in the +3 oxidation state.
However, industrial processes produce hexavalent
chromium and  the  elemental  form of  the  metal
(Mukherjee et al., 2013).

Cu is  a  transition  metal,  found in  nature  in  two
oxidation states: Cu (I) and Cu (II). Cu (I) is a soft
and  durable  metal  while  Cu  (II)  is  borderline
according  to  the  hard and  soft  acids  and  bases
classification  (Dupont  et  al.,  2011).  The  mainly
source  of  environmental  contamination  due  to
copper  including  mining,  printed  circuits,
metallurgical, fiber production, pipe corrosion and
metal  plating  industries.  Additionally,  other
significant  sectors  releasing  copper  into  their
effluents including the paper and pulp, petroleum
refining and wood preserving industries (Sulaymon
et al., 2014).

Ni is the 24th most abundant element in the earth.
With  an  atomic  number  of  28  and  an  atomic
weight  of  58.71.  It  is  typically  found  in  igneous
rocks, either in its elemental form or in conjunction
with iron (Amari  et al.,  2017). Nickel is  naturally
released into the environment through processes
such  as  windblown,  weathering  of  rocks  and
wildfires.  Human  made  activities,  including  the

operations of foundries and battery manufacturing
plants,  also  contribute  to  the  environmental
release  of  nickel.  Additionally,  nickel  can  be
discharged into the environment through sources
like  tobacco  use  and  the  use  of  stainless-steel
kitchenware (Kiran et al., 2021). 

As is classified as a metalloid, is naturally present
on earth, being the 20th most abundant element. It
is a constituent of over 245 different minerals. The
inorganic  form,  mainly  consisting  of  arsenic  and
arsenate  compounds,  poses  a  health  hazard  to
humans  (Guha  Mazumder,  2008).  Arsenic  is  a
common  occurrence  in  nonferrous  ores  such  as
copper,  lead,  zinc,  gold  and  uranium.  As  is  a
predominant component in specific ores, such as
the copper mineral  enargite,  while it  exists as a
trace  impurity  in  other  ore  types.  Unregulated
human  activities  such  as  smelting  metal  ores,
using  arsenic  based  pesticides,  and  using  wood
preservatives, can also lead to direct releases of
arsenic into the environment (Choong et al., 2007).

As base metal prices have increased significantly
in  recent  years,  the  extraction  of  these  metals
from  various  waste  sources,  including  solid
phosphate  waste,  has  become  increasingly
important (Huang et al., 2011).

Ongoing global  efforts  include in  depth  research
aimed  at  identifying  efficient  and  cost-effective
ways to process solid waste and extract valuable
metals from it (Ajiboye et al., 2019).

In practice, innovative hydrometallurgical methods
for  metal  extraction  have  emerged,  including
hydrothermal  techniques  (Zhang  et  al.,  2006),
subcritical  water  treatment  (Zhang et  al.,  2006),
and  fungal  bioleaching  (Ishigaki  et  al.,  2005).
Although those methods have promising extraction
capabilities, they often increase operating costs or
extend  leaching  times.  Therefore,  it  is
recommended  to  give  priority  to  performing  the
leaching  process  at  ambient  temperature,
emphasizing the importance of careful selection of
suitable  leaching  agents  to  achieve  satisfactory
treatment  efficiency  throughout  the  process
(Huang et al., 2011).

Leaching  is  a  technique  for  dissolving  soluble
substances from a mixture of insoluble solids. The
solvent  used  in  the  leaching  process  is  called  a
leaching  agent  (Yuliusman  et  al.,  2018),  and
various  leaching agents,  such as  inorganic  acids
such as sulfuric acid, hydrochloric acid and nitric
acid  (Hussaini  et  al.,  2021),  and  organic  acids
(Fatima et al., 2024) such as citric acid (Wu et al.,
2006),  oxalic  acid  (Nugteren  et  al.,  2001;
Fengyuan et al.,  2024), acetic acid (Fuoco et al.,
2005), tartaric acid (Smichowski et al., 1998), and
chelating agents such as nitrilotriacetic acid (NTA)
(Wu et al., 2022), ethylenediaminetetraacetic acid
(EDTA) (Opi et al., 1999) and diethylenetriamine-
pentaacetic acid (DTPA) (Singh et al., 2013), and in
some cases alkaline solutions such as ammonium
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hydroxide and sodium hydroxide (Ntumba Malenga
et al., 2015), can be used to extract heavy metals.
Of the above-mentioned leaching agents, sulfuric
acid and hydrochloric acid generally appear to be
the most suitable (Huang et al., 2011; Shokrullah
et al., 2024). 

The  experimental  approach  was  to  perform  a
leaching process of  solid  phosphate waste using
different  acid  treatments,  each  with  a  specific
concentration.  Sulfuric  acid,  nitric  acid  and
perchloric acid were selected as the main agents
for  metal  extraction.  The  entire  process  was
performed at ambient temperature. The purpose of
this study was to determine the different effects on
the efficiency of extraction of Fe, Al, Cd, Ni, Zn, Cr,
As  and  Cu from waste  materials  by  varying the
concentration of these acids. Comparative analysis
of these acid treatments provides valuable insights
into  optimal  conditions  for  metal  recovery  from

Moroccan  phosphate  solid  waste  under  ambient
temperature conditions.

2. EXPERIMENTAL STUDIES

2.1. Materials And Reagents 
The samples used for the leaching process in this
study obtained from the Moroccan phosphate solid
waste, we utilized a series of chemical reagents,
including  sulfuric  acid,  nitric  acid  and  perchloric
acid with different concentration (0.5 M to 4 M). 

In our study of  Moroccan phosphate solid  waste,
we used a variety of materials and techniques to
analyze  and  characterize  the  samples.  The  GFL
3040  jar  test  from  Gesellschaft  Für  Labortec
Overhead Shakers; was used to stir the samples;
to  ensure  efficient  mixing  and  dispersion  during
the  leaching  process.  This  step  is  critical  to
achieve optimal leaching efficiency. 

Table 1: Product utilization descriptions.

Product Chemical formula CAS number Analysis
method

Purity (conductivity and
pH of water)

Sulfuric acid H2SO4 7664-93-9
VT1

95%
Perchloric acid HClO4 7601-90-3 70%

Nitric acid HNO3 7697-37-2 69%
Distilled water H2O 7732-18-5 CA2 Conductivity: 21.4 µS/cm

pH: 7.61

1: Volumetric titration, 2: Conductimetric analysis

To  measure  the  ion  concentration  after  the
leaching  process,  we  used  inductively  coupled
plasma  (ICP)  analysis.  ICP  allows  to  accurately
quantify  the  concentrations  of  different  ions  in
solution,  and  gain  important  insights  into  the
leaching efficiency and distribution of elements in
solid  waste  samples.  Moreover,  ICP  was  also
instrumental  in  the  analysis  of  metal  ion
concentrations  within  the  solid  waste,  further
enhancing  our  understanding  of  the  waste’s
elemental composition. 

Furthermore, for detailed analysis of a solid waste
samples’ crystalline structure and composition, we
used X-ray diffraction (XRD). This technique uses
diffraction patterns of X-ray to identify the crystal
structure  and  composition  of  the  samples
providing valuable information about the chemical
compounds  present  in  the  solid  waste.  X-ray
diffraction  analysis  was  conducted  on  all  solid
samples to assess the composition of solid phases
within diverse saturated solutions. This analytical
process was carried out using a BRUKER D2 phase
shifter  instrument  equipped  with  a  LYNXEYE
detector, utilizing a Cu-Ka wavelength of 1.541874
Å.  Each stable solid  underwent analysis within a
temperature range spanning from 10 to 80 ℃ for a
duration  of  20  minutes,  allowing  for  a
comprehensive  characterization  of  the  solid
phases present. 

2.2. Experimental Methodology
In a 250 mL flask, a precisely measured 10 grams
of  the  solid  waste  sample  were  added.
Subsequently,  different  concentrations  of  the
previously prepared acid solutions were introduced
into the flask, with concentrations ranging from 0.5
M  to  4  M.  These  acids  served  as  the  leaching
agents and were carefully selected to optimize the
leaching process. 

The  entire  setup  was  maintained  at  a  constant
temperature of  24℃ throughout the experiments
to ensure uniform conditions during the leaching
process. The mixture is stirred continuously for one
hour to ensure effective contact between the solid
waste and the leaching agent.

After the stirring period, the samples were allowed
to stand to facilitate  the separation of  solid  and
liquid  phases.  The  decanted  liquid  was  then
filtered  through  a  0.45  µm filter  to  remove  any
remaining  solid  residue.  This  filtration  process
ensured  that  only  the liquid  phase without  solid
particles remained for later analysis. 

The leachate obtained was analyzed using ICP for
a  comprehensive  evaluation  of  the  chemical
composition,  especially  the  concentration  of
various ions and metals. This analytical technique
enabled accurate quantification of  dissolved ions
and  provided  valuable  insight  into  leaching
efficiency and liquid  phase composition  resulting
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from the interaction of  solid  waste with different
concentrations of leaching acid. 

2.3. Characterization Of Phosphate Solid 
Waste
2.3.1. Preparation of samples

Before  further  analysis,  the  solid  waste  samples
underwent  a  careful  pretreatment  process  to
ensure suitability for subsequent experiments. The
first step was to dry the samples in an oven set at
135℃ for  30  min  to  1  h.  This  controlled  drying
helped  remove  interparticle  moisture,  an
important step to prevent clogging that may occur
during the subsequent grinding process.

The samples were milled using a rotating disc mill
consisting  of  a  fixed  steel  disc  and  a  movable
counterpart.  This  grinding  process  reduces  the
sample to a fine consistency, typically reaching a

fineness of  around 160 µm. The purpose of  this
grinding  process  was  to  completely  homogenize
the sample. 

After the grinding process, the obtained material
was  sieved  through  160  µm sieve.  The material
that did not pass the sieve was manually ground
using  a  mortar  and  pestle  and  mixed  with  the
material that passed the sieve. 

To  make  certain  the  entire  elimination  of  any
ultimate  moisture,  the  homogenized  pattern
underwent  a  very  last  drying  step.  It  turned
located in an oven set at a decrease temperature,
commonly 105℃, for a length of hours, taking into
account the full removal of residual humidity. This
complete pattern guidance ensured that the solid
waste  was  in  an  optimal  state  for  subsequent
analytical procedures and minimized the capacity
for moisture associated interference. 

2.3.2. ICP characterization

Table 2: Analysis of the utilized phosphate solid waste in this study.

Elements Units Values for 
Mg % 14.2
Fe % 8.2
Al % 15.2
Cd Ppm 418
Ni % 50.96
Zn % 426.4
Cr % 229.8
As % 10.96
Cu % 50.59

  
Table 3: Operation conditions for ICP.

Parameters Units Values 
Rf power (w) w 1300.0
Plasma Ar flow (L/min) L/min 12.0
Auxiliary Ar flow (L/min) L/min 0.2
Nebulizer Ar flow (L/min) L/min 0.7
Delay time (s) s 40.0
Measurement 
mode: 

Axial - All 

Radial - Iron, 
Aluminum, CaO

2.3.3. Solid waste characterization 
X-ray  diffraction  (XRD)  analysis  of  our  solid
phosphate waste samples (Figure 1) revealed the
presence  of  several  significant  crystalline
compounds. The most prominent diffraction peaks
in  the  spectrum  correspond  to  several  different
minerals  such  as  Mg3AlSi3O12I12,  As8Cu12S18,
Mg4FeCa4Si4O16,  Zr4Cr4NiCuO14 and  CdMg5C6O18.
Each peak in the XRD spectrum is closely related
to  a  specific  interplanar  distance  and
corresponding  2θ  diffraction  angle,  forming  a
unique signature for each compound. The relative

intensities of these peaks provide valuable insight
into the abundance of each mineral in the sample. 

The presence of this compound is confirmed by the
distinct peaks observed in the diffraction pattern.
This  XRD  analysis  provides  a  comprehensive
understanding of  the mineral  composition of  the
samples which is essential for further studies. Our
results  provide  a  solid  foundation  for  a  detailed
study of the chemical leaching processes involved
in the removal of elements such as Mg, Cd, Fe, Al,
Ni, Zn, Cr and As from samples. 
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Figure 1: X-ray diffraction pattern of phosphate solid waste sample.

Table 4: Elemental analysis references, content of pattern from X-pert Highscore.

Ref. Code Score Compound Name Scale
Factor

Chemical Formula

96-150-9454 20 Ag (Mg0.5 Zn0.5) 0.054 Mg0.50 Zn0.50 Ag1.00
96-901-0226 12 Magnesite 0.178 Cd0.60 Mg5.40 C6.00 O18.00
96-900-0637 11 Monticellite 0.134 Mg3.72 Fe0.28 Ca4.00 Si4.00 O16.00
96-900-2230 0 Clinochlore 11.732 Mg2.97 Al0.99 Si3.04 O12.00 I12.00
96-900-0465 14 Sinnerite 0.348 As8.00 Cu12.00 S18.00
96-100-8717 12 Zirconium 

chromium copper 
nickel deuteride 

0.061 Zr4.00 Cr4.80 Ni1.60 Cu1.60 D14.04

3. RESULTS AND DISCUSSION

3.1. Leaching Metals With Sulfuric Acid  
In  our  experimental  study,  we  examined  the
interaction  between  sulfuric  acid  concentration
H2SO4 (M) and aluminum concentration dissolved
(%). As shown in Figure 2 if we gradually increase
the  H2SO4  concentration,  we  observed  a  steady
decrease in the aluminum content in the solution.
At  an  initial  H2SO4 concentration of  0,5M,  the Al
extraction  rate  was  relatively  high.  However,  as
the  acid  concentration  increases,  the  Al  content
shows  a  significant  decrease.  When  the  acid
reaches  4  M,  the  Al  concentration  has  dropped
significantly  to  only  0.484%.  This  downward
indicates that sulfuric acid is effective in extracting
aluminum,  as  evidenced  by  the  inverse
relationship  between  acid  concentration  and  Al
concentration.  Our  results  are  consistent  with
previous  studies  in  this  area,  which  have
consistently  shown  that  increasing  the  molar
concentration of sulfuric acid results in a decrease
in  the  aluminum  content  in  the  solution.  This
phenomenon is well documented in studies of the
leaching  of  aluminum  and  other  metals  from
various matrices. For example, Wang P et al (Wang
P  et  al.,  2021)  in  their  study  of  extraction  of
aluminum  from  Coal  Fly  Ash  observed  further
increase in H2SO4 concentration did not result  in
significant or substantial increases in Al extraction.

As shown in the Figure 3, at an initial sulfuric acid
concentration  of  0.5  M,  the  chromium
concentration  was  201.9%.  However,  when  the
sulfuric acid concentration was increased to 1 M,
the value increased significantly to 476.4%. This
increase was not consistent, as at 2 M of sulfuric
acid, the chromium concentration reached 1041%,
indicating  a  significant  increase.  However,  when
we switched to 3 M the chromium concentration
dropped to 319.8%. This decrease continued with
4 M.

These  results  highlight  the  sensitivity  of  the
chromium  leaching  process  to  sulfuric  acid
concentration.  They  highlighted  a  critical
optimization point where a specific concentration
of sulfuric acid promotes the maximum chromium
extraction.  Beyond  this  point,  higher  acid
concentrations  do not  necessarily  result  in  more
efficient chromium extraction. Previous studies in
this  field  have  revealed  a  complex  relationship
between  acid  concentration  and  chromium
leaching efficiency. Our results are consistent with
this  established  knowledge  in  several  aspects.
Notably, increasing the sulfuric acid concentration
did  not  improve  the  chromium  concentration  in
solution,  a  trend  that  mirrors  observations  in
previous studies (Silva J et al., 2005).
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Figure 2: Effect of sulfuric acid concentration on
the extraction of Al from phosphate solid waste.

Figure 3: Effect of sulfuric acid concentration on
the extraction of Cr from phosphate solid waste.

Figure 4 shows the impact of varying sulfuric acid
concentration on the leaching efficiency of Cu from
our  solid  phosphate  waste  sample.  The  initial
increase  in  acid  concentration  significantly
increased  the  amount  of  copper  extracted.
However,  at  higher  acid  concentrations,  a
decrease  in  copper  leaching  efficiency  was
observed, and leaching finally stopped at 3 M and
4 M sulfuric acid. This observation highlights the
dynamic  relationship  between  sulfuric  acid
concentration and copper leaching efficiency. Our
results initially support the assumption that low to
moderate  acid  concentrations  promote  copper
extraction,  but  also  highlight  an  important
threshold.  At  some  point  (shown  here  at  2  M
H2SO4), increasing the acid concentration does not
proportionally  improve  copper  leaching.  The
subsequent complete cessation of leaching at 3 M
and  4  M  highlights  the  importance  of  precise
control  of  acid  concentration  to  optimize copper
recovery  while  minimizing  waste.  Although  our
results support previous studies such as those by
Zhang  Y  et  al  (2019),  who  emphasized  the
improvement of copper extraction with increasing
acid  concentration,  they  also  highlighted  the

importance  of  the  optimal  range  of  acid
concentration.  Beyond  this  range,  further
increases provide no additional benefit. 

Figure 4: Effect of sulfuric acid concentration on
the extraction of Cu from phosphate solid waste.

Building  on  our  investigation  of  the  effect  of
sulfuric  acid  on  metal  leaching  efficiency,  we
shifted  our  focus  to  leaching  of  As,  another
important  element  presents  in  solid  phosphate
waste samples. As shown in Figure 5 at an initial
H2SO4 concentration  of  0.5  M,  the  arsenic
concentration is determined to be 4.089%. As the
acid  concentration  was  gradually  increased,  the
amount of arsenic leached continued to increase.
This  increase  persisted  at  2  M.  However,  a
significant  change  was  observed  at  3  M  as  the
arsenic  concentration  decreased  significantly  to
1.791%.  This  reduction  in  leached  arsenic
continues  at  4M.  The  results  indicate  a  critical
point,  around  3  M  of  H2SO4,  where  continued
increases in acid concentration do not result in a
proportional  increase  in  leached  arsenic
concentration. 

Figure 5: Effect of sulfuric acid concentration on
the extraction of As from phosphate solid waste.
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As can be seen from Figure 6, there is a significant
trend  in  cadmium  leaching  efficiency  as  the
sulfuric  acid  concentration  changes.  The  initial
increase  in  acid  concentration  increased  the
amount  of  cadmium extracted.  However,  as  the
acid  concentration  continued  to  increase,  a
decrease in  yield  was observed,  highlighting the
existence of an optimal acid concentration range
for  efficient  cadmium  recovery.  These  results
confirm the findings obtained by Safarzadeh et al
(Safarzadeh et al., 2009). 

Figure 6: Effect of sulfuric acid concentration on
the extraction of Cd from phosphate solid waste.

In  conclusion,  based  on  all  these  results,  we
studied the leaching process of several elements,
namely  Al,  Cr,  As,  Cu  and  Cd,  using  different
concentrations of sulfuric  acid H2SO4.  Our results
show  significant  trends  for  each  element.  For
aluminum,  we  observed  a  gradual  decrease  in
concentration with increasing H2SO4 concentration,
highlighting  the importance of  acid  optimization.
The concentration of chromium Cr increases up to
a  certain  point,  and  then  decreases  again,
indicating  that  there  is  an  optimal  range.  As
exhibits  a  similar  reaction  to  chromium,  with
significantly  lower  concentrations  at  higher  acid
levels. In contrast, the Cu concentration increased
with  increasing  H2SO4 concentration,  which  is
consistent  with  the  trend  observed  in  other
studies.  Finally,  the  concentration  of  Cd  initially
increases and then gradually decreases at higher
acid levels. These results highlight the importance
of  precise  control  of  sulfuric  acid  concentration
during  the  leaching  process  of  these  elements,
especially for optimizing their recovery and waste
reduction. 

3.2. Leaching Metals with Perchloric Acid and
Nitric Acid
Experimental  results  (Figure  7)  on  leaching
aluminum varying concentrations of nitric acid and
perchloric acid provided valuable insights into the
leaching efficiency of these two acids. Remarkably,
the  results  show  a  marked  contrast  in  their
performance.  Nitric  acid  shows  significant

advantages in the extracting aluminum especially
as  the  acid  concentration  increases.  At  a  low
concentration  of  0.5  M,  the  aluminum
concentration extracted with nitric acid was only
0.039%, indicating limited effectiveness under mild
conditions.  However,  when  the  nitric  acid
concentration  increased  to  1  M,  the  aluminum
extraction  efficiency  increased  significantly  to
4.241%,  indicating  a  significant  improvement  in
leaching performance. This trend continues as the
concentration  continues  to  increase.  In  contrast,
the  efficiency  of  perchloric  acid  in  extracting
aluminum  was  relatively  low,  and  at  most
concentrations, the extraction rate is significantly
lower  than  that  of  nitric  acid.  Even  at  2  M
concentration, where nitric acid shows significant
efficiency,  perchloric  acid  can  only  achieve  a
concentration  of  4.434%.  As  the  concentration
increases,  the  difference  between  the  two  acids
becomes  more  pronounced,  with  perchloric  acid
concentration 4 M reaching 3.966%. 

The trend of higher aluminum extraction efficiency
with  increasing  nitric  acid  concentration  is
consistent with the literature. The study by Pepper
R et al (2016) showed that higher concentrations
of  nitric  acid  led  to  an  increased  aluminum
dissolution,  which  is  consistent  with  our
experimental  results.  Compared  to  nitric  acid,
perchloric acid is used less frequently in aluminum
leaching, and its efficiency tends to be less. 

Figure 7: Effect of nitric acid and perchloric acid
concentration in the extraction of Aluminum from

phosphate solid waste.

As  shown  in  the  Figure  (8),  the  results  of  As
leaching experiments using varying concentrations
of nitric acid and perchloric acid provide valuable
insights into the efficiency of these acids in arsenic
extraction.  Nitric  acid shows clear advantages in
arsenic  extraction,  especially  as  the  acid
concentration increases. At a low concentration of
0.5  M  only  a  small  amount  of  arsenic  was
extracted with nitric  acid.  However,  as the nitric
acid concentration increases to 1 M, the extraction
rate of arsenic increases significantly, reaching a
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concentration of 4.978%. This increase continues
as the concentration continues to rise. In contrast,
perchloric  acid  showed  limited  arsenic  leaching
efficiency at lower concentrations, with negligible
arsenic extraction at 0,5 M. At a concentration of 1
M,  a  small  amount  of  arsenic  was  extracted.
However,  at  higher  concentrations,  the  arsenic
extraction  yield  by  perchloric  acid  improved.
Despite  this  improvement,  the  efficiency  of
perchloric acid has always lagged behind that of
nitric acid.

Compared with  previous studies by Ling H et  al
(2022),  our  study  showed  a  similar  trend  in
increasing  arsenic  concentration  with  increasing
nitric  acid  concentration.  Notably,  Ling  H  et  al
achieved  these  results  while  conducting
experiments  at  a  higher  temperature  of  60℃,
which  requires  the  expenditure  of  energy.  In
contrast, our study has a clear advantage because
it achieves equivalent arsenic extraction efficiency
without  increasing  the  temperature.  This
represents a potentially more energy efficient and
practical  method  for  arsenic  leaching.  Our
approach  is  not  only  consistent  with  existing
literature, but also introduces an innovative aspect
that  reduces  reliance  on  high  temperatures,
thereby providing potential cost and sustainability
benefits.

Figure 8: Effect of nitric acid and perchloric acid
concentration in the extraction of As from

phosphate solid waste.

For  Cd,  Figure  9  shows  that  nitric  acid  is  an
efficient  leaching  agent,  especially  as  the  acid
concentration  increases.  This  trend  is  consistent
with previous research conducted by Saleh M et al
(2021) (32). At a low concentration of 0.5 M, no
cadmium  was  extracted.  However,  as  the  nitric
acid concentration increased to 1 M, the cadmium
extraction  yield  increased  significantly  to  10.95
ppm,  highlighting  the  improvement  in  leaching
performance. This trend continues to increase. On
the other hand, perchloric acid showed relatively
low  cadmium  leaching  efficiency  at  low
concentrations  and  extraction  results  were

moderate.  However,  as  the  perchloric  acid
concentration  increased,  an  improvement  in
cadmium extraction was observed. It is important
to  note  that  the  effectiveness  of  perchloric  acid
still  lower  than  that  obtained  with  nitric  acid  at
higher concentrations. 

Figure 9: Effect of nitric acid and perchloric acid
concentration in the extraction of Cadmium from

phosphate solid waste.

As we can see in Figure 10, for Fe leaching, nitric
acid exhibited a limited efficiency in extraction, as
evidenced by the low extraction yield at different
concentrations.  The  lack  of  significant  iron
extraction at a concentration of 0.5 M is consistent
with the difficult nature of iron leaching, especially
in the presence of nitric acid. The small amount of
iron  extracted,  even  at  higher  concentrations,
suggests  that  nitric  acid  may  not  be  the  ideal
choice for iron leaching in this context. 

In  contrast,  perchloric  acid  exhibited  slightly
improved iron separation efficiency, especially at
higher  concentrations.  The  extraction  efficiency
with perchloric  acid was significantly better  than
that obtained with nitric acid. 

Figure 10: Effect of nitric acid and perchloric acid
concentration in the extraction of iron from

phosphate solid waste.
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For Ni leaching results (Figure 11) show that both
nitric acid and perchloric acid are effective agents
for  nickel  extraction,  each  with  distinct
effectiveness  trends.  Nitric  acid  has  significant
ability  to  dissolve  nickel,  and  this  efficiency
increases with increasing acid concentration. At a
concentration of  1  M,  the nickel  extraction  yield
increased significantly to 125.6%, highlighting the
effectiveness  of  nitric  acid  leaching  nickel  from
samples.  The  trend  continues  to  improve  and
reaches a pick at  a concentration of  3 M. These
results  highlight  the  suitability  of  nitric  acid  for
nickel  leaching,  especially  at  higher  acid
concentration,  without  the  need  for  additional
factors  such as high temperatures.  On the other
hand, perchloric acid also proved to be an effective
nickel leaching agent, with high leaching efficiency
observed  at  concentrations  2  M  and  3  M.
Significant extraction yields of 128.2% and 121.4%
were  obtained  at  these  concentrations,
respectively,  highlighting  the  effectiveness  of
nickel  perchlorate  leaching  in  this  specific
experimental  setting.  These  results  indicate  that
perchloric  acid,  especially  at  the  concentrations
mentioned above, can be a valuable alternative for
nickel  extraction  and  provide  flexibility  in  the
leaching process. 

Figure 11: Effect of nitric acid and perchloric acid
concentration in the extraction of Ni from

phosphate solid waste.

As  shown  in  Figure  12,  Zn  leaching  experiment
results  showed  that  nitric  acid  could  effectively
leach  zinc  at  a  lower  concentration,  when  the
concentration  is  1  M,  the  extraction  rate  is
significantly reaching 394.9%. However, it is worth
noting that the zinc extraction efficiency decreases
with increasing nitric acid concentration, as shown
by the decreasing concentrations of 2 M, 3 M and 4
M.  This  pattern  suggests  that  moderate
concentrations of nitric acid may be most effective

for  zinc  leaching.  In  contrast,  perchloric  acid
showed relatively  stable  and higher  efficiency in
zinc extraction, especially at higher concentrations
(2 M, 3 M and 4 M). The extraction yields remained
very constant.  This suggests  that perchloric  acid
may  be  a  suitable  choice  for  zinc  leaching,
especially  when  higher  concentrations  are
required. 

Figure 12: Effect of nitric acid and perchloric acid
concentration in the extraction of Zinc from

phosphate solid waste.

3.3. Comparison Between Different Acids 
A comprehensive  comparison  of  the  leaching  of
cadmium Cd,  aluminum Al  and  arsenic  As  from
solid  phosphate  waste  using  sulfuric  acid,  nitric
acid  and  perchloric  acid  revealed  complex
patterns.  For  cadmium  leaching  (Figure  13  (a)),
sulfuric  acid  consistently  showed  relatively  low
efficiency  at  all  concentrations,  while  nitric  acid
showed a significant increase in efficiency, peaking
at  concentration  2,  and  perchloric  acid  showed
competitive efficiency at the same concentration.
In  aluminum leaching (Figure 13 (b)),  nitric  acid
has  proven  to  be  the  most  effective  leaching
agent,  with  the  leaching  efficiency  increasing
significantly as the concentration increases, while
perchloric  acid  maintains  a  relatively  stable
leaching  rate.  However,  as  the  concentration
increases,  the  effectiveness  of  sulfuric  acid
gradually  decreases.  For  the  leaching  of  arsenic
(Figure  13  (c)),  sulfuric  acid  showed  constant
efficiency at  concentration  1 M,  while  nitric  acid
showed  a  significant  increase  and  reached  a
maximum  at  concentration  3  M,  and  perchloric
acid  showed  efficient  extraction,  especially  at
concentration 2 M.  The different  trends between
the  three  elements  emphasize  the  different
interactions of acid selection and concentration in
optimizing  the  leaching  process.  Nitric  acid  is
consistently  an  effective  leaching  agent,  while
perchloric acid is competitively efficient. 
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Figure 13: Comparison of the extraction efficiency of Cadmium (a), Aluminum (b) and Arsenic (c) with
nitric acid, sulfuric acid and perchloric acid.

3. CONCLUSION

Recovering  metals  from  solid  phosphate  waste
presents  multifaceted  challenges,  and  the
selection of a suitable leachate plays a vital role in
effective recovery. In this study, the effectiveness
of sulfuric  acid, nitric acid and perchloric acid in
dissolving Al, Cd, As, Cu, Cr, Fe, Ni and Zn in waste
samples  was  examined.  An  important  aspect  of
this study was to perform experiments at ambient
temperature  conditions,  consciously  varying  acid
concentrations (0.5 M, 1 M, 2 M, 3 M and 4 M).
Additionally, the particle size of the samples was
standardized  to  160  µm  to  ensure  uniform
leaching. The stirring time was maintained at one
hour,  which  helped  control  the  experimental
conditions. 

Nitric  acid  has  consistently  proven  to  be  an
effective  leaching  agent,  with  significantly
improved efficiency for all elements, especially at
higher concentrations. Although perchloric acid is
not more efficient than nitric acid, its performance
is  competitive  and  positions  it  as  a  viable
alternative.  Sulfuric  acid,  on  the  other  hand,
showed  a  different  trend,  highlighting  the
importance of developing a customized approach
based on the specific properties of the element.

In summary, this study provides valuable insights
into the optimized use of sulfuric acid, nitric acid
and  perchloric  acid  for  the  extraction  of  metals
from solid phosphate waste. The findings not only
expand our understanding of leaching kinetics but
also  provide  a  solid  foundation  for  the
development  of  sustainable  and  efficient
extraction methods.  These findings are expected
to  impact  waste  management  practices  and
provide potential solutions to the challenges posed
by metal leaching from complex waste matrices. 
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Abstract:  In recent years,  interest in converting vegetable oils  into biodiesel  as an environmentally 
friendly alternative to fossil fuels has increased. Sunflower oil is a vegetable oil that has great potential  
for biodiesel production. This work explores the use of eggshell-derived calcium oxide along with barium 
oxide as a heterogeneous catalyst for sunflower oil-based biodiesel generation. The aim of this study was  
to evaluate the efficiency and feasibility of this catalyst combination in biodiesel synthesis. Experimental 
tests are conducted to analyze the reaction parameters, including the reaction time, catalyst loading, and 
temperature, to optimize the biodiesel production process. The properties of the resulting biodiesel are 
analyzed and compared with standard specifications to assess its quality. The use of heterogeneous cata-
lysts derived from BaO/CaO has shown promising results in transesterification reactions for sunflower oil. 
The findings of this study provide valuable insights into the potential implementation of these catalyst  
systems for environmentally friendly biodiesel production.
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1. INTRODUCTION 

The depletion of fossil  fuel resources and associ-
ated  environmental  problems  have  spurred  the 
quest  for  renewable  energy  sources,  such  as 
biodiesel. Biodiesel is a renewable energy source 
that can replace conventional diesel fuel. Biomass 
products are made from biomass sources such as 
vegetables or animal fats.  (Bhatia, 2014, Speight, 
2022).

Biodiesel,  derived from vegetable  oils,  is  consid-
ered a  sustainable  alternative because of  its  re-
newable  nature,  biodegradability,  and  reduced 
emissions.  Sunflower  oil,  which  is  abundant  in 
many regions,  is  a viable feedstock for biodiesel 
production  (Bhatia, 2014, Speight, 2022). Studies 
have  estimated  that  the  life  cycle  emission  of 
greenhouse gases from biodiesel  can reach 75% 
lower than that of petroleum diesel, leading to a 
reduced carbon footprint (Chen et al., 2018, Gupta 
et al., 2022, Xu et al., 2022). Moreover, biodiesel 
has positive impacts on engine performance and 
longevity.  It  has  higher  lubricity  than  petroleum 
diesel does, which can improve the lubrication of 

engine  components  and  reduce  wear  and  tear 
(Dharma  et  al.,  2016). Transesterification  is  de-
fined as a chemical reaction that  transforms fats 
and oils  into  fatty  acid  methyl  esters  (biodiesel) 
(Bhatia, 2014, Couto et al., 2011). 

Conventional  catalytic  processes  for  the  produc-
tion of biodiesel use homogeneous catalysts, which 
often require additional purification steps and gen-
erate  large  amounts  of  waste  water  (Smith  and 
Notheisz, 1999, Di Serio et al., 2008, Rizwanul Fat-
tah  et  al.,  2020).  Heterogeneous  catalysts  have 
emerged as a promising alternative to overcome 
these limitations.  Catalysts  play a critical  role in 
biodiesel  production by accelerating transesterifi-
cation,  increasing  conversion  efficiency,  allowing 
milder  reaction conditions,  facilitating continuous 
production and enabling catalyst  reuse  (Mahesh-
wari et al., 2022, Neupane, 2022). A variety of cat-
alysts, including enzymatic, base and acidic cata-
lysts, are used in the synthesis of biodiesel. Each 
type of catalyst has a different mechanism of ac-
tion and a range of advantages and disadvantages 
(Mandari  and  Devarai,  2022,  Changmai  et  al., 
2020, Di Serio et al., 2008, Ma, 1999).
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The production process is more efficient when het-
erogeneous catalysts are used since they are eas-
ily  separated from biodiesel  and are insoluble in 
the reaction mixture (Yan et al., 2010). Heteroge-
neous catalysts facilitate the transesterification re-
action by providing active sites on their surface for 
the reaction to occur. These active sites promote 
the interaction between triglycerides and alcohol, 
leading to the formation of fatty acid methyl esters 
(FAMEs). The catalysts can be tailored to increase 
their activity, selectivity, and stability in biodiesel 
production (Védrine, 2017, Yan et al., 2010, Zabeti 
et  al.,  2009).  In  recent  years,  several  heteroge-
neous catalysts have been extensively studied for 
their  potential  applications  in  biodiesel  synthesis 
(Mahdi et al., 2023, Rizwanul Fattah et al., 2020, 
Laskar  et  al.,  2018,  Roschat  et  al.,  2016).  One 
widely  investigated  heterogeneous  catalyst  is 
based on solid acids. These catalysts are typically 
composed  of  an  acidic  material  supported  on  a 
solid substrate, such as silica or alumina. Solid acid 
catalysts  offer  numerous  advantages,  including 
high activity, reusability, and resistance to water 
and impurities.

The unique features and high catalytic activity of 
alkali  earth  metal  oxide  catalysts  have  demon-
strated considerable potential in the generation of 
biodiesel  (Sulaiman et al., 2020). These catalysts, 
including calcium oxide, magnesium oxide, stron-
tium oxide and barium oxide, offer several advan-
tages  in  the  transesterification  process because 
they exhibit strong basicity, which is essential for 
the transesterification reaction (Li et al., 2022, Su-
laiman  et  al.,  2020,  Roschat  et  al.,  2016, 
Anastopoulos  et  al.,  2013b,  Verziu  et  al.,  2011). 
Research  has  demonstrated  that  alkaline  earth 
metal oxide catalysts exhibit high catalytic activ-
ity,  leading  to  faster  reaction  rates  and  higher 
biodiesel yields. Triglycerides are easily converted 
to fatty acid methyl esters (FAMEs) via the use of 
these  catalysts  (Ma,  1999,  Leung  et  al.,  2010, 
Rizwanul  Fattah  et  al.,  2020).  The  strong  basic 
sites on the catalyst surface promote the breaking 
of ester bonds, resulting in efficient transesterifica-
tion reactions. Furthermore, alkali earth metal ox-
ide  catalysts  are  relatively  inexpensive,  readily 
available,  and  environmentally  friendly.  CaO,  for 
example, can easily be derived from calcium-rich 
sources, such as limestone,  also known as quick-
lime,  and  is  one  of  the  most  widely  used  alkali 
earth metal oxide catalysts in biodiesel production. 
CaO has strong basic properties, allowing it to effi-
ciently catalyze the transesterification reaction. It 
provides active sites on its surface for the interac-
tion between triglycerides and alcohol, promoting 
the formation of fatty acid methyl esters (FAMEs) 
and  glycerol  (Kesic  et  al.,  2016). Similarly,  MgO 
and SrO can be obtained from abundant sources, 
further increasing their economic viability (Rasouli 
and Esmaeili, 2019, Hu et al., 2023, Verziu et al., 
2011).
As has been demonstrated in  numerous studies, 
CaO catalyst has been demonstrated to effectively 

catalyze  the  transesterification  of  high-grade  or 
vegetable oil. In order to further enhance the cat-
alytic properties of BaO, an attempt was made to 
combine  it  with  CaO.  It  has  been  demonstrated 
that barium oxide catalysts display catalytic activ-
ity  in  transesterification  processes,  attributed  to 
their  high  basicity  (Ghanbari  Zadeh  Fard  et  al., 
2019, Hanif et al., 2022, Ivanova et al., 2012, Mar-
tinez-Guerra and Gude, 2014, Olutoye et al., 2016, 
Sahani et al., 2019, Singh et al., 2019, Yusuff et al., 
2021, Chew et al., 2017, Patil, 2012, Al-Abbasi et 
al., 2023). The transesterification of palm cooking 
oil using barium-containing titanates, including Ba-
TiO₃  and  Ba₂NiTi₅O₁₃,  as  well  as  their  Na-doped 
analogues, was investigated by Chew et al. (Chew 
et al., 2017). The efficacy of microwave irradiation 
in biodiesel production from waste cooking oil was 
evaluated through a microwave-assisted catalytic 
transesterification process utilising BaO and KOH 
(Patil, 2012). 

Recently,  we  have  successfully  synthesized  BaO 
nanoparticles  via  the  sol–gel  method and exam-
ined their catalytic performance on the transesteri-
fication of sunflower oil (Al-Abbasi et al., 2023). To 
date,  no  studies  have  been  conducted  on  the 
transesterification of sunflower oil using barium ox-
ide nanoparticles supported by CaO from natural 
resources.  Continuing  our  previous  study  of  the 
chemistry of metals and their use in various indus-
trial applications (Belkher, 2019 , Khalifa, 2018, Al-
Abbasi et al., 2023, Al-abbasi et al., 2022, Al-ab-
basi et al., 2012, Al-abbasi and Kassim, 2011), this 
research  aimed  to  investigate  the  efficiency  of 
CaO,  BaO  and  CaO/BaO  catalysts  in  converting 
sunflower oil into biodiesel while also analyzing the 
reaction  parameters  that  can  impact  biodiesel 
yield, including reaction time, catalyst loading, and 
temperature.  Analyses  were  carried  out  on  the 
generated biodiesel to determine its density, kine-
matic viscosity, and acid value.

2. EXPERIMENTAL SECTION 

2.1 Materials
All the chemicals were utilized just as received and 
required no additional  purification.  Citric  acid  (> 
99.5%), barium nitrate (> 96%) and EDTA (> 99%) 
were  used.  Sunflower  oil  (SFO)  was  provided by 
Sabha  city local  market.  Chicken eggshells  were 
collected as waste from the house used.

2.2 Preparation
2.2.1  Preparation  of  the  Eggshell  Waste-Derived 
CaO Catalyst
The CaO catalyst can be produced via calcination, 
in which the dried eggshells  are calcined for four 
hours at 1000 °C. The product was obtained as a 
white powder. The calcined samples were kept in a 
closed vessel.
2.2.2 Preparation of BaO nanoparticles
The  sol‒gel  approach  was  used  for  generating 
BaO, and the procedure was described in our re-
cent publication  (Al-Abbasi  et  al.,  2023, Salim et 
al., 2022).
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2.2.3 Preparation of BaO/CaO NPs
The sol‒gel technique, which is similar to BaO syn-
thesis, was used to produce BaO/CaO (Al-Abbasi et 
al., 2023). A 1:1:1:1.5 molar ratio of calcium oxide 
from calcined egg shells, barium nitrate, EDTA, and 
citric acid was combined with deionized water. The 
end product was  dried overnight at 60 °C  to pro-
duce a dense black gel. After that, the gel was cal-
cined at 1000 °C until it became a white powder.

2.2.4 Biodiesel preparation

Previously published papers (Salim et al., 2022, Al-
Abbasi et al., 2023) described the process of  pre-
paring biodiesel.  Typically,  methanol  was  added 
along  with  the  selected  catalyst  (BaO,  CaO,  or 
BaO/CaO) in a two-necked flask connected to a re-
fluxing apparatus, and sunflower oil was added. Af-
ter the transesterification reaction was complete, 
the mixture was centrifuged at 5000 rpm for 15 
minutes to remove the catalyst particles. This was 
followed by washing the solution with hot distilled 
water. The yield was calculated via Equation (1):

Yield (% )=Weight of biodiesel product
weight of SFO oil

×100 (1)

2.3 Characterization Methods
Infrared data were collected in the 400–4000 cm–1 

wavenumber range using  a  Bruker (Germany).  An 
NEX  QC-JSM-6290LV  analyzer was  used  to  carry 
out  the  EDXRF analysis.  High-performance  liquid 
chromatography (HPLC) analyses  were performed 
with  a  KNAUER  AZURA  HPLC  instrument  with  a 
DAD 6.1 UV–Vis detector and a Eurospher II 100-5 
C18 column. The flow rate was 1 mL/min, the col-
umn temperature was maintained at  40 °C,  and 
the UV detector wavelength was set at  205 nm. 
The mobile phase was composed of polar mixtures 
of water and acetonitrile.

2.4. Physical Properties of Biodiesel
2.4.1 Acid Value Test
The acid  content was calculated via the following 
formula (Eq. 2):

pH=
(b−a)×(x)×N

W
(2)

where N is the standard alkali's normality, W is the 
sample weight (g), x is the molar mass of KOH, b is 
the standard alkali used for the sample's titration 
(mL),  and  a  is  the  standard  alkali  used  for  the 
blank's titration (mL).

2.4.2 Determination of water content
The glass  beaker  was  washed well  with  distilled 
water  and  dried in  a desiccator. W1 was  weighed, 
10  ml  of  oil  was  placed  in  the  beaker,  W2 was 

weighed, the cup was placed in the desiccator for 
15 minutes, W3 and the cup were returned to the 
desiccator for another 15 minutes, the weight was 
taken as W4, the cup was returned to the dryer for 
another 15 minutes, and the weight was taken. W5, 
the weight level means that the oil does not con-
tain  any  moisture.  The  moisture  content  is  esti-
mated from the following law:

Water ratio =  
Wi−Wf
Wi

 100%(3)

3. RESULTS AND DISCUSSION

3.1 Thermal Decomposition of Eggshell Pow-
der
The  thermal  decomposition  of  eggshell  powder 
refers to the process by which eggshell powder de-
composes when subjected to  high temperatures. 
Carbon dioxide (CO2) gas and calcium oxide (CaO) 
are the products of the thermal decomposition of 
calcium carbonate (CaCO3). This reaction proceeds 
in accordance with the following equation: 

CaCO3 →  CO2 +CaO                            (3)

The temperature at which this decomposition oc-
curs typically ranges between 900 °C and 1000 °C. 
Overall,  the  thermal  decomposition  of  eggshell 
powder provides a means to separate the calcium 
carbonate  component  and  obtain  calcium oxide, 
which has utility in a range of industries (Figure 1).

Figure 1: a) Raw eggshells, b) powdered eggshells, c) 1-hour calcined eggshell, and d) CaO oxide pow-
der.

3.2 Characterization of the BaO Catalyst Characterization  of  the  synthesized  catalyst  was 
performed via techniques such as energy-disper-

61



Alabbasi, A. JOTCSB, (2025), 8(1), 59-72. RESEARCH ARTICLE

sive X-ray spectroscopy (EDXRF) and infrared (IR) 
spectroscopy. EDXRF analysis was  used to deter-
mine the CaO, BaO and CaO/BaO catalysts  after 
synthesis  and  calcination  (Titus  et  al.,  2019, 
Scimeca et  al.,  2018).  The  results of  the  EDXRF 
analysis  are shown in Figure 2, and  the composi-
tions of the samples are presented in Table 1. The 
observed and calculated values for the metal oxide 
catalysts used were similar, as shown in Table 1. 
On the basis of the EDXRF analysis, the CaO cata-
lyst from the eggshell was determined to be com-
posed of 72.3% w/w CaO, 89.3% w/w BaO, 19.4% 
w/w CaO and 64.0% w/w BaO. Thus, eggshell  ma-
terial can be utilized as a raw material for CaO cat-
alyst synthesis. The spectrum depicted in Figure 2 
shows the EDXRF readings for Ca (Kα = 3.692 keV, 
Kβ = 4.012 keV), which are consistent with find-
ings  from  previous  research  (Wicaksono  and 
Kusumaningtyas, 2019, Lignon et al., 2017). How-
ever, the results of earlier studies (Al-Abbasi et al., 
2023) were compatible with the EDXRF values for 
Ba Kα (31.81 and 32.19 KeV), Ba Lα (4.46 and 4.83 
KeV), Ba Lβ (4.93 and 5.16 KeV), and Ba kβ (36.37 
and 73.35 KeV) at high Z (Renukadevi et al., 2020).

Figure 3 displays the FT-IR pattern of the prepared 
1:1 BaO/CaO catalyst, the obtained BaO, and the 

eggshell-derived  CaO  over  the  400–4000  cm-1 

range.  The  interpretation  of  the  FTIR  spectra  of 
BaO would be similar  to  the interpretation men-
tioned above for CaO. The existence of peaks be-
tween 500 and 600 cm-1, which are suggestive of 
the M-O stretch, which is the stretching vibration 
of the metal–oxygen bond, may indicate the pres-
ence  of  characteristic  peaks  associated  with  the 
metal–oxide structure in the spectrum. (Manauwar 
Ali and Nusrat, 2021, Jitjamnong et al., 2019, Al-ab-
basi et al., 2010, Almutaleb and Alabbasi, 2023).

Furthermore, the bending vibrations of the oxygen 
atoms in the lattice may be represented by peaks 
in the 600–900 cm-1 range (Manauwar Ali and Nus-
rat, 2021, Renukadevi et al., 2020, Sundharam et 
al.,  2017). Water  absorption  on  the  synthesized 
catalyst  surface  was  linked  to  two  absorption 
bands at 3640 cm-1 and 1400 cm-1,  which corre-
spond  to  the  OH  bond  stretching  and  bending 
modes  of  vibrations,  respectively  (Jitjamnong  et 
al., 2019, Boro et al., 2011, Al-Abbasi et al., 2023). 
It  was determined that the bending mode of the 
OH group of physically adsorbed moisture on the 
surface was responsible for the wider band at ap-
proximately  3423  cm-1 (Boro  et  al.,  2011,  Ma-
neerung et al., 2016, Al-Abbasi et al., 2023).

Table 1: Elemental analysis of the metal oxide catalysts.

Catalyst Ca % 
(Calc.)

Ba % 
(Calc.)

BaO - (/) 89.3 (89.6)
CaO 72.3 (71.4) - (/)

BaO/CaO 19.4 (19.1) 64.0 (65.6)
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Figure 2: Catalyst EDX signals.

63



Alabbasi, A. JOTCSB, (2025), 8(1), 59-72. RESEARCH ARTICLE

Figure 2: IR spectra of prepared catalyst.

3.2. Characterization of Prepared Biodiesel
The chemical constitution of the biodiesel was as-
certained via high-performance liquid chromatog-
raphy (HPLC). Retention time information was used 
to identify a number of FAMEs. The biodiesel HPLC 
spectrum revealed seven primary signs (Figure 4). 

Software for library matching was used to assess 
each  signal.  Linoleic,  oleic,  palmitic,  and  stearic 
acids are the most common fatty acids  (Salim et 
al., 2022, Anastopoulos et al., 2013a, Anastopoulos 
et al., 2013b, Al-Abbasi et al., 2023).
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Figure 4: HPLC chromatogram from an experimental run.

The infrared (IR) spectra of biodiesel can provide 
information about its molecular structure and func-
tional groups. The mid-infrared (4000–400 cm–1) IR 
spectra, which correspond to the molecular vibra-
tional frequencies, are shown in Figure 5. Carbonyl 
(C=O)  stretching,  ester  (C-O-C)  stretching,  and 
methylene (CH2) bending are often encountered as 
functional groups in biodiesel.

By analyzing the FTIR spectra of the FAME fuel in 
Figure 5, various functional groups present in the 
fuel can be identified. The absorption peak at ap-
proximately  1740–1760  cm-1 indicates  the  pres-
ence  of  carbonyl  (C=O)  stretching  vibrations, 
which are characteristic of esters. Peaks attributed 
to  C–H  vibrations  are  found  between  2800  and 
3000 cm-1  (Wembabazi et al., 2015, Al-Abbasi et 
al.,  2023). Additional biodiesel peak signals were 
detected  at  a  wavenumber  of  1099  cm-1  (C-O), 
which was similar to what was previously reported 
(Wembabazi et al., 2015, Yuan et al., 2014, Siatis 
et al., 2006).

65



Alabbasi, A. JOTCSB, (2025), 8(1), 59-72. RESEARCH ARTICLE

Figure 5: FT-IR spectra of the FAME samples.

3.3 Transesterification Optimization Condi-
tions
Researchers have identified key factors that influ-
ence the transesterification process: the methanol-
to-oil  ratio,  catalyst  concentration,  temperature 
and  reaction  time.  These  factors  were  varied  at 
different  levels  to determine their  individual  and 
combined effects on biodiesel yield. Initially, in our 

previously published research, the methanol-to-oil 
ratio was  optimized by the use of barium oxide. 
The  ideal  methanol-to-oil  ratio  was  found  to  be 
20:1  according  to  tests  conducted  to  determine 
the  effect  on  biodiesel  yield  (Al-Abbasi  et  al., 
2023).  Thus,  in  this  continued  research,  the 
methanol-to-oil  ratio  was fixed  at 20:1 in  all  the 
runs (Table 2).

Table 2: FAME yield optimization values.

Exp. No Time 
(min)

Temp 
(oC)

Cata. 
(W%)

Yield (%)
BaO CaO CaO/

BaO
1 60 70 4.7 61.3 80.2 83.04
2 120 70 4.7 66.8 80.58 83.87
3 180 70 4.7 72.53 81.25 85.95
4 240 70 4.7 78.38 86.03 87.77
5 180 65 4.7 63.24 79.12 82.5
6 180 75 4.7 68.45 66.01 62.65
7 180 70 1.58 68.15 74.67 78.28
8 180 70 3.15 70.67 76.98 82.48
9 180 70 4.7 72.53 81.25 85.95
10 180 70 6.3 74.82 83.2 88.48
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3.4.1. Temperature
The  reaction  rate,  yield,  and  selectivity  of  the 
transesterification process are directly  influenced 

by the temperature at which the reaction is carried 
out.

Figure 6: FAME yield change with temperature.

Research has shown that increasing the tempera-
ture generally enhances the reaction rate of trans-
esterification  (Figure  6).  This  is  because higher 
temperatures increase the kinetic energy of the re-
actant  molecules,  leading  to  an  increased  fre-
quency  of  collisions  and,  subsequently,  a  higher 
rate of reaction. However, there is an optimal tem-
perature  range  for  transesterification  reactions. 
The reaction rate may begin to decline after this 
optimum range because of the thermal degrada-
tion of the reactants or the production of undesir-
able byproducts.  The transesterification procedure 
was carried out at three different temperatures—
65, 70, and 75 °C—to examine the effect of tem-
perature on the FAME yield. During the optimiza-
tion process, the following parameters were main-
tained constant: a time interval of 180 minutes, a 
catalyst quantity of 4.7%, and a methanol/oil ratio 
of 20:1. The efficiency of methyl ester conversion 
is illustrated in Figure 6. With all the tested cata-
lysts,  the  highest  conversion  efficiencies  of 
72.53%,  81.25%,  and  87.77%  were  achieved  at 

70°C for BaO, CaO, and BaO/CaO catalysts, respec-
tively.

3.4.2. Effect of catalyst concentration
An  experiment  was  carried  out  with  a  12:1 
methanol-to-oil ratio at 65 °C for three hours. This 
result is exemplified in Figure 7, where a lower cat-
alyst concentration of 1.58% offers lower biodiesel 
yields of 68.15%, 74.67%, 78.28% and 83.49% for 
the BaO,  CaO,  and  BaO/CaO  catalysts,  respec-
tively.  Increasing  the  catalyst  concentration  to 
6.3% also  increased  the  FAME yield  by 74.82%, 
83.2%, 88.48% and 92.45% for the BaO, CaO, and 
BaO/CaO  catalysts,  respectively.  Several  studies 
have  examined  how  the  concentration  of  alkali 
earth catalysts affects the transesterification reac-
tion. (Anastopoulos et al., 2013b, Arun et al., 2017, 
Kouzu et al., 2008, Roschat et al., 2016, Verziu et 
al., 2011). Increasing the catalyst concentration of-
ten results in increased reaction rates and conver-
sions (Antunes et al., 2008).

Figure 7: FAME yield under catalyst concentration optimization.
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3.4.3. The effect of time
The reaction time can significantly affect the trans-
esterification reaction. Figure 8  shows that longer 
reaction times (up to 240 min) led to higher con-
version rates and improved biodiesel yields by all 

the used catalysts, whose yield started to decrease 
after 180 min, indicating that an optimal reaction 
time exists for this catalyst  to achieve maximum 
conversion.

Figure 8: FAME yield under time optimization.

A longer reaction time can generally lead to higher 
conversion rates and better yields.  However,  the 
relationship between reaction time and reaction ki-
netics is complex and may depend on various fac-
tors, such as reaction conditions, catalyst type, re-
actant  concentrations,  and  temperature 
(Anastopoulos  et  al.,  2013b,  Arun  et  al.,  2017, 
Verziu et al., 2011).

3.5 Physicochemical Properties of Biodiesel
The physicochemical properties of biodiesel  refer 
to  the  characteristics  and  behavior  of  biodiesel 
from  a  physical  and  chemical  perspective.  The 
characteristics of the biodiesel were evaluated ac-
cording to ASTM 6750.820 – 0.8452. The biodiesel 
quality  was evaluated on the basis of the ASTM- 
global biodiesel standards (Table 3). 

The  biodiesel  density  refers  to  the  mass  of 
biodiesel per unit volume. The estimated densities 
were 0.904, 0.909 and 0.908 g/cm3. The density of 
fuel is affected by a number of parameters, such 
as  unsaturation,  which causes  the  density  to  in-
crease with unsaturation, and chain length, which 
causes  the  fuel  density  to  decrease with  chain 
length. (Salim et al., 2022). Viscosity measures the 

fluidity  or  thickness  of  biodiesel.  It  affects  the 
fuel's ability to atomize and vaporize during com-
bustion, as well as its flow characteristics in fuel 
delivery  systems.  The  estimated  viscosities at 
100°C were  5.58, 3.601 and 3.577 cST for  BaO, 
CaO and CaO/BaO, respectively, which are compa-
rable to  the  international standards  (Keera et al., 
2018, Salim et al., 2022). 

The acid content and water content are important 
parameters used to assess the quality of biodiesel. 
The quantity of free fatty acids in biodiesel fuel is 
recognized as the acid value of biodiesel. The esti-
mated acid  concentrations were  1.052, 0.974 and 
1.066  mg  KOH/g  for  biodiesel  produced  by  the 
BaO,  CaO  and  CaO/BaO catalysts,  respectively, 
which are higher than the ASTM international stan-
dards. The presence of free fatty acids is consid-
ered to indicate high acidity. The water content of 
biodiesel refers to the amount of water present in 
the  biodiesel  fuel.  The  estimated  water  percent-
ages were 0.001, 0.01 and 0.1  for biodiesel pro-
duced by the BaO, CaO and CaO/BaO catalysts, re-
spectively,  which  are comparable  to  the 
ASTM-6750.820 – 0.8452 standards. 
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Table 3: Physicochemical properties of the biofuel.

ASTM Test Unit
Standard

ASTM-6750.
820 –0.8452

Results
Sunflower

oil
BaO CaO CaO/BaO

Specific Grav-
ity15@ oC)60oF)

-
820 – 845.2

0.923 0.904 0.909 0.908

Density 15@ oC kg/L 820 – 845.2 0.92 0.902 0.907 0.908
Kinematic Vis-
cosity 100@ oC

cST 1.9 – 6.0 6.39 5.58 3.601 3.557

Water Content % < 0.05 0.32 0.1 0.01 0.012
Acid Value mg/g 0.50 0.432 1.105 0.974 1.066

4. CONCLUSION

This  research aimed to provide valuable insights 
into the conversion of sunflower oil into biodiesel 
via the use of heterogeneous CaO, BaO and CaO/
BaO  catalysts.  Thus,  the  catalytic  activities  of 
three different catalysts, CaO, BaO, and CaO/BaO, 
for  the production of  biodiesel  as heterogeneous 
catalysts  were  investigated. Chicken eggshell 
waste was calcined at 1000 °C to yield a CaO cata-
lyst for the synthesis of biodiesel. The tested cata-
lysts  were  characterized by  EDXRF and IR  spec-
troscopy and then evaluated  for successful trans-
esterification with methanol. In addition, IR spec-
troscopy and HPLC were used to investigate the 
biodiesel that was produced. The influences of the 
reaction time, reaction temperature, and catalyst 
concentration on the biofuel yield were explored. 
The addition of eggshell CaO to BaO resulted in an 
increase in  yield  to  approximately 87.7% com-
pared with that of the BaO catalyst (78.38%) under 
the same experimental conditions: a reaction time 
of  4  h,  a  reaction  temperature  of  70°C,  a 
methanol-to-oil ratio of 20:1, and a catalyst loading 
of 4.6 wt%. The ability of  the  tested  catalysts to 
transcribe was in the order of BaO < CaO < CaO/
BaO. The generated biodiesel was tested against 
relevant international standards, indicating that it 
fits  certain  criteria and is therefore a biocompati-
ble  substitute  for  regular  diesel.  The  use of  dis-
carded eggshells  was one of  the key benefits of 
this  study.  Future  research  can  examine  the  ef-
fects of additional natural sources of calcium ox-
ide, such as bone and eggshells, on the transester-
ification of plant-based oils.
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Abstract: In this study, ink misting performance and print resistance properties were obtained and were 
related to varying ink formulations using combinations of special acrylic emulsions, colloidal, and water-
soluble resins. The misting and tackness performance of the two different colloids were investigated 
using an IGT TackOScope 3 SC. It was observed that acrylic colloids significantly affect the ink misting  
performance. After choosing the right colloidal resin and the optimum balance with the emulsion and 
water-soluble acrylic resin has yielded an excellent varnish that can be used in high-speed flexographic 
machines up to 700 m/min without misting. In industrial trials, 111,600 m of printing was carried out 
without misting and resolubility problems. In this paper, in addition to developing an ink that can run on 
high-speed machines, problems such as low print quality, resolubility, dry rub resistance, and tackness 
were solved and confirmed using industrial tests. From a sustainability perspective, process efficiency 
increased, and ink and paper waste minimized.

Keywords: water-based ink, printing ink, flexography, colloidal resin, misting, paper packaging.

Submitted: March 05, 2024. Accepted: February 11, 2025. 

Cite this: Uraz, C., Sönmez, Ö., Çelik, Ö. G., Uzel, C., & Şentürk, A. (2025). A Novel Water-Based Ink 
Varnish System for High-Speed Flexographic Paper Printing: Low Misting Colloid-Based Systems. Journal 
of  the  Turkish  Chemical  Society,  Section  B:  Chemical  Engineering,  8(1),  73–82. 
https://doi.org/10.58692/jotcsb.1446911

*Corresponding author. E-mail: canan.uraz@ege.edu.tr 

1. INTRODUCTION

Flexographic  printing  is  a  common  printing 
technique in the packaging industry. This  printing 
method is  characterized primarily by the flexible 
printing plate and low viscosity inks, which allows 
it  to  be  used  on  almost  any  surface  (Johnson, 
2008). Flexography has a number of advantages 
including  high  throughput,  superior  line  edge 
definition,  and  reduced  printing  plate  costs 
(Mariappan,  Kim  &  Hart,  2020). Flexographic 

printing,  which  uses  molded  rubber  stamps  to 
print  graphics,  is  now  turning  into  a  next-
generation electronics manufacturing technique for 
large-area displays and smart packaging at high 
speeds (Bhagya, Sunil, Shetty et al., 2021). 

Acrylic  resins  are  the  most  successful  of  all 
waterborne  technologies  available  and  can  be 
classified  into  four  categories,  which  are  alkali 
soluble  resins,  acrylic  emulsions,  colloidal 
emulsions  and  solutions  and  acrylic  specialty 
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polymers.  Colloidal  emulsions  are  perfect  for 
creating low-cost inks due to their high viscosity 
efficiency. Recent  developments  in  colloidal 
emulsion  technology  have  produced  goods  with 
outstanding print  quality,  superior  economics for 
ink formulation, and the ability to disperse organic 
pigments (Laden, 1997). The water-soluble resin 
is used as the water-based ink's binder, and has a 
significant  impact  on  the  viscosity,  adhesion, 
gloss,  drying  speed,  printing  adaptability,  and 
preferred conditions (Mingzhi & Oluju, 2019).

The  flexographic  printing  water-based  varnish  is 
simple to use, saves production costs, and is ideal 
for industrial use. Although solvent varnish has a 
long history of use, it can be toxic, irritating, and 
volatile, polluting the environment and putting the 
operator's health at risk. Water-based varnish is 
colorless,  odorless,  and free of  organic volatiles, 
and it offers environmental protection, safety, low 
cost,  and  a  diverse  range  of  materials.  Water-
based varnish is gradually replacing solvent-based 
varnish  as  a  new  green  printing  material. 
However, the current water-based varnish has a 
poor drying speed and is prone to process failures 
such  as  unstable  product  size  (Ito  &  Suwa-Shi, 
2018). However, today, the drying speed of water-
based  resin  systems  have  improved  to  perform 
similar drying as solvent-based inks on absorbent 
surfaces.

Flexographic printing water-based varnish can be 
prepared  by  adding  a  pure  acrylic  emulsion,  a 
styrene-acrylic emulsion and auxiliary agents such 
as defoaming agents, waterborne wetting agents, 
wax  additives,  waterborne  rheological  aid,  and 
other additives (Liu, Xie, Zhong, Fan & Qv, 2021). 
While stirring, a thickener and deionized water is 
also  added  to  adjust  the  viscosity  of  the 
flexographic  printing  water-based varnish  (Chen, 
2011).

In  water-based  ink  formulations,  choosing  the 
suitable  mix  of  polymers  is  very  important  to 
obtain  the  desired  properties.  In  the  long  print 
jobs, the resolubility property of the ink is required 
to  obtain  clean images.  A  resin  solution  can be 
added  to  the  emulsion  polymer  in  order  to 
enhance  resolubility.  While  choosing  the  acrylic 
emulsion resins, glass transition temperature (Tg) 
is  a  very  important  parameter.  When the  Tg  is 
low,  it  provides  better  film  formation,  water 
resistance,  flexibility,  and  adhesion,  whereas, 
when  the  Tg  is  high,  gloss,  hardness,  heat 
resistance,  and  drying  speed  will  be  better 
(Rentzhog & Fogden, 2006).

Jašúrek  et.  al  tested  the  misting,  which  is  the 
propensity of the ink splashing from the machine 

rollers.  This  ink  splashing  can  cause  color 
contamination  and servicing  problems.  Tack  and 
misting of  unemulsified inks and their  emulsions 
were measured using the Kershaw Tackmaster-92. 
They  found  that,  at  the  same  temperature, 
unemulsified inks  resulted in  higher  misting and 
bigger  mist  drops  when  compared  to  the 
emulsified  inks  (Jašúrek,  Vališ,  Syrový  & 
Jablonovský, 2010).

The  printing  sector  mostly  generates  paper  and 
cardboard wastes, which are among the oldest and 
most  widely  used  packaging  materials. Most  of 
these  wastes  can  be  recycled  and  used  as 
secondary  fibres  in  the  manufacturing  processes 
after being sorted, washed, and deinked. Ink is the 
second  most  waste-producing  printing  material. 
Ink wastes  form during the post-printing phase, 
but  solvent-based inks  are also hazardous during 
the printing and post-printing phases due to the 
solvents they contain by evaporating and polluting 
the air. The safest ways to handle ink waste are 
either  recycling  the  inks  or  burning  the  solvent 
they  contain.  A method  for  avoiding  waste 
however, is to modify the manufacturing process 
to prevent waste, which can be accomplished by 
using  water-based  inks  in  production  (Hayta  & 
Oktay, 2019).

The average speed of the industrial  bag printing 
machines  in  Turkey  is  almost  half  of  the  new 
generation  printing  machine  speed,  and  high-
speed  technologies  are  just  emerging.  The 
technologies  of  the  ink  companies  producing  in 
Turkey  are  suitable  for  working  at  traditional 
printing  machine  operating  conditions.  At  higher 
speeds  such  as  700  m/min,  ink  misting  occurs 
which  prevents  efficient  operation.  Water-based 
varnish technology that  can work at  700 m/min 
speed is not available in Turkey.

The aim of the study is to develop a water-based 
technology  varnish  that  can  efficiently  work  at 
high printing speed (700 m/min) with a continuous 
printing  length  of  10  reels/100,000  m,  by 
providing an optimum ink transfer, drying speed, 
and  preventing  ink  misting.  Recently  developed 
varnish systems will  not only contain the quality 
features  obtained  in  existing  systems,  but  also 
prevent machine downtimes and ink contamination 
that affects print quality because of ink misting at 
high  printing  speed.  In  this  way,  printing 
companies might be able to increase their process 
efficiency,  minimize  ink  and  paper  waste,  and 
work time loss.

2. MATERIALS AND METHODS

2.1. Chemicals 
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The chemical names and the manufacturer names 
of the components used in this study are given in 
Table 1.

Table 1. Components of water-based technology varnish.

Ingredients Manufacturer
Styrene Acrylic Emulsion Resin BASF
Styrene Acrylic Emulsion Resin BASF
Polyether Siloxane Emulsion Defoamer A Evonik

Polyether Siloxane Defoamer B Evonik
HDPE wax emulsion Keim Additec
Ethylene diamine Croda
Ammonia Coldgaz
Monoethanolamine (MEA) Ineos
Blue Color Base Sun Chemical
Water ⎯

 
2.2. Materials 
The brown and white kraft sack papers used in this 
study  were  supplied  by  Mondi  Group.  The  kraft 
sack paper, with an advantage speed of 90 g/m², 
is  an  extensible  high  porosity  paper  combining 
high  tensile  energy  absorption  (TEA),  excellent 
runnability,  and very good printability.  The main 
reason  for  choosing  this  paper  was  the  paper 
features such as, a smooth paper surface, uniform 
paper  formation,  strength,  and  stiffness;  and 
achieving a high-quality print result and allowing 
an effective operation of the high-speed machinery 
(Mondi Group, 2023).

2.3. Experimental 
For  the  preparation  of  the  varnish  samples,  an 
acrylic solid resin was dissolved in water and MEA. 
Meanwhile,  in  a  separate  beaker,  water,  acrylic 
colloidal resin, ethylene diamine, and defoamer A 
and B were mixed at 3900 rpm for 5 min and then 
the  ammonia  and  MEA  were  added  slowly  and 
mixed for 15 min to neutralize the colloidal resin. 
A  solution  of  the  acrylic  resin,  acrylic  emulsion 
resin, and HDPE wax were added and mixed for 10 
min as  the  final  stage.  Four  different  varnish 
samples  (Sample  A,  Sample  B,  Sample  C,  and 
Sample  D)  were  prepared  by  using  different 
component combinations and amounts.

For  the  ink  preparation,  varnish,  water, 
and blue color base were weighed in a beaker and 
stirred  for  1  min for  homogenization.  Four  ink 
samples  were  then  prepared  from  each  varnish 
sample. 

Misting  performance  of  the  ink  samples 
were compared using an IGT TackOScope 3 SC, at 
350 m/min, at 20℃ for 1 min, based on ASTM D 
4361-97.  Other  tests  were  conducted  using  two 
samples with a low tendency to misting.

Ink  samples  were  drawn down by 
depositing a layer of the ink and transferring to 
the surface of the substrate using the Harper QD 
Flexo Proofer, 200-lpc anilox.

Viscosity  measurements  of  two  samples 
were made with an ink viscosity in the range of 18 
– 22 sec, under flexo printing conditions. Viscosity 
of  the  varnish  and  ink  samples  were  measured 
with a DIN 53211-flow cup 4 mm, at 25℃.  The 
optimum  pH  value  of  the  water-based  inks  is 
between 8.2 – 9.5.  The pH values were measured 
with  a  Mettler  Toledo  SevenCompact  S220.  The 
friction test result value must be greater than 4, 
so  that  the  ink  applied  to  the  bags  does  not 
contaminate with friction during transportation and 
use.  Rub  resistance  of  the  ink  drawdowns  were 
checked with a Sutherland 2000 rub tester  with 
regards to ASTM D5264. 

The  friction  coefficient  value  should  be  in  the 
range of 0.2 – 0.3, in order to avoid slipping over 
each  other  and  to  prevent  tipping  during  the 
transportation  and  storage  of  the  printed  bags. 
The  Lloyd  LRX  friction  tester  described  in  ISO 
8295:1995  determined  the  kinetic  coefficient  of 
friction.  The  water  resistance  must  be  at  the 
minimum level of four against the moisture that 
may come from the product placed in the bag and 
the effect  of  water that may accumulate on the 
surface of the bag from the outside environment. 
The water resistance of the printed samples was 
controlled according to  DIN EN 646.  The water-
based inks tend to foam during printing due to air 
pressure in the pneumatic pumps and the friction 
of the machine parts. The foaming tendency of the 
inks were tested by placing a 60 cc of sample into 
a beaker,  stirring for  30 min at  3900 rpm, and 
then  pouring  the  sample  into  100  cc  graduated 
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cylinder immediately, checking the initial foam rise 
and foam level after 10 min, 20 min, and 30 min

3. RESULTS AND DISCUSSION

Initially,  four  different  recipes  were  developed 
during the study and are shown in Table 2. In this 

study, two different acrylic colloidal resins and two 
different  defoamers  were  used.  The  other 
ingredients are the same for all  recipes, but the 
amounts differ. Samples were prepared as 250  g 
for all recipes and several tests were performed.

Table 2. Details of the Recipe.

Ingredients Sample A (g) Sample B (g) Sample C (g) Sample D (g)
Water 153.50 141.00 141.50 118.75
Surface active agent 2.50 2.50 2.50 2.50
Colloidal resin 1 43.75 43.75 37.50 -
Colloidal resin 2 - - - 62.50
Defoamer 1 0.25 0.25 0.25 1.25
Defoamer 2 1.00 1.00 1.00 1.25
Neutralization agent 4.00 4.00 3.50 6.25
Emulsion resin 25.00 37.50 43.75 37.50
Acrylic solution 12.50 12.50 12.50 12.50
Polyethylene wax 7.50 7.50 7.50 7.50
Total 250 250 250 250

Since  misting  is  one  of  the  most  important 
parameters, a comparative analysis of the recipes 
was  carried  out  in  terms  of  misting  parameters 
using the IGT TackOScope 3 SC at 350 m/min, at 
20℃ for 1 min A4 size copy paper was then placed 
under the cylinders of the machine and at the end 
of the test, the ink stains were controlled on the 
paper. Results of the misting test were crucial to 
determine  the  final  recipe.  Figure  1  shows  how 
much  ink  was  splashed  onto  the  A4  size  copy 
paper. Sample A has the highest misting, followed 
by  Sample  C,  the  Reference sample,  Sample  B, 
and  lastly  Sample  D.  Based  on  these  results, 
Sample A and Sample C were eliminated.

The tack tests of Sample B and Sample D were 
performed using the IGT TackOScope 3 SC at 50 
m/min for 225 sec. According to the results shown 
in Figure 2, the Reference Sample and Sample D 
have similar tack profiles, whereas, Sample B has 
a  lower  tack  profile.  The  maximum tack  of  the 
Reference Sample, Sample B and Sample D were 
measured  as  80.39,  61.91,  and  73.00  with  the 
average tack of the samples measured as 40.34, 

27.51, and 37.57 respectively. Since the emulsion 
resin  amount  is  the  same  for  Sample  B  and 
Sample D, it is seen that colloidal resin 1 has a 
lower tackness tendency than colloidal resin 2.

The foaming test was conducted as described in 
the  experimental  part  of  this  study.  The  initial 
foam rise levels from 60 cc were observed as: 63 
cc for the Reference Sample, 83 cc for Sample B, 
and 70 cc for Sample D.  The recovery times to 60 
cc were: 8 min for the Reference Sample, and 14 
min  for  Sample  B,  and  12  min  for  Sample  D. 
Recovery time, up to 25 min, generally does not 
cause  problems  while  printing.  However,  longer 
than  25  min  may  cause  printing  problems 
especially when pneumatic pumps are used.

The coefficient of friction (COF) of the Reference 
Sample  was  0.287,  Sample  B  was  0.237,  and 
Sample D was 0.278. The coefficient of friction is 
important  for  stacking printed bags.  All  samples 
have a convenient coefficient of friction that is in 
the  range  of  0.2  –  0.3.  The  friction  coefficient 
value should be in the range of 0.2 – 0.3, in order 
to prevent slipping over each other on the stack. 
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Figure 1. Misting result of the inks.

The rub resistance test results are shown in Figure 
3. The results are evaluated on a scale of one to 
five, one being for a bad rub resistance and five is 
for a perfect rub resistance. Since there is no ink 
stain on the blank substrate, the rub resistance of 

the  Reference  Sample  was  evaluated  as  4  and 
Sample B and Sample D as 5, respectively. A rub 
resistance value greater than 4 is convenient for 
the  ink  where  it  does  not  contaminate  other 
surfaces during transportation and use.
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Figure 2. Tackness curves of reference, Sample B and Sample D.
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Figure 3. Rub resistance of Reference, Sample B and Sample D.

In  a  similar  research  about  water-based 
flexographic ink with acrylic binders, Sonmez et. al 
found that the binder type influenced some print 
qualities,  while the effect  was not significant for 
others.  One  of  the  qualities  that  was  not 
influenced  by  the  acrylic  type  was  the  rub 
resistance  (Sonmez,  Alsaid,  Pekarovicova  et  al., 
2023).

The  first  industrial  print  trial  results  of  the 
Reference Sample, Sample B, and Sample D are 
shown  in  Figure  4.  The  printing  machine  speed 

was 700 m/min and a 10,000 m length printed for 
each  formulation.  Sample  D  has  the  lowest 
misting, followed by Sample B and the Reference 
Sample. At the end of printing with the Reference 
Sample ink and Sample B ink, the accumulation of 
ink occurred in the hollow areas of the plate and 
formed residues in the form of droplets and dust, 
causing the design on the paper bag to become 
stained.  Since  Sample  D,  ink  has  the  lowest 
misting, insignificant residues formed on the plate 
and the printed bag was not contaminated.

Figure 4. (a) Plate of the reference ink, (b) plate of the Sample B ink, (c) plate of the Sample D ink.

In  the  second industrial  print  trial,  the  machine 
speed was 700 m/min and the print  length was 

calculated at  which  the  press  stopped due to  it 
reaching  a  level  that  could  affect  print  quality. 
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Images  of  the  clean  photopolymer  plate,  dirty 
photopolymer  plate  after  misting  started  and 
printed samples with the ink marks are shown in 
Figure 5. After the photopolymer plate shown in 
Figure 5(a) is used in the printing job, ink residues 
formed  because  of  misting  are  collected  in  the 

hollow parts of the photopolymer plate as shown 
in Figure 5(b). When these formations accumulate 
more than the printing level of the photopolymer 
plate, they cause contamination in the final print. 
As seen in Figure 5(c), dot print impurities have 
formed in the white area that should be blank.

Figure 5. (Left) photopolymer plate before print, (middle) photopolymer plate after misting starts, 
(right) ink marks on the print after misting.

In  Table  3,  the  approximate  print  length  of  the 
misting started, the total print length at which the 
print  cannot  be  continued,  and  the  number  of 
printed reels are given. With the Reference Sample 
ink, 43,000 m printed; with Sample B ink, 75,000 

m,  and  with  Sample  D  ink  88,000  m  printed 
without misting.  Sample D has the highest total 
print length, whereas, the Reference Sample ink 
has the lowest.

Table 3. Industrial print trial results.

Print length that ink 
misting started (m)

Total print 
length (m)

Number of 
printed reels

Reference ⁓43,000 62,000 5
Sample B ⁓75,000 99,200 8
Sample D ⁓88,000 111,600 9

The water resistance of the printed samples were 
tested in accordance with EN 646:2020 procedure 
C, short time contact. The test pieces were cut to 
a 50 mm x 20 mm dimension and the 60 mm x 90 
mm glass fiber papers were immersed in deionized 
water. The glass fiber paper was then placed onto 
a 60 mm x 90 mm glass plate, and a test piece 
was  put  onto  the  fiber  paper  and  covered  with 
another  glass  fiber  paper.  A  second  glass  plate 

was  covered on a  second glass  fiber  paper  and 
loaded with a mass of 1 kg for 10  min at (23 ± 
2)°C.  After  10  min,  the  glass  fiber  filter  papers 
were checked to see whether there were any ink 
stains  stained  on  them.  The  evaluation  scale  is 
from  one  to  five,  one  is  for  too  bad  water 
resistance and five is for perfect water resistance. 
All of the samples were graded as 5 since there is 
no ink stain on the papers (Figure 6).

Figure 6. (a) Water resistance test results of the reference ink, (b) Sample B ink, (c) Sample D ink.

The wash up performances of the inks were tested 
after the application with an anilox roller side by 
side, allowing for 1-min drying.  After 1 min, the 
anilox rollers were washed with water, and all of 

the inks were removed easily both on the anilox 
cylinder and rubber part (Figure 7). A good wash 
up performance is  important  for  the cleaning of 
anilox rollers and plates on the printing machines. 
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If the wash up of the ink is not good, it causes clogging on the anilox rollers, and the amount of 
transferred ink is reduced.

Figure 7.  Wash-up control results of the anilox rollers, (a) reference and (b) Sample B are on the left-
hand side, (c) reference and (d) Sample D are on the right-hand side.

3. CONCLUSION

In  this  work,  a  new  generation  of  water-based 
technology varnish that can be run on high-speed 
printing  machines,  was  designed  using  a 
combination  of  acrylic  colloidal  resin  and  acrylic 
emulsion resin. Sample B and Sample D showed 
low misting and Sample A and Sample C showed 
high misting, which was investigated using an IGT 
TackOScope  3  SC.  In  addition  to  the  misting 
performance, the tests continued with the Sample 
B  and  D,  whose  tack  level  was  close  to  the 
Reference Sample. In the foaming test, Sample B 
and D showed a higher foaming tendency than the 
Reference  Sample,  the  foam  disappeared  below 
the 25 min recovery time. Sample B and Sample D 
showed  good  wash-up  performance  and  did  not 
cause any clogging on the rubbers and aniloxes 
rollers. The water resistance, rub resistance, and 
COF measurements were found to be similar to the 
Reference  Sample.  Two  different  industrial  trials 
were made, one with a fixed print length and the 
second print length up to a high misting level. The 
accumulation on the photopolymer was controlled 
at  the  end  of  the  first  trial,  Sample  D  showed 
minimal misting, while the Reference Sample and 
Sample B showed a similar misting tendency. The 
print length of the second trial was calculated, the 
Reference  Sample  ink  was  run  for  a  43,000  m 
print, and Sample B ink was run for a 75,000 m 
print. Sample D ink was run for an 88,000 m print 
without misting,  in total  111,600 m was printed 
with minimal misting that did not affect the print 
quality. According to the results obtained from the 
tests,  Sample  D  showed  the  best  overall 
performance and it could be a guide to the design 
of inks to be used in machines capable of printing 
at speeds higher than 700 m/min in the future.
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Abstract:  This research,  which explores the potential  of  activated carbon-supported co-impregnated
metal catalysts, has the potential to significantly contribute to the field of energy systems engineering
and the future of biodiesel  production. In this study, spruce sawdust was used to produce activated
carbon. A single-step method was applied for carbonization and activation. Spruce:KOH was adjusted as
1:2 and carbonized at 800 °C for 1 hour under nitrogen gas flow. The metal pairs were prepared with a
1:1  mass  ratio  for  each metal.  Then,  10% (w/w)  metal  pairs  such  as  Cu-Fe,  Fe-Zn,  and Cu-Zn are
impregnated on activated carbon.  The catalysts were calcinated at 550 °C for 3 hours under a nitrogen
atmosphere. Various characterization techniques, such as BET, SEM-EDS, and XRD analysis, were used to
analyze the activity of these heterogeneous catalysts. The catalyst loading was 5% of the oil weight, the
molar ratio of alcohol to oil was 19:1, the reaction temperature was 65 °C, and the reaction time was 3
hours in the esterification reaction of sunflower. According to the results, all metal pairs obtain similar FT-
IR results. The biodiesel yields for Fe-Zn/AC, Cu-Zn/AC, and Cu-Fe/AC were calculated as 74.67%, 89.02%,
and 68.16%, respectively. 
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1. INTRODUCTION

Due  to  rapid  population  growth  and
industrialization,  global  energy  consumption
increases  daily,  creating  a  critical  energy  crisis
(Gupta & Rathod, 2019; Oyekunle et al.,  2023a).
Although fossil fuels now lead the energy industry,
the trend towards biofuels is growing  due to the
depletion  of  fossil  fuel  sources  and  the  adverse
environmental  effects  (Karabulut  et  al.,  2023;
Monika et al.,  2023;  Thapa et al.,  2018). On the
other  hand,  the  promotion  of  alternative  energy
sources has significantly increased over the past
few decades due to growing political and societal
awareness  of  environmental  preservation  and
energy security.  Governments,  as key players  in
this  transition,  are  actively  promoting  and
investing  in  sustainable  energy  production  by
using  biofuels  instead  of  fossil  fuels,  providing
reassurance and confidence in the future of energy
(Chong et al., 2021; Kazıcı et al., 2021). 

One  of  the  most  significant  biofuels,  and  one
whose  significance  is  growing  daily,  is  biodiesel
(Asghari et al., 2022; Monika et al., 2023; Pacheco
et al.,  2022).  Biodiesel  is  a  cleaner-burning,  less
toxic alternative to petroleum diesel  that can be
used in diesel  engines either in its pure form or
blended with petroleum diesel  (Du et  al.,  2018).
Because of its greater flash point, biodiesel is more
suited for handling and transportation. Moreover,
compared  to  petroleum  diesel,  it  has  a  better
combustion  emission  profile  with  reduced
emissions of carbon monoxide, particulate matter,
and  unburned  hydrocarbons  (Patle  et  al.,  2014).
Several  techniques,  such  as  micro-emulsion,
pyrolysis,  transesterification,  and  in-situ
transesterification,  can  be  used  to  produce
biodiesel  (Ahmed et al., 2023).  Transesterification
is the process of dispersing triglyceride and alcohol
molecules,  usually  methanol,  to  replace  the
glycerol component with the alkyl group from the
alcohol  (Asghari  et  al.,  2022). Animal  fats  and a
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variety  of  vegetable  oils  can  be  used  as  raw
materials (Li & Liang, 2017; Wahyono et al., 2022).
One  of  the  most  critical  factors  for  the
transesterification reaction to proceed is  catalyst
addition.  In  the  transesterification  process,  both
homogeneous  and  heterogeneous  catalysts  are
used. (Ahmed et al., 2023).

Typically,  homogeneous  catalysts  used  in  oil
transesterification  include  strong  acids,  strong
bases,  and  free  enzymes,  such  as  KOH,  NaOH,
concentrated  H₂SO₄,  benzenesulfonic  acid,
CH₃ONa,  organic  amines,  and  microbial  lipases
(Xie  &  Li,  2023).  These  catalysts  were  selected
because of  their catalytic efficiency and capacity
to operate in mild conditions (Angulo et al., 2020;
Atadashi  et  al.,  2013). Disadvantages  of  the
homogeneous  catalyst  include  the  difficulties  in
catalyst separation, soap formation, and the use of
low-free fatty acid oil  (Munyentwali et al., 2022).
Due  to  their  reusability,  simplicity  in  separation
from products, and high economic efficiency, the
use  of  heterogeneous  catalysts  is  increasing
(Fonseca  et  al.,  2019;  Jayakumar  et  al.,  2021;
Onat, Ahmet Celik, et al., 2024). The process can
be  run  continuously  because  heterogeneous
catalysts  are  simple  to  remove,  recycle,  and
regenerate from the reaction.   Additionally,  they
reduce  the  waste  materials  disposed  of,  avoid
separation  issues,  and  prevent  soap  formation.
Heterogeneous  catalysts  have  a  longer  lifespan,
are  non-corrosive,  and  are  favorable  to  the
environment (Dahdah et al., 2020; Oyekunle et al.,
2023a;  Tshizanga  et  al.,  2017).  Additionally,
heterogeneous catalysts had a higher tolerance of
free-fatty acid ratio and water content in  the oil
(Mandari  &  Devarai,  2022). Heterogeneous
catalysts also have some drawbacks compared to
homogeneous  catalysts,  including  lower
selectivity, internal mass transfer limitations, more
district operation parameters, faster deactivation,
longer  reaction  time,  and  the  existence  of  big
grains of catalyst  (Fonseca et al., 2019; Mbaraka
& Shanks, 2006; Naeem et al., 2021; Oyekunle et
al.,  2023a;  Pandya  et  al.,  2022;  Semwal  et  al.,
2011). Therefore,  it's  critical  to  create  a  stable
solid catalyst  and increase the stability of  active
species.  Furthermore,  the  kind  of  oil  feedstock
used,  operating  parameters  of  the
transesterification  process,  and  the  catalyst's
active site availability  all  affect a heterogeneous
catalyst's  efficiency.  The  important  parameters,
including catalyst loading ratio, the porosity of the
catalyst, the specific surface area of the catalyst,
dimensions  and  particle  size  of  the  catalyst,
calcination  temperature  and  time,  reaction  time
and temperatures, blending ratio, and alcohol: oil
molar ratios, have a main impact on the yield and
quality  of  the  biodiesel  (Ekinci  &  Onat,  2024;
Osman et al., 2023; Oyekunle et al., 2023b). Metal
hydroxides,  metal  complexes,  metal  oxides,
zeolites, hydrotalcite, and supported catalysts are
types of  heterogeneous catalysts  (Demirci  et al.,
2023; Şahin et al., 2020; Semwal et al., 2011). In
addition,  supported  material  is  important  for

heterogeneous catalysts.  On the other hand, the
support materials offer a uniform dispersion across
a  greater  surface  area,  even  as  they  boost  the
stability  of  the  catalysts.  Between  the  support
material  and  the  active  catalyst,  there  are
adhesion  contacts,  van  der  Waals  interactions,
electron transfers, and distinct interphase surface
structures (Hagen, 2005; Meşe et al., 2018; Onat,
İzgi, et al., 2024). Support materials include a wide
range of substances, including polymers, zeolites,
graphene  oxide,  activated  carbon,  silica,  and
alumina (Abbas, 2023; Hoang et al., 2020; Onat et
al., 2024; van Deelen et al., 2019).

Szkudlarek  et  al.  performed  5%Cu–1%Ru/BEA
catalyst  for  biodiesel  production.  Reaction
temperature, reaction time, methanol:oil ratio, and
catalyst loading were chosen as 220 °C, 2 h, 9:1,
and  5%,  respectively.  The  maximum  biodiesel
yield was 85.1% in these conditions (Szkudlarek et
al.,  2024). Farokhi  and  Saidi  tried  NiZnFe2O4,
CoZnFe2O4,  and  CuZnFe2O4  catalysts  to  produce
biodiesel from neem oil. According to their results
maximum biodiesel yields were found 99.29% for
NiZnFe2O4 catalyst (52.5 min, 16,5:1 methanol:oil
ratio, 4% of catalyst loading, and 78 °C), 93% for
CoZnFe2O4 catalyst (61.7 min, 19,9:1 methanol:oil
ratio,  4,5%  of  catalyst  loading,  and  78°C),  and
90.86% for CuZnFe2O4  catalysts (59.6 min, 21,7:1
methanol:oil  ratio,  4,1% of  catalyst  loading,  and
80°C)  (Farokhi  &  Saidi,  2022).  Kwong  and  Yung
studied  Ca  and  Fe  catalysts  for  biodiesel
production.  The  highest  conversion  yield  was
calculated as 99.5% for Ca/Fe catalyst at 1 hour
reaction time, 120 °C, 20:1 of methanol:oil  ratio,
and 6% of catalyst loading (Kwong & Yung, 2015).
Duan et al. used insect lipids to produce biodiesel.
Ce-Cr/Zn  catalyst  was  used  in  their  study.  The
highest biodiesel conversion was found as 92.06%
at  65  °C,  2.5%  of  catalyst  loading,  10:1  of
methanol  to  lipid  ratio,  and  8  hours  of  reaction
time (Duan et al., 2024).

In this study, metal  pairs, such as Cu-Fe,  Cu-Zn,
and  Fe-Zn,  were  co-impregnated  on  activated
carbon  to  produce  biodiesel  from  sunflower  oil.
Sunflower oil, being an edible oil, offers consistent
chemical  composition  and  quality,  which  is
essential for evaluating the catalytic performance
of newly developed metallic catalysts. Waste oils
often vary significantly in their composition due to
contaminants,  degradation  products,  and
impurities,  which  could  introduce  variability  and
affect  the  interpretation  of  the  catalytic
performance. This work explores the development
and  use  of  co-impregnated  metal  catalysts
supported  by  activated  carbon  for  biodiesel
synthesis, employing a novel combination of metal
pairs and the supported material for the first time
in the literature. The study uses activated carbon
made from spruce sawdust, produced by a single
carbonization and activation phase, as a support
material  for metal couples such as Cu-Fe, Fe-Zn,
and Cu-Zn. In the esterification of sunflower oil, the
study  looks  at  these  metal  pairings'  catalytic

84



6orand, M. N., Karakurt Çevik, B., Bayrakdar Ateş, E. JOTCSB. (2025), 8(1), 83-96. RESEARCH ARTICLE

effectiveness  for  particular  reaction  parameters,
such as a 19:1 molar ratio of alcohol to oil, 65 °C
temperature,  and  5%  catalyst  loading.  Biodiesel
yields  are  utilized  to  gauge  performance,  and
characterization methods, including BET, SEM-EDS,
and  XRD,  are  used  to  examine  the  catalysts'
chemical and physical characteristics. The results
of  this  study  provide  fresh  information  on  the
complementary  effects  of  these  co-impregnated
metals, which are used in combination for the first
time in the synthesis of biodiesel.

2. EXPERIMENTAL SECTION

2.1. Materials
Potassium hydroxide (KOH) and hydrochloric acid
(HCl)  were  purchased  from  Merck,  methanol
(CH3OH)  and  zinc  nitrate  hexahydrate
(Zn(NO3)2.6H2O)  were  purchased  from  Sigma-
Aldrich,  copper nitrate trihydrate (Cu(NO3)2.3H2O)
and  iron(III)  nitrate  nonahydrate  (Fe(NO3)3.9H2O)
were purchased from Zag Chemicals. All chemicals
were used directly without any further purification,
except  for  the  spruce-derived  activated  carbon,
which was activated before use.

2.2. Catalyst Preparation
Woody-based  activated  carbon  was  used  as
support  material  for  bimetallic  catalysts.  Spruce
wood  sawdust  was  used  as  feedstock.  Spruce
sawdust  was  sieved  through  a  60-mesh  screen
(250 μm). The particles smaller than 60 mesh were
used  in  the  experiment.  After  sieving,  spruce
sawdust was dried in the oven at 104 °C for 24 h.
KOH was used as an activation agent to prepare
activated  carbon.  KOH  was  first  dissolved  in
deionized  water  and  mixed  with  spruce  wood
sawdust  (2:1,  weight  ratio)  for  24  hours  and
constant stirring. The mixture was then placed in
an oven for 24 hours to remove the water.  After
drying, the mixture was subjected to calcination in
a  tubular  furnace  at  800  °C  for  1  hour  under
nitrogen atmosphere to  expand the pore size  of
the activated carbon. The heating rate was set as
10°C/min. After calcination in the tubular furnace,
the activated carbon was washed with 0.5 M HCl to
remove  any  residual  KOH  and  then  rinsed  with
deionized  water  until  the  pH  reached  7.  The
cleaned activated carbon was  then placed in  an
oven and dried for 24 hours. The activated support
material in this study is called AC.

Co-impregnation  method  was  used  for  catalyst
synthesis.  Zn(NO3)2.6H2O,  Cu(NO3)2.3H2O,  and
Fe(NO3)3.9H2O were  used,  and  the  metal  nitrate
ratio was set as 50/50 (w/w) for each metal pair.
First,  two  metal  nitrates  were  dissolved  in
deionized water to a final concentration of 0.1 M.
AC  was  added  to  this  solution,  with  the  metal
nitrate to AC mass ratio set at 10%. The mixture
was stirred with a magnetic stirrer for 24 hours at
room temperature. Then, the solution was kept in
an oven at 104 °C for 24 hours to evaporate the
water.  The  dried  catalyst  was  calcinated  in  a
tubular  furnace  at  550  °C  for  3  hours  under

nitrogen  atmosphere,  with  a  heating  rate  of  10
°C/min. After calcination, three different bimetallic
catalysts  were  obtained.  These  catalysts  were
named as Cu-Fe/AC, Cu-Zn/AC, and Fe-Zn/AC. 

2.3. Catalyst Characterization
To determine catalyst characterization, elemental
analysis,  Brunauer-Emmett-Teller  (BET)  analysis,
scanning  electron  microscopy  (SEM)  and  energy
dispersive  X-ray  spectroscopy  (EDS),  Fourier
Transform  Infrared  (FTIR),  and  X-Ray  diffraction
analysis  (XRD)  were  applied.  Dry  sample
composition  was  determined  using  an  elemental
analyzer  (LECO  CHNS-932,  LECO,  USA)  to
determine  the  contents  of  C,  H,  N,  and  S.  The
Quantachrome-Autosorb  iQ  BET  analyzer  (Anton
Paar,  Austria)  was  used  to  measure  the  surface
area  and  pore  structure  properties  of  activated
carbons at 77 K in the relative pressure range of
0.001 to 0.99. The samples were degassed at 180
oC for 24 hours prior to analysis. Fourier Transform
Infrared (FTIR) spectra of catalysts were acquired
by  combining  a  universal  attenuated  total
reflectance  (ATR)  sampling  equipment  with  a
diamond  crystal  with  an  FTIR  analyzer  (Perkin
Elmer,  USA).  The  400–4000  cm–1 region  of  the
spectra was collected at a resolution of 4 cm–1. The
surface morphologies of catalysts were examined
using  a  scanning  electron  microscope  (SEM)
manufactured by Inspect S50 FEI Inc (USA). Using
an X-ray diffractometer  (Rigaku Smartlab,  Japan)
operating at 40 kV and 30 mA, with a scan range
of 10 to 80 °C, a step width of 0.02 °C, and a scan
speed of 3.035 °C/min, the X-ray diffraction (XRD)
patterns of catalysts were obtained.

2.4. Transesterification of Oil
The  transesterification  reaction  of  sunflower  oil
and methanol was carried out in a 500-mL, three-
neck,  round-bottom flask  equipped with  a  reflux
condenser.  The  catalyst  dosage  was  5%  of  the
weight  of  the  oil,  and  the  molar  ratio  of  the
methanol to oil was 19:1. The reaction was carried
out at 65°C for 180 minutes. After completion, the
catalyst was separated by filtration. The remaining
liquid  product,  containing  biodiesel  and glycerol,
was transferred to a separatory funnel to separate
the glycerol phase at the bottom. The upper layer,
biodiesel, was then rinsed in a beaker and heated
at 90 °C to remove residual methanol.

The  biodiesel  yield  was  calculated  using  the
equation below.
% Yield = Mbiodiesel/Moil x 100
In  this  equation,  Mbiodiesel and  Moil were  produced
biodiesel  and  the  weight  of  oil  used  in  the
experiment, respectively.
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3. RESULTS AND DISCUSSION

3.1. Characterization of Catalysts
3.1.1. Elemental Analysis
Elemental  analysis  was  done  to  find  out  the
content of C, H, N, and S elements in the sample.
The amount of oxygen in the sample is found by
subtracting the total  of  C,  H,  N,  and S  obtained
from the elemental  analysis from 100. According
to elemental analysis, the spruce sawdust includes
47.59% of C, 3.50% of H, 0.00% of N, 0.00% of S,
and  47.51%  of  O.  After  activation  and
carbonization  of  spruce  sawdust,  AC  includes
92.85% of C and 7.15% of O. 

3.1.2. BET analysis
Based  on  gas  adsorption  measurements,  BET
theory  can  be  used  to  calculate  the  specific

surface area of  solid  materials.  This  method can
analyze a wide range of solid matrices, including
catalyst  powders  and  monolithic  materials.  BET
analysis  evaluates  both  the  surface  areas  of
catalysts and the dimensions of their  pores. BET
analysis  was  done  in  Autosorb iQ  Station  1,  the
bath temperature is 77.35 K using 6 mm w/o rod
cell type, with a relative pressure range of 0.001
and  0.99.  It  was  performed  after  12  hours  of
nitrogen  desorption.  The  results,  including  the
catalyst pore sizes, are detailed in Table 1.

Table 1: BET analysis results of AC and metal pairs impregnated AC.

Surface
Area(m²/g)

Average
pore Radius

(Å)
Total pore

volume (cm3/g)
Micropore

volume (cm3/g)
Micropore
area (m2/g)

AC 1231.97 955.24 588.40 0.47 1113.77
Cu-Fe/AC 1269.48 937.57 595.10 0.50 1165.72
Cu-Zn/AC 1191.00 935.25 556.90 0.47 1095.76
Fe-Zn/AC 1178.59 939.51 553.70 0.46 1081.00

The analyses  showed that  the  surface  area  and
pore  diameter  were  similar.  This  outcome  is
expected, as both increases during the activated
carbon  production  from  spruce  sawdust.
Subsequent metal adsorption is not anticipated to
alter the pore diameter significantly. Cu-Zn/AC and
Fe-Zn/AC  slightly  decreased  the  surface  area,
while  Cu-Fe/AC slightly  increased.  Im et  al.  tried
Cu-Fe, Cu-Ni, and Cu-Co on Al2O3 support, and the
specific  surface  areas  were  found  to  be  141.3
m2/g,  136.1  m2/g,  and  133.2  m2/g.  The  highest
specific surface area was Cu-Fe/ Al2O3 (Im et al.,
2024).  Alotaibi  made  a  green  synthesis
Cu-Zn/zeolite catalyst in their study. Adding Cu-Zn
metals  to  the  bare  zeolite  support's  surface

significantly decreased the surface area from 252
to 165 m2/g (Alotaibi, 2023). One possible cause of
the  decreased  BET  surface  area  might  be  the
metals  that  have  been  deposited,  blocking  the
pores in the activated carbon or accumulating on
the support surface (S. Wang et al., 2023).

3.1.3. Scanning Electron Microscopy coupled with 
Energy Dispersion Spectroscopy (SEM-EDS) 
analysis 
SEM-EDS  analysis  observes  the  structure  of
catalysts  and  the  metals  attached  to  them.  The
EDS  analysis  of  activated  carbon  without  metal
loading is shown below.
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Figure 1: SEM-EDS analysis of AC.

Figure 1 shows the SEM-EDS analysis of activated
carbon. No metal was detected as expected. Only
carbon and oxygen content were considered. The

analysis showed that the activated carbon consists
of 93% carbon and 7% oxygen.

 
Figure 2: SEM-EDS analysis of Cu-Fe/AC.

Figure 3: SEM-EDS analysis of Cu-Zn/AC.

87



6orand, M. N., Karakurt Çevik, B., Bayrakdar Ateş, E. JOTCSB. (2025), 8(1), 83-96. RESEARCH ARTICLE

Figure 4: SEM-EDS analysis of Fe-Zn/AC.

Table 2: EDS result of Cu-Fe/AC, Cu-Zn/AC, and Fe-Zn/AC catalyst.

Catalyst Cu (%) Zn (%) Fe(%)
Cu-Fe/AC 66.6 33.4
Cu-Fe/AC 77.7 22.3
Cu-Fe/AC 71.4 28.6
Cu-Zn/AC 44.7 55.3
Cu-Zn/AC 49.9 50.1
Cu-Zn/AC 42.9 57.1
Fe-Zn/AC 58.6 41.4
Fe-Zn/AC 58.5 41.5
Fe-Zn/AC 56.6 43.4

Figures  2,  3,  and 4  illustrate  the average  metal
retention  levels  determined  by  the  SEM-EDS
method.  The  retention  rates  for  the  Cu-Fe/AC
catalyst do not appear to be very balanced, with
copper  retention  rates  ranging  from  66.6%  to
77.7%.  Meanwhile,  iron  retention  ranges  from
33.4%  to  22.3%.  Given  that  equal  amounts  of
metal  are  loaded during catalyst  production,  the
catalyst retains less iron relative to copper. SEM-
EDS analysis of Cu-Zn/AC shows that the copper-
zinc retention ratio is more evenly distributed than
the  iron-copper  retention  rate.  Copper  retention
ranges from approximately 50.1% to 57.1%, while
zinc  retention ranges from 49.9% to 42.9%. The
graphs  show  that  the  smoother  distribution  is
achieved  by  absorbing  copper  and  zinc  into
activated carbon. The Fe-Zn/AC SEM-EDS analysis
yielded  consistent  results.  The  zinc  retention
ranges  between  56.6%  and  58.6%,  while  iron
retention ranges between 43.4% and 41.4%. These
results indicate that activated carbon retains less
iron  than  zinc  and  copper.  Bimetallic  catalysts
cannot have homogeneous metal contents, which
may  be  caused  by  the  two  metals'  competing

adsorption  during  the  adsorption  impregnation
process (Üçer et al., 2006).

SEM  images  present  that  activated  carbon  are
irregular structures with high roughness and have
visible  holes  and  cracks,  which  increase  specific
surface  area  and  pore  volume  (Bakather,  2024;
Phiri et al., 2023). Dark and white sides explained
the presence of the active sites in the catalyst (Q.
Wang  et  al.,  2023). When  we  compare  the
catalysts,  the  Cu-Fe/AC  and  Fe-Zn/AC  catalysts
show more cracks and holes, while the Cu-Zn/AC
catalyst has less visible. This also explains why the
surface  area  of  the  Cu-Zn/AC  catalyst  appears
lower in the BET results.

3.1.4. X-ray diffraction (XRD) analysis 
X-ray  diffraction  (XRD)  patterns  of  activated
carbon were obtained using a Rigaku Smartlab X-
ray diffractometer which operates at 40 kV and 30
mA. The device has a scanning range of 10 to 80°,
a  width  of  0.02°,  and  a  scanning  speed  of
3.035°/min.
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Figure 5: SEM image of catalyst (2500x).

Figure  6  presents  the  XRD  results  for  both
unloaded AC and metal pairs loaded ACs. Products
made  from  activated  carbon  are  mostly
amorphous,  while  some  crystalline  material  is
present.  The  prominent  XRD  peaks  at
approximately 26° and 44° indicate an amorphous
structure  composed  of  simultaneously  arranged,
aromatic graphene-like sheets (Mallick et al., 2020;
Mopoung  &  Dejang,  2021).  Exhibited  phases  of
CuO at  2θ  values  of  32.7°,  35.8°,  38.9°,  46.1°,
48.9°, 53.4°, 58.7°, 61.3°, 66.4° and 68.0° (JCPDS
card no. #45–0937) (Bienholz et al., 2010; Charate
et al., 2021) and ZnO at 2θ values of 31.9°, 34.1°,

36.7°,  47.7°,  56.5°,  62.4°,  66.59°,  68.3°  and
68.92° (JCPDS card No. #36–1451) (Bel Hadj Tahar
et al., 2008; Skuhrovcová et al., 2019). According
to  standard  JCPDS  card  No.  #22-1012,  the
diffraction peaks at  2θ values of  29.95°,  35.30°,
36.98°, 42.82°, 53.21°, 56.64°, 62.27° and 73.63°
can be present to a cubic phase of spinel ZnFe2O4
(Iza  et  al.,  2020).  For  CuFe2O4,  the  diffraction
angles  (2θ)  18.61,  30.17,  36.15,  39.01,  44.02,
54.22, and 62.39 complied with the characteristic
data  of  JCPDS  card  no#034-0425  (Maleki  et  al.,
2019).  
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Figure 6: XRD results of catalyst.

3.2. Characterization of Biodiesel
3.2.1. FTIR results
The  percentage  of  biodiesel  in  the  sunflower oil
transesterification  reaction has  been  determined
using  the  FTIR  method.  Samples  were  analyzed
using Infrared mid-range in the region extending
from 650-4000 cm-1, which covers the absorption
bands  characteristic  of  biodiesel  (methyl  ester)
and sunflower oil (Foroutan et al., 2022; Santiago-
Torres  et  al.,  2014). FTIR  results  are  shown  in
Figure 7. 

At approximately 3330 cm−1, a wide vibration band
declares  that  this  structure  includes  O-H  bonds
that  correspond  to  the  presence  of  methanol
(Santiago-Torres et al., 2014). The 3004, 2926, and
2853 cm−1 peaks show carboxylic acid compounds.
The firm ester peaks of FTIR are around 1745 cm-1

(C=O  bonds)  and  1163-1281  cm-1 (C-O  bonds)
(Lima  et  al.,  2022;  Onat  &  Ekinci,  2024).The

presence of these peaks confirms the occurrence
of  a  transesterification  reaction  and  biodiesel
production. The peak at 1015 cm⁻¹, which is not
present  in  sunflower  oil,  also  confirms  biodiesel
production  from  sunflower  oil.  The  green  line
indicates  the  FTIR  results  of  sunflower  biodiesel
from the  KOH catalyst.  The  biodiesel  production
parameters  are  %3  of  catalyst  loading,  5:1  of
methanol:oil ratio, 65 °C of reaction temperature,
and  90  min  of  reaction  time.  The  reaction
parameters are standard biodiesel production from
homogeneous basic catalysts. Biodiesel production
from these four catalysts seems to be similar. This
indicates that the quality of the produced biodiesel
is  consistent  across  all  these  catalysts  and  this
shows that the biodiesels produced with metallic
catalysts are very similar in bond structure to the
biodiesels  produced  with  homogeneous  basic
catalysts.
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Figure 7: FTIR results of biodiesel from Cu-Fe/AC, Fe-Zn/AC, Cu-Zn/AC, and KOH catalysts.

3.3. Yield of Biodiesel
Biodiesel conversion yields are determined based
on the ratio of biodiesel to oil used. In this respect,
the  biodiesel  conversion  rates  for  Fe-Zn/AC,  Cu-

Zn/AC, and Cu-Fe/AC were calculated at 74.67%,
89.02%,  and  68.16%,  respectively.  The  Cu-Zn
metal pair achieves the highest conversion.

Table 3: Comparison of the biodiesel yield from sunflower oil with other literature studies.

Catalyst
Type

Catalyst
Ratio

Methanol:Oil
Molar Ratio 

Time
(h)

Temp
(°C)

Biodiesel
Yield (%)

Reference

Ca–Mg–Al 2.5 15:1 6 60 95.00 (Dahdah et al.,
2020)

CaO 3 13:1 1.66 60 94.00 (Granados et
al., 2007)

K2CO3/alumina–silica 2 15:1 0.33 120 97.00 (Lukić et al.,
2009)

Waste
chalk/CoFe2O4/K2CO3

2.65 15.2 2.95 80 99.27 (Foroutan et al.,
2022)

MgO-La2O3 3 18:1 5 60 97.70 (Feyzi et al.,
2017)

CaO derived from
sugar industry waste

catalyst

5 15:1 2 60 87.64 (Bedir & Doğan,
2021)

Ca/Chicken eggshell 9 15:1 8 65 80.20 (Farooq et al.,
2015)

Fe-Zn/AC 5 19:1 3 65 74.67    This study
Cu-Zn/AC 5 19:1 3 65 89.02 This study
Cu-Fe/AC 5 19:1 3 65 68.16 This study

The results show that the Cu-Zn/AC catalyst yields
are consistent with literature values, whereas the
other two are not. To improve conversion yields,
different  working  conditions  must  be  tested.  As

seen from the results of the SEM-EDS analysis of
Cu-Zn/AC,  a  homogeneous  distribution  of  the
copper-zinc  retention  ratio  and  a  more
homogeneous  structure  compared  to  other
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catalyst  types  effectively  increased  catalytic
activity.

4. CONCLUSION

As a result,  this study produces biomass-derived
activated carbon and loads it with metal pairs to
use as biodiesel conversion catalysts. Cu, Zn, and
Fe  were  used  as  metals.  The  innovative  use  of
spruce  sawdust-derived  activated  carbon  as  a
support for metal pairs such as Cu-Fe, Fe-Zn, and
Cu-Zn marks a novel contribution to the literature.
The  results  indicate  that  while  activated  carbon
formation  increased  the  surface  area  and  pore
diameter, metal impregnation did not significantly
impact  these  properties.  SEM  and  EDS  analysis
show  that  the  metal  pair  Cu-Zn  has  the  best
distribution  over  activated  carbon.  A  notable
observation  is  the  low  iron  retention  across  the
catalysts; Fe, when paired with Cu or Zn, is less
effectively retained on the activated carbon than
expected. This suggests an uneven distribution of
metals  in  the  activated  carbon.  The  highest
biodiesel conversion was achieved with the Cu-Zn
metal  pair,  reaching  89.02%,  due  to  the  nearly
uniform  distribution  of  copper  and  zinc  on  the
surface. In contrast, the Cu-Fe metal pair yielded
the lowest  conversion rate  at  68.16%. Based on
these results, the effectiveness of the metal pairs
in biodiesel conversion can be ranked as Cu-Zn >
Fe-Zn  >  Fe-Cu.  Despite  variations  in  conversion
yields,  the  biodiesel  content  remains  consistent,
indicating  that  all  catalysts  are  effective  for
biodiesel production.
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Potential of Waste Toner Powder for Sustainable Energy Production:
An Assessment of Its Suitability for Bio-Briquette Applications
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Abstract: This study investigates the feasibility of utilizing waste toner powder (WTP) in the energy
sector, focusing on its application in bio-briquette production. The research comprised two main phases:
the characterization of WTP’s structural, morphological, and fuel properties, followed by an evaluation of
its potential as a biofuel component in direct combustion processes. WTP samples were collected from a
recycling facility specifically established for toner cartridge recycling in the Elazığ Organized Industrial
Zone.  These  samples  were  stored  under  appropriate  conditions  and  analyzed  using  advanced
techniques.  The  structural  and  morphological  properties  were  examined  using  FTIR,  SEM-EDX,  and
particle size distribution analyses. Particle size measurements revealed average diameters of 182.6 nm
in toluene and 308.4 nm in benzene, with toluene providing a narrower and more uniform distribution.
Fuel properties were assessed through proximate and ultimate analyses. The results indicated that WTP
contains 88.38% volatile matter, 4.91% ash, and 2.67% moisture, with a higher heating value (HHV) of
35.56 MJ/kg. The ultimate analysis highlighted a significant carbon content (32.12%) and low nitrogen
levels (1.98%), reinforcing its potential as a fuel. WTP’s dispersion behavior was also evaluated in both
media, confirming better stability in toluene. These findings demonstrate that WTP possesses favorable
fuel properties, such as a high calorific value and strong binding capabilities, making it a promising raw
material for bio-briquette production when mixed with powdered biomass waste sources like furniture
factory waste. Producing biofuel pellets with WTP could enhance energy efficiency, reduce emissions,
and improve transport and storage convenience. Utilizing WTP as an energy source not only provides a
high-value solution for waste management but also supports environmental sustainability and landfill
preservation.
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1. INTRODUCTION

The  demand  for  electrical  and  electronic
equipment (EEE) has been rapidly increasing due
to  urbanization,  industrialization,  and  population
growth.  Devices  such  as  refrigerators,  air
conditioners,  computers,  printers,  and  cartridges
have  become  integral  to  daily  life  and  play  a
significant  role  in  the  global  economy  (Cui  and
Forssberg, 2003). However, the widespread use of
EEEs has led to a surge in e-waste, which contains

both  environmentally  harmful  and  valuable
components (Nnorom et al., 2008).

In 2003, Western Europe generated 6 million tons
(Mt) of e-waste, while over 315 million computers
in  the  United  States  reached  the  end  of  their
service  life  in  2004.  By  2006,  global  e-waste
production  had  risen  to  20–50  Mt  annually,  with
most contributions from Europe, the United States,
and  Australia.  In  the  coming  years,  emerging
economies  such  as  China,  Eastern  Europe,  and
Latin  America  are  expected  to  become major  e-
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waste producers  (Robinson,  2009).  Despite  these
trends,  e-waste  was  recognized  as  a  significant
issue only in 2008, when China implemented the
"Waste  Electrical  and  Electronic  Equipment
Recycling Management Regulation" to address this
growing challenge.

Global e-waste production has risen by 9.2 Mt since
2014 and is projected to reach 74.7 Mt by 2030,
nearly doubling within 16 years. In 2019, Asia led
global  e-waste  generation  with  24.9  Mt,  followed
by  the  Americas  (13.1  Mt)  and  Europe  (12  Mt),
while Africa and Oceania produced 2.9 Mt and 0.7
Mt,  respectively.  On  a  per  capita  basis,  Europe
topped the list with 16.2 kg per person, trailed by
Oceania  (16.1  kg)  and  the  Americas  (13.3  kg),
whereas Asia and Africa lagged significantly at 5.6
kg and 2.5 kg per person, respectively (Forti et al.,
2020). The surge in e-waste is driven by increased
EEE  consumption,  shorter  product  lifecycles,  and
limited  repair  options.  Recycling  and  reuse  are
widely  acknowledged  as  the  most  effective
strategies  for  managing  e-waste.  However,  in
2019, only 9.3 Mt (17.4%) of e-waste was officially
documented  as  collected  and  recycled,
underscoring  the  inability  of  recycling  efforts  to
match the pace of e-waste generation (Forti et al.,
2020). While the number of countries adopting e-
waste policies has grown from 61 in 2014 to 78,
progress  in  regulation  and  enforcement  remains
inconsistent,  hindered  by limited  investment  and
political  will.  Consequently,  initiatives  to  improve
the  collection  and  recycling  of  EEE  waste  are
critical  at  both  national  and  international  levels
(Devin et al., 2014). Additionally, ongoing research
is  exploring  innovative  ways  to  convert  e-waste
into  high-value-added  products  (Gaikwad  et  al.,
2018).

Despite efforts by the Chinese government to refill,
renew,  and  remanufacture  used  toner  cartridges
under  the  "Waste  Electrical  and  Electronic
Equipment  Recycling  Management  Regulation"
enacted in 2008, the global number of discarded
toner  cartridges  has  continued  to  rise.  Over  the
past  two  decades,  even  with  advancements  in
digital  communication  and  electronic  document
management  systems,  printers  and  cartridges
remain  significant  sources  of  e-waste.  Globally,
approximately 375 million cartridges are added to
e-waste annually—equating to around one million
cartridges per day. Toner cartridges, composed of
35%  low-cost  HIPS  (High-impact  polystyrene)
plastic,  39%  iron,  8%  toner  powder,  13%
aluminum,  and  5%  other  materials,  are  largely
recyclable  and  reusable.  However,  their  limited
lifespan, resistance to degradation in landfills, and
challenges  in  recycling  make them a  substantial
environmental  concern.  Improper  disposal  can
result in soil and water pollution, posing significant
health  risks  (Babar  et  al.,  2019).  Given  their
increasing contribution  to global  e-waste and the
environmental  hazards  they  pose,  developing
sustainable technologies for recycling and reusing

waste  toner  cartridges  is  critical.  This  necessity
highlights  the  importance  of  addressing  toner
cartridge  waste  as  part  of  broader  e-waste
management efforts.

In recent years, international efforts have focused
on  reclaiming  waste  toner  cartridges  and
processing  solid  waste.  Studies  consistently
highlight that landfilling and direct incineration are
unsuitable  disposal  methods  for  toner  cartridges
due  to  several  factors:  (I)  Plastics  made  from
engineering-grade  polymers  degrade  extremely
slowly in the environment. (II) Incineration releases
toxic  gases,  such  as  furans  and  dioxins,  posing
severe  environmental  and  health  risks.  (III)
Residual  toner  can  leak  during  storage  or
incineration, contaminating the environment. As a
result,  mechanical  recycling  methods  are  widely
regarded as the preferred approach for managing
e-waste,  including  toner  cartridges,  as  they
minimize secondary pollution during the recovery
process (Li et al., 2007; Wu et al., 2008; Veit et al.,
2006; Park et al., 2009).

To  determine  the  appropriate  storage  conditions
for waste toner powder and facilitate its conversion
into  high-value-added  products,  it  is  essential  to
first  categorize  different  cartridge  types—inkjet,
laser, and duplicator cartridges—and analyze their
basic components.

Inkjet Printers: These use inks containing harmful
chemicals  such  as  butyl  urea,  cyclohexanone,
ethoxylated acetylenic  diols,  ethylene glycol,  and
various  sulfur-based  dyes.  The  printing  process
releases  volatile  organic  solvents,  contributing  to
environmental  pollution  (Aydemir  et  al.,  2020).
Home  inkjet  printers  typically  require  frequent
replacement  of  cartridges (black,  cyan,  magenta,
and  yellow),  leading  to  significant  waste
generation.

Laser  Printers  and Copiers:  These  rely  on dry  or
wet  toner  formulations.  Dry  toners  are  primarily
composed  of  acrylic  and  styrene  powders  mixed
with pigments, while liquid toners use acrylic resins
with added dyes for vibrant colors. Plastic resins,
often  comprising  45–90%  of  toner  powder,  are
typically made from styrene and acrylic polymers
(Vucinic  et  al.,  2013).  Additionally,  certain  toners
contain iron oxide for magnetic properties,  along
with  metals  and  semiconductors  to  enhance
triboelectric and superflow characteristics.

The combination of organic and inorganic materials
in toner powders ensures stability and adhesion to
paper but renders them nearly non-biodegradable
and environmentally harmful. Their persistence in
the  ecosystem  poses  significant  environmental
threats,  highlighting  the  urgent  need  for
sustainable  management  strategies  (Nakadate  et
al., 2018; Pirela et al., 2017).
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To establish suitable storage conditions for waste
toner  powder  and  enable  its  transformation  into
high-value  products,  it  is  crucial  to  categorize
cartridge  types—such  as  inkjet,  laser,  and
duplicator  cartridges—and  understand  their  core
components.  Inkjet  printers  use  inks  containing
harmful chemicals like butyl urea, cyclohexanone,
ethylene  glycol,  and  sulfur-based  dyes,  which
release  volatile  organic  solvents  during  printing
and contribute to environmental pollution (Aydemir
et  al.,  2020).  Additionally,  frequent  cartridge
replacements,  especially  in  home  printers  with
black,  cyan,  magenta,  and  yellow  cartridges,
exacerbate  waste  generation.  Laser  printers  and
copiers,  on  the  other  hand,  utilize  dry  or  wet
toners.  Dry  toners  are  composed  of  acrylic  and
styrene powders mixed with color pigments, while
liquid  toners  contain  acrylic  resins  and  dyes  to
produce vibrant images. These toners are primarily
made  up  of  plastic  resins—typically  45–90%
styrene  and  acrylic  polymers—and  may  also
include iron oxide for magnetic properties, as well
as  metals  and  semiconductors  to  enhance
functionality  (Vucinic  et  al.,  2013).  While  these
materials  ensure  toner  stability  and  strong
adhesion  to  paper,  they  are  highly  resistant  to
biodegradation,  posing  significant  environmental
challenges.  The persistence of  these materials  in
ecosystems highlights the critical need for effective
waste  management  and  recycling  solutions
(Nakadate et al., 2018; Pirela et al., 2017).

Considering  the  toner  powder  composition
summarized above, it has been shown that waste
toner  powder  not  only  poses  environmental  and
human  health  risks  but  also  possesses  valuable
properties,  making  it  a  waste  material  worth
evaluating  (Parthasarathy  et  al.,  2021).
Consequently,  various  studies  have  been
conducted in recent years to explore its potential
applications  (Saini  et  al.,  2020;  Bhongade et  al.,
2019;  Saini  et  al.,  2019;  Babar  et  al.,  2019;
Akilarasan  et  al.,  2018;  Kuma et  al.,  2018).  The
scope of these studies includes the following: the
production  of  waste  toner-derived  carbon/Fe3O4
nanocomposites  for  high-performance
supercapacitors  (Subramani  et  al.,  2019);  the
creation of activated carbon as a promising anode
for  sodium-ion  batteries  (Uttam  et  al.,  2019;
Arjunan  et  al.,  2021);  the  one-pot  conversion  of
waste  toner  powder  into  3D  graphene  oxide
hydrogel  (Tian  et  al.,  2019);  the  production  of
micro  sorbents from waste toner for  use as low-
cost  magnetic  solid-phase  extraction  adsorbents
for Pb analysis (Yu et al., 2022); the development
of  3D  graphene  oxide  hydrogels  derived  from
waste toner as adsorbents (Tian et al., 2021); the
synthesis  of  magnetic  nanocomposites  for  the
removal of Cr (Zhu et al., 2018); and the creation
of  low-cost,  high-activity,  and  highly  reusable
engineered  catalysts  for  persulfate-based
advanced  oxidation  processes  in  wastewater
treatment (Huang et al., 2022). Other applications
include  the  use  of  waste  toner  carbon  in  fully

printable mesoscopic perovskite solar cells (Ma et
al.,  2021)  and  the  design  of  cheap,
environmentally  friendly  microwave  absorbers
from  waste  toner  powders  (Habib  et  al.,  2021).
However,  studies  focusing  on  the  evaluation  of
waste toner powder in  the energy sector  remain
limited.  No  industrial-scale  research  has  been
identified;  current  studies  are  confined  to
laboratory-scale  R&D  efforts.  Examples  include
hydrogen  production  from  waste  toner  powder
activated  by Ni  under  visible  light  (Zhang et  al.,
2022),  vacuum  pyrolysis  and  the  product
dispersion/characterization of toner waste powder
(Dong et al., 2017), and the production of a high-
efficiency 3D solar evaporator derived from waste
egg  trays  and  toner  for  fresh  water  generation
(Ivan et al., 2022).

No studies have been identified on the evaluation
of  waste  toner  powder  as  an  energy  source  in
direct  combustion  processes.  However,  Patronov
and  Tonchev  (2011)  highlighted  that  toner
cartridges  and  waste  toner  powder  have  a  high
calorific value (approximately 30 MJ/kg), exceeding
that of traditional fossil fuels, making them a viable
fuel option under controlled combustion conditions.
They also cautioned that uncontrolled combustion
could result  in  the release of  polycyclic  aromatic
hydrocarbons (PAH), furans, and dioxins, leading to
significant environmental pollution. The increasing
environmental  concerns  associated  with  fossil
fuels, such as greenhouse gas emissions, acid rain,
global  warming,  and  climate  change,  have
underscored the growing importance of biofuels as
a renewable and clean energy source (Banks et al.,
2016).  In  our  country,  energy  consumption
continues to rise alongside improvements in living
standards and industrialization, resulting in heavy
dependence  on  fossil  fuels.  Thus,  adopting
bioenergy  as  a  renewable  resource  is  crucial  to
reducing national  reliance on foreign energy and
enhancing  energy  security.  The  furniture  factory
waste dust planned for use in this study is primarily
lignocellulosic biomass, consisting of chopping dust
generated  during  furniture  production  that  can
remain suspended in the air. This biomass can be
classified  as  a  carbon-neutral  fuel  and  a  clean
energy source,  with significantly lower sulfur and
nitrogen  content  compared  to  fossil  fuels.
Combustion  of  fossil  fuels  is  known  to  produce
minimal  SOx and  NOx  emissions  (Kemper,  2015),
making the use of lignocellulosic biomass a cleaner
alternative.  In  industrialized  nations,  waste
disposal, recycling, and the incorporation of waste
into a circular economy play vital roles in ensuring
the  balanced  and  sustainable  use  of  national
resources.  Recycling,  recovery,  and  energy
production  are  increasingly  viewed  as  essential
strategies for minimizing the volume of waste sent
to landfills.

Plastic-containing  wastes,  such  as  those
comprising 45–90% of waste toner powder, are a
significant component of solid waste management
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due  to  their  high  organic  content  and
environmental impact. These wastes also possess
high  calorific  values  compared  to  traditional
biomass and coal. For instance, the calorific values
of  dry  softwood,  sub-bituminous  coal,  and
bituminous coal are 19.2, ~20–21, and ~28 MJ/kg,
respectively,  while  polyethylene  (PE)  and
polypropylene  (PP)  offer  calorific  values  of  41.80
and  30.90  MJ/kg,  respectively.  Plastic  resins  are
particularly  suitable  as  binders  for  biomass
resources because of their excellent fluidity, tensile
strength, and hydrophobicity, enabling the creation
of fuel pellets with enhanced physical strength.

However, while direct combustion of high-calorific
plastics  or  plastic-containing  wastes  can  be  an
effective waste management strategy, it generates
significant pollutants, including gases, particulates,
and  solid  residues  (ash),  that  contribute  to  air
pollution. Major acidic gases such as HCl, SO₂, and
even HF or HCN are released during combustion,
along with other pollutants like NOx (NO and NO₂),
CO, and volatile organic compounds (Takasuga et
al.,  2003;  Werther,  2007).  Particulates,  including
PM2.5  and  PM10,  pose  direct  health  risks  by
entering  the  respiratory  systems  of  humans  and
animals  (Xing  et  al.,  2016).  Additionally,  the
combustion  of  plastics  produces  toxic  chemicals
such as polychlorinated dibenzo-p-dioxins (PCDD),
dibenzofurans  (PCDF),  polycyclic  aromatic
hydrocarbons  (PAH),  pentachlorophenols  (PCP),
polychlorobenzenes  (PCB),
hexabromocyclodecanes  (HBCD),  and
polybrominated  diphenyl  ethers  (PBDE),  further
exacerbating  environmental  concerns  (Verma  et
al.,  2016).  Metal  pollutants  can also arise due to
metal-containing  additives  used  in  plastic
production.  Nevertheless,  co-burning plastics  with
biomass  have  been  shown  to  produce  fewer
pollutants  compared  to  burning  plastics  alone
(Emadi  et  al.,  2017;  Distler  and Sitzmann,  2018;
Tomsej et al., 2018).

This study aims to address the identified gaps in
the current literature by investigating the usability
of  waste  toner  powder  as  an  energy  resource,
particularly  in  the production  of  bio-briquettes.  It
seeks  to  evaluate  its  combustion  characteristics
under  controlled  conditions,  assess  its
environmental impacts, and explore its potential to
contribute to renewable energy solutions. By doing
so,  the  study  provides  practical  insights  into
integrating  waste  management  with  sustainable
energy production.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation
WTP  samples  (Figure  1)  were  obtained  from  a
facility  (Filling  Market  Information  Technology,
Education,  Electrical  Electronics,  E-Commerce,
Security  Systems,  Import-Export,  Marketing,
Industry,  and  Trade  Limited  Company)  in  the
organized  industrial  zone  of  Elazig,  specifically

established  for  recycling  toner  cartridges.  The
waste  toner  powder  (WTP)  structure  was
characterized  to  investigate  its  potential
applications.  The  samples  were  stored  under
suitable conditions to preserve their properties for
subsequent analysis. The structural, morphological,
and  fuel  properties  of  the  WTP  were  analyzed
comprehensively,  and  the  obtained  results  were
interpreted  to  understand  its  behavior  and
potential usability.

Figure 1: Supplied waste toner powder sample
used in the study.

Structural and Morphological 
Characterization
The structural and morphological properties of WTP
were  analyzed  using  Fourier-transform  infrared
spectroscopy (FTIR), scanning electron microscopy
coupled with energy dispersive X-ray spectroscopy
(SEM-EDX), atomic absorption spectroscopy (AAS),
and particle size distribution analyses.

 FTIR Analysis: To identify  the functional
groups in the WTP structure, measurements were
conducted  in  the  400–4000  cm⁻¹  range  with  45
scans per sample using a Shimadzu IRSipirit FTIR
spectrometer.  This  method provided  insights  into
the chemical bonds and compounds present in the
toner powder.

 SEM-EDX  Analysis: Surface  morphology
and  elemental  composition  of  WTP  were
determined  using  a  JEOL  JSM  7001F  scanning
electron  microscope.  High-resolution  imaging
enabled the visualization of particle shapes, sizes,
and  surface  characteristics,  while  EDX  provided
elemental analysis of the material.

 AAS  Analysis: To  quantify  the  iron
content,  which  is  crucial  for  evaluating  the
material's magnetic properties, a Perkin-Elmer AAS
3100  Atomic  Absorption  Spectrophotometer  was
employed.  This  ensured  precise  and  accurate
measurements of metallic components.

 Particle  Size  Distribution: Particle  size
analysis was conducted in two different dispersive
media  (toluene  and  benzene)  to  assess  the
dispersion  behavior  of  WTP  in  sedimentary
environments. A PSS Nicomp Zeta Potential/Particle
Sizer  380ZLS  was  used  to  measure  the  size
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distribution,  providing  critical  information  on  the
material's granularity and distribution uniformity.

2.3. Fuel Property Characterization
The fuel properties of WTP were analyzed through
proximate and ultimate analysis, as well as higher
heating value (HHV) determination, to evaluate its
energy potential.
 Proximate  Analysis: This  included  the
assessment  of  ash  content  and  volatile  matter
following  ASTM  standards.  Moisture  content  was
determined using a Mettler LJ16 moisture analyzer,
providing  insights  into  the  material's  combustion
characteristics.

 Ultimate Analysis: Elemental analysis for
carbon (C), hydrogen (H), nitrogen (N), and sulfur
(S) content was performed using a LECO CHNS-932
elemental analyzer. This allowed for the evaluation
of  the  chemical  composition  and  combustion
efficiency of the material.

 Higher  Heating  Value  (HHV): The
energy content of WTP was determined to assess
its  viability  as  a  biofuel.  HHV  measurements
provided  a  quantitative  understanding  of  its
calorific  value,  essential  for  energy  recovery
applications.

2.4. Experimental Design and Conditions
To  ensure  reliable  and  repeatable  results,  all
analyses  were  performed  under  controlled
laboratory conditions using calibrated instruments.
Standard  methodologies  and  protocols  were
adhered  to  throughout  the  study,  ensuring
compliance  with  international  standards.
Dispersive  media  were  selected  based  on  their
compatibility  with  toner  powder  particles  to
achieve accurate dispersion behavior analysis.

3. RESULTS AND DISCUSSION

3.1. Suitability for Thermal Conversion 
Processes
The moisture content of waste toner powder (WTP)
(Table  1)  was  measured  at  2.67%,  which  was
significantly below the maximum threshold of 10%
required for effective thermal conversion processes
such  as  pyrolysis  and  combustion.  This  low
moisture level ensured minimal energy loss during
the  drying  phase,  making  WTP a  highly  suitable
candidate  for  thermal  transformation without  the
need  for  energy-intensive  pre-drying.  This
characteristic supported its economic feasibility for
energy recovery applications.

3.2.  Combustion  Characteristics  and
Proximate Analysis
The high volatile matter (VM) content of 88.38% by
weight indicates  excellent  combustion  properties,
as  volatile  components  facilitated  rapid  ignition
and flame stability. The low ash content (4.91% by
weight) further enhanced the suitability of WTP for
combustion  processes  by  minimizing  operational
issues  such  as  slagging,  fouling,  and  residue
management. Low ash fuels were also desirable for
reducing  post-combustion  disposal  costs  and
maximizing energy recovery  efficiency.  The fixed
carbon (FC) content of 4.04% suggested that the
primary  combustion  process  relied  more  on  the
release  of  volatile  gases  rather  than  prolonged
carbon combustion. Additionally, the HHV of 35.56
MJ/kg  positioned  WTP as  an intermediate  energy
source, suitable for applications requiring medium
calorific  value  fuels,  such  as  biomass  co-firing
systems.

3.3. Ultimate Analysis and Environmental 
Considerations
The  carbon  content  (32.12%)  was  a  significant
parameter in determining the energy density of the
examined material, and it was typical for biomass or
low-carbon  fuels.  The  hydrogen  content  (9.245%)
provided  insight  into  volatile  components  and
combustion characteristics, representing a moderate-
to-high level that significantly contributed to energy
potential.  The nitrogen content (1.975%) was quite
low,  which  was  an  environmentally  favorable
indicator as it implied reduced NOx emissions during
combustion. 

The oxygen content (53.35%) was relatively high,
commonly  observed  in  biomass  or  oxygen-rich
materials, although its contribution to energy value
was  limited.  The  sulfur  content  (3.289%)  was  a
parameter  of  environmental  concern,  considered
relatively  high,  potentially  leading  to  SOx
emissions  during  combustion.  The  proportion  of
other elements (0.024%) was very low and could
be considered negligible in the analysis.

3.4. Iron Content and Ash Composition
To  evaluate  the  inorganic  composition  of  WTP,
samples  were  calcined  at  950  °C  in  a  muffle
furnace, and the iron content was measured using
atomic absorption spectroscopy (AAS). The results
indicated  an  iron  content  of  0.56%,  which  was
relatively  low  and  comparable  to  traditional
biomass  compositions.  The  low  iron  content  can
simplify  the  fuel  preparation  workflow  by
eliminating  the  need  for  additional  pretreatment
processes,  such  as  iron  recovery.  Minimal  iron
content  ensures  that  the  ash  produced  during
combustion will not pose significant environmental
risks,  aligning  WTP  with  sustainable  waste
management  practices.  Low  metallic  content
reduces  the  risk  of  slag  formation  during
combustion,  ensuring  smooth  operational
efficiency.
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Table 1: Proximate and ultimate analysis result of toner powder (*: determined by the difference).

Ultimate analysis   Value (wt. %) Proximate analysis Value (wt. %)

C 32.12 Volatile matter (VM) 88.38
H 9.245 Ash (A) 4.91
N 1.975 Moisture (M) 2.67
O* 53.35 Fixed carbon* (FC) 4.04
S 3.289 HHV (exp.) MJ/kg 35.56

Other 0.024

3.5. Insights from Particle Composition and 
Behavior
Plastic and inorganic components in WTP may play
an  important  role  in  combustion  behavior,  with
plastic resins potentially contributing to its calorific
value  and  providing  effective  binding  properties
when blended with other biomass sources for fuel
pellet production. This is because toner powder is
known  to  contain  carbon  black,  polymethyl
methacrylate,  styrene  acrylate  copolymer,  and
polypropylene,  as well  as inorganics such as iron
oxides,  manganese,  titanium,  and  silicon
(Yordanova et al. 2014). Although toner powder is
highly  hydrophobic,  the  presence  of  polymeric
materials  like  polymethyl  methacrylate,
polypropylene,  and  styrene  acrylate  copolymer
makes  it  a  potential  filler  or  binding  agent.
However,  the  polarity  difference  between
hydrophilic  waste  biomass  sources  and
hydrophobic  polymers like polyester  may lead to
weak  interfacial  bonding,  which  can  affect  the
tensile behavior of composites (Daniel et.al 2022).

These results collectively demonstrated that waste
toner powder was a promising alternative energy
resource.  Its  low  moisture  and  ash  content,
combined with high volatile matter and HHV, made
it  suitable  for  thermal  conversion  processes,
particularly  combustion  and  pyrolysis.  While  the
nitrogen and sulfur content highlighted a need for
emission control measures, the overall composition
of  WTP  aligned  well  with  sustainable  energy

recovery objectives. The absence of significant iron
content  further  enhanced  its  practicality  by
reducing  the  need  for  pre-treatment  and
minimizing  environmental  risks.  Future  studies
should focus on optimizing combustion parameters
and  exploring  co-firing  opportunities  with
conventional biomass to maximize the efficiency of
WTP as a renewable energy source.

3.6. FTIR Analysis of Waste Toner Powder: 
Functional Groups and Composition
The FTIR spectrum of  waste toner powder (WTP)
(Figure  2)  revealed  key  absorption  bands  that
provided  critical  insights  into  its  chemical
composition, supported by a corresponding library
analysis.  A  broad  band  around  3250  cm⁻¹
corresponded  to  O–H  stretching  vibrations,
indicating the presence of hydroxyl groups, likely
originating  from  residual  moisture  or  additives.
These  polar  functional  groups  contributed  minor
hydrophilic characteristics to the toner powder. The
peaks at 2920–2850 cm⁻¹ were characteristic of C–
H stretching vibrations  in  aliphatic  hydrocarbons,
such as CH₂ and CH₃ groups, which suggested the
presence  of  polymer  backbones  like  styrene  and
acrylate.  A  sharp  peak  at  1750  cm⁻¹ was
associated  with  C=O  stretching  vibrations,
indicative  of  ester  or  ketone  functional  groups,
confirming  acrylate-based  polymers,  such  as
styrene-acrylate  copolymers,  commonly  found  in
toner formulations.
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Figure 2: FTIR spectrum of toner powder.

In  the  1600–1500  cm⁻¹ range,  distinct  peaks
represented  C=C  stretching  vibrations  from
aromatic rings, highlighting the aromatic backbone
structure  characteristic  of  polystyrene  and  its
derivatives.  These  features  contributed  to  the
rigidity  and  thermal  stability  of  the  material.
Further, the bands in the 1450–1400 cm⁻¹ region
corresponded to C–H bending vibrations from CH₂
and  CH₃  groups,  supporting  the  presence  of
aliphatic hydrocarbon chains. The 1250–1000 cm⁻¹
region displayed strong C–O stretching vibrations,
typical of ester groups, accompanied by aromatic
C–H bending, confirming the existence of acrylate
and  ester  functionalities.  Lastly,  the  absorption
bands between 900–700 cm⁻¹ corresponded to out-
of-plane  C–H  bending  vibrations,  reinforcing  the
presence of aromatic systems like polystyrene. The
experimental  results obtained are consistent with
the literature (Fernández et. al. 2022; Yordanova et
al. 2014).

The library analysis aligned with the FTIR results,
confirming  the  primary  components  in  the  toner
powder.  Styrene/allyl  alcohol  copolymer  was
identified by the O–H stretches at 3250 cm⁻¹ and
aromatic  C=C  peaks  around  1600  cm⁻¹.
Acrylonitrile-butadiene-styrene  (ABS)  was
characterized by the C–H stretching vibrations near
2900 cm⁻¹ and  weak  nitrile  group  peaks  around
2200  cm⁻¹.  Polystyrene  (PS)  was  supported  by
aromatic C=C peaks at 1600 cm⁻¹ and out-of-plane
C–H  bending  at  900–700  cm⁻¹.  Additionally,
styrene-butyl  methacrylate  copolymer  was
confirmed  by  the  ester  C=O  stretching  peak  at
1750 cm⁻¹ and aliphatic C–H peaks.

These  findings  indicated  that  the  toner  powder
primarily  consisted  of  styrene-based  polymers,
acrylate-based copolymers, and various additives.
Styrene  polymers  contributed  rigidity,  thermal
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stability,  and  resistance  to  biodegradation,  while
acrylate  copolymers  enhanced  flexibility  and
adhesion properties.  Additives like ABS and butyl
methacrylate  further  improved  performance
characteristics  such  as  heat  resistance  and  print
quality.

From an application perspective,  the composition
highlighted  several  important  implications.  The
presence  of  styrene  and  acrylate  polymers
confirmed  the  material's  high  thermal  stability,
making  it  suitable  for  thermal  transformation
processes like pyrolysis or combustion. The strong
aromatic  backbone  and  low  biodegradability
emphasized  the  need  for  controlled  waste
management  strategies,  such  as  blending  with
biomass  to  reduce  environmental  risks.
Additionally,  the  hydrocarbon-rich  composition,
coupled with its high calorific value, validated WTP
as a promising additive for biofuel production and
energy recovery applications.

3.7. Hazardous Substances and 
Environmental Impacts of Waste Toner 
Powder
Residual  toner  powder  contains  hazardous
substances,  including  plastics,  heavy  metals,  and
carcinogenic chemicals such as polycyclic  aromatic
hydrocarbons  (PAHs)  and  resins,  which  pose
significant environmental and health risks (Bhoi et al.,
2014).  The  primary  polymeric  component,  styrene
acrylate copolymer, accounts for the majority of the
toner composition and is characterized by its  high
molecular  weight.  This  property  makes  it  highly
resistant to biodegradation, allowing the material to
persist in ecosystems for extended periods without
significant decomposition.

The low water solubility of toner powder further limits
its  mobility  in  landfill  environments,  but  it  also
reduces  the  likelihood  of  leaching.  However,  the
heterogeneous  morphological  and  chemical
composition of WTP complicates predictions about its
degradation  behavior  under  varying  landfill
conditions  (NICNAS,  1991;  Yordanova  et  al.,  2012;
Yordanova  et  al.,  2019;  Kyoseva  et  al.,  2011).
Consequently,  long-term  storage  of  waste  toner
powder is considered hazardous due to the potential
for unforeseen environmental reactions over time. 

The SEM-EDX analysis provided critical insights into
the surface morphology and elemental composition
of waste toner powder. The SEM micrograph (Figure
3)  revealed  an  irregular  granular  structure  with
particle  sizes  ranging  between  4  and  8  µm.  This
morphology, characterized by a high surface area,
could  have  enhanced  combustion  dynamics  when
WTP was used as a fuel.

The  EDX  spectrum  and  corresponding  data
highlighted the elemental composition of WTP. The
dominant element, carbon (C), constituting 80.50%
by  weight,  confirmed  the  organic  nature  of  the
toner  powder.  The  high  carbon  content  aligned
with  the  material's  high  volatile  matter  content
(88.38%)  observed  in  the  proximate  analysis,
makes  it  a  suitable  candidate  for  thermal
conversion  processes.  At  13.76%  by  weight,
oxygen  was  associated  with  both  the  polymeric
materials  and  inorganic  oxides  present  in  the
sample.  Oxygen  content  was  critical  for
combustion  processes,  influencing  the  material's
ignition  and  flame  stability.  The  experimental
results obtained are consistent with the literature
(Fernández et. al. 2022).
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Figure  3: SEM-EDX  analysis  of  waste  toner  powder,  showing  its  granular  morphology  and  elemental
composition critical for evaluating its potential in biofuel applications.

Silicon  (Si)  and  calcium (Ca)  elements,  present  at
5.07% and 0.67% by weight, respectively, originated
from fillers and stabilizers commonly used in toner
formulations.  While  low  in  concentration,  these
inorganic  components  may  have  influenced  ash
behavior  during  combustion,  such  as  melting
characteristics and slag formation. Given its plastic-
rich  composition,  WTP  posed  challenges  in  direct
combustion due to the potential release of hazardous
emissions  such  as  PAHs  and  dioxins.  However,
blending  WTP  with  biomass  offered  a  practical
solution  to  mitigate  its  environmental  drawbacks
while leveraging its high energy content.  The high
carbon and volatile matter content of WTP enhanced
its  combustion  efficiency,  while  the  low  ash  and
moisture  content  minimized  operational  challenges
and post-combustion residue.

To  balance  the  risks  and  benefits,  it  was
recommended to limit the proportion of WTP to 8–
10%  in  biofuel  mixtures.  This  dilution  strategy
ensured  that  the  negative  impacts  of  its  plastic
composition  were  mitigated  while  maintaining
desirable  fuel  characteristics.  The low calcium and
silicon content observed in the EDX results further
supported the material's  suitability for blending, as
these  elements  were  unlikely  to  cause  significant
slagging or fouling during combustion.

The hazardous substances and environmental risks
associated with waste toner powder underscored the
importance  of  managing  its  use  in  a  controlled
manner.  The  SEM-EDX  analysis  revealed  a
composition  that  was  highly  favorable  for  energy
recovery  when  integrated  with  biomass,  provided
that  appropriate  blending  ratios  were  maintained.
Future  research  should  focus  on  optimizing  the
blending  process,  controlling  emissions,  and
evaluating  long-term combustion  efficiency  to  fully
realize the potential of WTP as a renewable energy
resource.

3.8.  Particle  Size  Distribution  Analysis  and
Solvent Effectiveness
The  particle  size  distribution  analysis  of  waste
toner  powder  (Figure  4)  in  different  solvents
revealed  significant  variations  in  their  dispersive
effectiveness.  In  toluene,  the  particle  size
distribution  was  relatively  narrow,  with  a  mean
diameter of 182.6 nm and a standard deviation of
147.2  nm.  The  Gaussian  distribution  was  well-
centered,  with  the  majority  of  particles  falling
below 400 nm, indicating a uniform dispersion. This
suggested  that  toluene  provided  favorable
interactions with toner components,  likely due to
better  solubility  and  compatibility  with  its
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polymeric structure. In contrast, benzene showed a
broader  particle  size  distribution  with  a  mean
diameter of 308.4 nm and a much higher standard
deviation of 475.2 nm. This indicated the presence
of  larger  particles  and  significant  agglomeration,
demonstrating that benzene was less effective as a
dispersing  medium.  The  experimental  results
obtained  are  consistent  with  the  literature
(Fernández et. al. 2022).

The  comparison  underscored  the  superior
performance of toluene in achieving a consistent and
predictable  particle  size  distribution.  Toluene’s
stronger interactions  with toner particles facilitated
better dispersion, breaking down agglomerates and
ensuring more uniform particle sizes. Benzene, while
capable  of  dispersing  the  toner  powder,  exhibited
limitations  such  as  broader  size  variability  and
particle  clustering,  which  may  have  hindered  its
applicability  in  processes  requiring  precise  particle

size  control.  Overall,  the  findings  suggested  that
toluene should have been prioritized for applications
requiring  uniform  dispersion,  while  benzene  could
have  been  reserved  for  less  critical  uses  where
variability was less of a concern.

The presence of fine toner particles (<10 µm) poses
significant health risks, as these particles can remain
suspended in the air for extended periods, causing
respiratory irritation and long-term damage to living
organisms  (Salhofer  et  al.,  2011;  Nakadate  et  al.,
2018; Pirela et al., 2017). This issue underscores the
importance  of  selecting  an  appropriate  dispersive
medium  during  processing  to  minimize  the
generation of respirable particles. Fine particles not
only  present  health  hazards  but  also  create
challenges in storage and transportation, as they are
prone to aggregation, contamination, and dispersion,
increasing handling difficulties and safety concerns.

Figure 4: The particle size distribution of waste toner powder (a.Toluene-b.Benzene).

To address these issues, utilizing waste toner powder
(WTP) in pellet  or briquette form offers a practical

solution.  By  consolidating  fine  toner  particles  into
larger,  denser  forms,  the  risk  of  airborne  particle
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dispersion is significantly reduced, enhancing safety
during  handling,  storage,  and  transportation.  This
approach  also  improves  logistical  efficiency  by
increasing the bulk density of the material, reducing
storage  space  requirements,  and  lowering
transportation costs.

From  an  environmental  and  energy  recovery
perspective, the pelletization of WTP presents further
advantages.  Structured  forms  like  pellets  or
briquettes  allow  for  more  controlled  and  uniform
combustion,  improving  thermal  efficiency  and
reducing  the  emission  of  fine  particulate  matter
during  energy  recovery  processes.  Additionally,
blending WTP with biomass, such as powder, not only
mitigates  the  risks  associated  with  WTP's  plastic
content  but  also  enhances  the  biofuel's  overall
performance. The resulting fuel exhibits high calorific
value, better thermal efficiency, and cleaner flue gas
emissions,  making  it  an  environmentally  friendly
alternative.

4. CONCLUSION

Our study highlights  the potential  of  waste toner
powder (WTP) in the production  of  bio-briquettes
for  energy  generation.  Experiments  have  shown
that WTP possesses a  high calorific  value (35.56
MJ/kg)  and  exhibits  strong  binding  properties,
making  it  a  promising  raw  material  for  bio-
briquette  production.  Proximate  analysis  results
indicate that WTP contains 88.38% volatile matter
and  has  low  ash  (4.91%)  and  moisture  content
(2.67%). Additionally, the ultimate analysis reveals
a high carbon content (32.12%) and low nitrogen
levels (1.98%), indicating its potential for low NOx
emissions  during  combustion.  These  results
demonstrate that WTP is  a valuable  resource for
both  environmental  sustainability  and  energy
efficiency.

The results have shown that waste toner powder
(WTP) is  a valuable  material  to be considered in
bio-briquette  production.  Its  high  calorific  value
and strong binding properties highlight its potential
as an energy source. Considering the particle size
and  sulfur/nitrogen  contents  of  WTP,  the  study
concluded  that  the  most  effective,  suitable,  and
economical  method  for  utilizing  this  waste  as
biofuel  is  producing  biofuel  pellets/briquettes  by
mixing  it  with  powdered  biomass  waste sources,
such  as  furniture  factory  waste  dust  (a
lignocellulosic  biomass  source),  in  specific
proportions. 

Finally, utilizing WTP, a material known for causing
long-term  environmental  pollution,  as  an  energy
resource would bring significant environmental and
economic benefits. Transforming WTP into a high-
value-added  product  not  only  addresses  landfill
sustainability  but  also  contributes  to  the  circular
economy by reducing waste and promoting energy
recovery.  This  innovative  application  has  the
potential  to  align  with  global  energy  and

environmental  goals  through  sustainable  waste
management practices. 
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Abstract: The reactive distillation system integrates both reaction and distillation processes in a single 
operation. When compared to conventional distillation methods, it has been identified as a more efficient 
system  in  terms  of  product  yield  and  cost-effectiveness.  This  study  investigates  the  effects  of 
operational parameters, specifically feed rate, reflux ratio, and feed temperature, on the methyl acetate 
yield  in  a  simulated  reactive  distillation  column.  Using  a  design  expert  approach,  the  interactions 
between these parameters and their effects on product yield were demonstrated through 3D graphical 
representations.  Subsequently,  optimization  studies  were  conducted  using  experimental  design 
techniques, resulting in optimized feed rate, reflux ratio, and feed temperature to maximize methyl  
acetate production. Relationships among variables deemed significant in the simulations were analyzed 
using three-dimensional graphs, allowing for insights into the process. Additionally, the results showed 
alignment between the product (methyl acetate) flow rate predictions from simulation and experimental 
design. The impact of input parameters on the resulting quadratic model was mathematically assessed,  
and  statistical  variance  analysis  (ANOVA)  was  calculated.  As  an  innovative  method  in  reactive 
distillation, statistically validated the model's suitability and achieved effective results in terms of yield 
optimization.
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1. INTRODUCTION

In the context of industrial processes, designs that 
maximize  efficiency  in  time,  energy,  and  other 
resources  while  maintaining  environmental 
responsibility and minimizing production costs are 
highly  valued.  Companies  that  seek  to  maintain 
international  competitiveness  must  achieve  their 
objectives through controlled, efficient production 
process  designs.  Today,  the  importance  of 
environmental  sensitivity  has  increased 
significantly. Achieving these goals—sustainability, 
reduced  resource  use,  and  green  production—
demands that  industrial  process designs be both 
functional  and  efficient,  aligning  with  a 
responsibility  to  future  generations.  This 
perspective has driven the development of process 
designs  and  optimization  studies  aimed  at 

achieving  maximum  efficiency  with  minimal 
resource use during production.

Reactive  distillation  combines  both  chemical 
reaction  and  multi-component  separation  into  a 
single  unit.  For  certain  processes,  it  presents  a 
compelling  alternative  to  conventional  systems 
that  employ  separate  reaction  and  distillation 
stages. Although reactive distillation has only been 
applied in a limited number of industrial cases for 
years, research and applications in the field have 
surged in the last decade (Giwa & Karacan, 2012). 
The  benefits  of  reactive  distillation  arise  when 
reactions occur at temperatures and pressures that 
are suitable for distillation. Its primary advantages 
include  eliminating  equipment,  enabling 
continuous removal of products from the reaction 
zone, increasing overall  conversion in equilibrium 
reactions,  and  reducing  both  investment  and 
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operational  costs.  Moreover,  it  minimizes 
environmental  impact,  enhances  conversion, 
improves  selectivity,  lowers  energy  consumption, 
supports  challenging  separations,  and  prevents 
azeotropes (Giwa & Karacan, 2012).

The  optimal  synthesis  of  distillation  processes 
remains  a  critical  challenge  in  chemical  process 
design due to the high investment and operating 
costs  involved.  Recently,  mathematical 
programming  approaches  have  gained  traction, 
addressing increasingly complex models. However, 
the  high  nonlinearity  and  difficulties  in  solving 
these  optimization  models  have  limited  the 
adoption  of  rigorous  methods  in  industrial 
applications.  Traditionally,  direct  settings  have 
been  used  in  process  industries,  where  control 
variables corresponding to a specified steady-state 
are set for startup, and the system is allowed to 
stabilize over time. Alternative strategies, including 
total reflux and zero reflux, have been proposed, 
often requiring high reboiler heat duty. Because a 
distillation column's performance is influenced by 
numerous factors—such as column structure, tray 
type,  component  properties,  and  product 
specifications—these  empirical  approaches  are 
effective  only  in  specific  cases.  Consequently, 
systematic  approaches  are  required  to  address 
these  factors  comprehensively  for  distillation 
column optimization,  necessitating methodologies 
in modeling and optimization (Karacan, 2007).

Reactive distillation (RD) is an important example 
of  process  intensification.  It  is  a  combination  of 
chemical reaction and multi-component distillation 
in a counter-current column. The most important 
advantage  in  using  RD  for  equilibrium-controlled 
reactions  is  the  elimination  of  conversion 
limitations by continuous removal of products from 
the reaction zone. The use of RD process can offer 
several advantages such as reduced downstream 
processing,  utilization  of  heat  of  reaction  for 
evaporation  of  liquid  phase,  simple  temperature 
control  of  reactor,  possibility  of  influencing 
chemical  equilibria  by  removal  of  products  and 
limitations  imposed  by  azeotropic  mixture.  All 
these factors contribute to the growing commercial 
importance  of  reactive  distillation  column (RDC). 
Reactive  distillation  is  normally  applied  to  some 
specific  processes  and  one  of  them  is  the 
production  of  esters.  Esters  are  of  great 
importance to chemical process industries. Among 
them,  acetate  esters  are  important  organic 
solvents  widely  used  in  the  production  of 
varnishes,  ink,  synthetic  resins,  and  adhesive 
agents.  They are produced from the reactions of 
acid and alcohols under an acidic condition. A key 
issue in the production of these esters is the low 
conversion from the reactions. As a result, heavy 
capital  investments  and  high  energy  costs  are 
inevitable.  The  reactive  distillation  is  a  very 
attractive  way  to  reduce  these  investments  and 
energy costs (Karacan et al., 2019).

Using design expert, RSM technique based on CCD 
optimization  method  was  used  to  design  the 
experiments and reboiler temperature, reflux ratio, 
total feed flow rate, methanol to acetic acid mole 
ratio,  feed locations of  acetic  acid and methanol 
and their effects on the conversion of acetic acid as 
well  as  on  compositions  of  distillate  and  bottom 
products were evaluated. The aim of optimization 
studies  which  was  performed  with  RSM  is  to 
increase  the  amount  of  the  product  in  the  RD 
column by increasing the product flow rates and 
product  purity.  The  steps  to  be  followed  during 
RSM on the designed process are listed as follows:

 Determine the lower  and upper  limits  for 
parameters according to the production conditions 
for the process,
 Operate  the  process  with  the  developed 
situation by applying the operating parameters to 
calculate the value of the response in all simulation 
trials,
 Obtain a mathematical model showing the 
dependence  of  the  obtained  response  on  the 
operating parameters according to the simulation 
outcomes  and  test  the  fit  of  this  model  to  the 
simulation outcomes,
 Solve  the  mathematical  model  to 
determine the optimum operating conditions of RD 
column. Accordingly, the response is considered to 
be  a  function  of  the  independent  variables 
(operating  parameters).  (Aldemir  &  Ersingün, 
2024).

The esterification of  methanol  and acetic acid to 
produce  methyl  acetate  in  a  packed  catalytic 
reactive distillation column was investigated using 
Indion  180  ion-exchange  resin  as  a  catalyst.  A 
regression  model  was  developed  based  on  CCD 
and experimental data. Using statistical methods, a 
close fit between the model and experimental data 
was  observed.  The  model  identified  optimal 
conditions  for  maximizing  methyl  acetate  purity, 
including  a  reflux  ratio  of  1.95,  reboiler 
temperature  of  80  °C,  and  methanol/acetic  acid 
mole ratio of 1.05 (Mallaiah & Reddy, 2016).

A  novel  methodology  for  the  simultaneous 
optimization of design and operation of a complex 
reactive distillation process, considering a number 
of process alternatives (e.g.pre-/side-reactor, side-
stripper, additional columns, etc.), was presented. 
The methodology is illustrated using different case 
studies  of  industrial  interest  with  varying 
separation  and  reaction  characteristics.  For  easy 
separations,  in  terms  of  relative  volatilities  and 
boiling  points  order,  a  single  reactive  distillation 
column is  found to  be optimal  for  both fast  and 
slower  kinetics.  For  operation,  chemical  reaction 
equilibrium  is  the  dominant  factor.  It  is 
demonstrated, however, that the combined effects 
of  separation  and  reaction  must  be  considered 
carefully  when  designing  a  reactive  distillation 
process (Tsatse et al., 2021).
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Optimization  of  operating  parameters  for  the 
production  of  furfuryl  alcohol  in  a  reactive 
distillation column was carried out using response 
surface  methodology  (RSM).  The  key  process 
variables, such as pressure (0.2–1 bar), reflux ratio 
(1–8), feed ratio (1–2), and residence time (5–20 s), 
were analyzed to evaluate their  influence on the 
furfuryl alcohol yield. A Box–Behnken experimental 
design  was  employed,  and  the  results  of  the 
ANOVA  study  revealed  that  the  feed  ratio  and 
reflux ratio had the most significant impact on the 
process  performance.  The  optimization  process 
identified the optimal operating conditions to be a 
pressure of 0.4 bar, reflux ratio of 5.6, feed ratio of 
1,  and  residence  time  of  14  min.  Under  these 
optimized conditions, the furfuryl alcohol yield was 
maximized  at  99  %.  The  effectiveness  of  the 
response  surface  methodology  approach  in 
determining the optimal operating parameters for 
the  efficient  production  of  furfuryl  alcohol  in  a 
reactive  distillation  column.  The  findings  of  this 
work  can  be  leveraged  to  guide  the  design  and 
operation  of  industrial-scale  furfuryl  alcohol 
production  facilities,  contributing  to  the  efficient 
and  sustainable  utilization  of  this  important 
platform chemical. Further research could explore 
the  scale-up  of  the  process  and  investigate  the 
economic  feasibility  of  the  optimized  production 
system (Amooey, 2024).

Reactive distillation (RD) can be effectively used to 
improve the selectivity of the intermediate product 
for  complex  multi-reaction  schemes,  which 
involves using distillation to manipulate the column 
profiles  in  the RD column (RDC) to  attribute the 
desired reaction and the manipulating reactions to 
facilitate  separation.  As  the  demand  for  ethyl 
methyl carbonate (EMC) has increased significantly 
due to its  structural  characteristics,  the selective 
synthesis  of  EMC  from  the  consecutive 
transesterification  of  dimethyl  carbonate  (DMC) 
and ethanol (EtOH) in the presence of azeotropes 
between  reactants  and  products  was  studied  as 
featured reaction schemes. The basic resin catalyst 
KC161 is utilized to build the kinetic reaction model 
and supplement the primary data for the process 
design.  The  pilot-scale  RD  experiments  are 
explored to verify the feasibility and the reliability 
of the model. The impact of critical operation and 
structure  parameters  on  the  conversion  and 
selectivity  of  the  reaction  and  the  azeotropes 
formed  in  the  system  were  analyzed.  A  hybrid 
distillation  process  containing  an  RDC,  pressure-
swing distillation columns, and a regular distillation 
column,  was  designed  and  optimized  based  on 
minimized  total  annual  cost  (TAC)  using  a 
sequential  iterative  algorithm.  0.  9997  (mole 
purity)  EMC  and  0.  9999  (mole  purity)  diethyl 
carbonate  (DEC)  were  obtained  with  EMC 
selectivity up to 0.863% (Guo et al., 2024). 

This  study  focuses  on  simulating  methyl  acetate 
production  via  the  esterification  reaction  in  a 
reactive distillation column. Statistical  analysis  of 

the  model  obtained  from  the  design  expert 
software  and  the  optimization  of  operating 
variables  were  performed.  By  defining  optimal 
operating  conditions  for  the  key  variables—feed 
rate, reflux ratio, and feed temperature—this study 
aims to design a reactive distillation process that 
maximizes methyl acetate production with minimal 
resource  use.  By  refining  process  designs  for 
optimal  product  yield  through  mathematical 
modeling,  statistical  analysis,  and  optimization, 
this  study  contributes  to  creating  a  competitive, 
functional,  and  highly  efficient  process  design. 
Additionally,  this  production  process,  developed 
with environmental sensitivity in mind, aligns with 
businesses'  primary  objective  of  enhancing 
profitability.

2. EXPERIMENTAL SECTION

2.1. Process Design for Methyl Acetate 
Production Using Chemcad
Methyl  acetate  is  produced  as  a  result  of  the 
esterification  reaction  between  acetic  acid  and 
methanol.  In  this  theoretical  study,  the  process 
simulation  software  Chemcad,  developed  by 
Chemstations,  was  used  to  simulate  various 
experimental  conditions  within  a  reactive 
distillation  column,  where  both  separation  and 
reaction  occur  simultaneously.  The  primary 
objective  of  the  design  is  to  establish  the  most 
economical  conditions  for  methyl  acetate 
production by evaluating the resources required for 
investment  and  operating  costs.  This  entails 
achieving the highest efficiency in terms of product 
yield per unit  of  resource. The system model for 
the simulation experiments includes feed lines for 
methanol and acetic acid as inputs to the reactive 
distillation  column,  along  with  a  reboiler, 
condenser, reflux unit, and collection lines for top 
and  bottom  products.  Through  the  Chemcad-
designed reactive distillation column system, the 
operational  process  was  executed,  resulting  in 
methyl acetate as the top product and water as the 
bottom  product  after  separation  from  other 
components.

2.2. Analysis of Variance and Optimization 
Using Design Expert Method  
Based on the model predictions obtained from the 
Chemcad simulation outputs, experimental studies 
were  conducted  using  the  trial  version  of  the 
design  expert  software.  These  experiments 
examined  the  effects  of  variables  such  as  feed 
ratio,  reflux  ratio,  and  feed  temperature  on  the 
yield  of  methyl  acetate.  Optimization  studies 
identified the optimal conditions to achieve higher 
production  yield.  To  support  future  studies, 
pairwise  interactions  between  variables  were 
analyzed  using  generated  3D  graphical 
representations.

Experimental  design  is  a  process  analysis 
technique  that  involves  controlling  variable 
changes to determine their  effects  on the target 
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response. This method allows for the evaluation of 
the  impact  of  various  independent  factors  on  a 
dependent  factor.  Statistical  methods  in 
experimental  design  offer  significant  advantages 
for  optimizing  operating  conditions,  increasing 
yield,  and  reducing  the  number  and  cost  of 
experiments (Akkuş & Karabudak, 2020).

In comparison to traditional methods, experimental 
design achieves goals in a shorter time with fewer 
experiments  and  lower  costs.  Its  primary 
advantage  lies  in  examining  both  the  individual 
and interactive effects of variables, as opposed to 
traditional  methods  where  only  single-variable 
effects  are  considered.  This  comprehensive 
approach provides more reliable results during the 
optimization phase (Keyf, 2017).

2.2.1. Response surface methodology
The Response Surface Methodology (RSM) is a set 
of mathematical and statistical techniques used for 
modeling  and  analyzing  processes  affected  by 
several  independent  variables,  with  the  goal  of 

optimizing  the  output.  In  this  study,  RSM  was 
applied to optimize the operating parameters for 
methyl  acetate  production  in  the  reactive 
distillation column. The Central Composite Design 
(CCD),  which  includes  a  predefined  number  of 
independent  variables,  was  used  to  assess  the 
effects  of  these  variables  on  methyl  acetate 
composition.  The  independent  variables  were 
coded  at  three  levels:  -1,  0,  and  +1,  where  -1 
represents the minimum value, +1 the maximum, 
and  0  the  midpoint  between  these  values.  The 
statistical  significance  of  equations  was  verified 
(Mallaiah & Reddy, 2016).

RSM has become increasingly popular in scientific 
research due to its optimization capabilities, ability 
to  create  mathematical  models  of  variable 
interactions, and capacity to identify and establish 
connections between influential variables (Günay & 
Bayram, 2021). Table 1 presents the coded values 
for  independent  variables  in  the  experimental 
design for methyl acetate production via reactive 
distillation.

Table 1. Values Coded for Experimental Design.

Value code Independent 
variable

Minimum value 
(encoded value)

Central value 
(encoded value)

Maximum value 
(encoded value)

A Feed rate 2.5 3.75 5
B Reflux ratio 1 1.25 1.5
C Feed 

temperature(°C)
30 45 60

For instance, the feed temperature ranges from 30 
°C to 60 °C, where “−1” corresponds to 30°C, “0” 
to  45°C,  and  “+1”  to  60°C.  The  minimum  and 
maximum variable values were determined based 
on  the  feasibility  of  results  from  the  Chemcad 
simulations.

RSM  not  only  identifies  optimal  operating 
conditions  but  also  provides  essential  data  for 
process  design.  By  integrating  first-  and  second-
order  Taylor  equations,  RSM  is  a  scientific 
approach used to determine optimal conditions. In 
RSM,  the  response (yield)  defines  the surface of 
the  Taylor  expansion  curve,  with  the  number  of 
variables  playing  a  critical  role  in  design 
complexity. As the number of variables increases, 
the  required  number  of  experiments  also 
proportionally rises. Another advantage of RSM is 
the  ability  to  graphically  display  the  relationship 
between  variables  and  responses.  Equation  (1) 
presents  the  mathematical  model  equation 
developed through experimental design.

Methyl Acetate Mass Flow Rate  = 
150.44-
0.63*A-13.35*B+19.32*C+5.20*A*B*-4.82*A*C-0.4
3*B*C-32.22*A2-7.13*C2…….(1)

2.2.2. Analysis of variance (ANOVA) with statistical 
techniques
In experimental design software, the conditions of 
interest are termed as "factors." Factors can have 
two or more levels, which may be determined by 
the experimenter or may be beyond their control. 
By applying variance analysis to the observational 
data obtained from the experiments, this technique 
identifies  whether  the  factors  in  question  are 
statistically  significant.  Analysis  of  Variance 
(ANOVA),  created  by  Ronald  Aylmer  Fisher,  is  a 
widely-used  technique.  In  experiments,  the 
characteristic of interest is termed the "response" 
or dependent variable, which can be quantitative 
or  qualitative.  Independent variables,  also known 
as factors, are experimental variables that can be 
controlled  and  impact  the  values  the  dependent 
variable will assume (Aldemir, Ersingün & Bayram, 
2022).

3. RESULTS AND DISCUSSION

Theoretical  studies  were  conducted  using  both 
Chemcad and experimental design software within 
the reactive distillation process framework. Steady-
state  experiments  in  Chemcad  determined  the 
operating ranges for feed ratio (2.5–5), reflux ratio 
(1–1.5),  and feed temperature (30–60 °C).  Based 
on these conditions, 20 different experimental sets 
were  generated  using  the  experimental  design 
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software. These sets were simulated in Chemcad to 
obtain methyl acetate yields (kg/h). The data from 
these simulations  were then analyzed within  the 
experimental  design  framework,  and  the 
interactions between variables were visualized in 
3D graphical  representations to calculate optimal 
values.

3.1. Response Surface Methodology (RSM) 
Studies
For  independent  variables  such  as  feed 
temperature,  feed  rate,  and  reflux  ratio  (k=3), 
applying  a  Central  Composite  Design  (CCD) 
resulted in 2k=6 central experimental points, out 
of  a  total  of  20  experiments.  These  points  were 
selected as the center, while 14 additional points 
were defined outside the center. Table 2 provides 
the  ranges  for  the  design  variables:  feed  rate, 
reflux ratio, and feed temperature. 

Table 2: Variables and their ranges determined for the experimental design method.

Independent variable Design 
variable

-1.68(α) -1 0 +1       +1.68(α) 

Feed rate A  1.64 2.5 3.75 5 5.85
Reflux ratio

Feed temperature(°C) 
B
C

0.82
19.77 

1
30   

1.25
45

1.5
60

1.67
70.22

3.2. Analysis of Variance (ANOVA) Results
Table  3  presents  the  variance  analysis  (ANOVA) 
results  for  the  quadratic  model  proposed  for 
methyl acetate production. As shown in the ANOVA 
table,  the  model’s  F-value of  4.93 indicates  that 

the  model  is  both  suitable  and  significant  for 
methyl  acetate  production.  In  this  study,  the 
correlation  coefficient  R2=0.816,  indicating  a 
strong  fit  between  the  model  and  simulation 
results.

Table 3: Analysis of variance (ANOVA) table of the proposed quadratic model.

Parameters Mean 
squares

Variance Least mean 
square

F-value P-value      

Model
A 
B
C

AB
AC
BC
A2

B2

C2

Residue

23969.81
5.36

2434.06
5098.61
216.11
186.05

1.48
14893.87
1887.31
718.61
5406.73

9
1
1
1
1
1
1
1
1
1

10               

2663.31
5.36

2434.06
5098.61
216.11
186.05

1.48
14893.87
1887.31
718.62
540.67

4.93
0.0099

4.50
9.43

0.3997
0.3441
0.0027
27.55
3.49

1.33   

0.0101
0.9227
0.0598
0.0118
0.5414
0.5705
0.9593
0.0004
0.0913
0.2758

Significant

Lack
Error
Total 

5406.73
0

29376.54

5
5
19

1081.35
0

3.3. Effect of Operating Variables on Methyl 
Acetate Yield
Table  4  displays  the  experimental  design's 
suggested operating conditions and product yield 
values for the reactive distillation process. The 

actual  values  are  the  methyl  acetate  mass  flow 
rates  obtained  from  the  Chemcad  simulations, 
while the predicted values are those suggested by 
the  response  surface  methodology  within  the 
defined parameter ranges.

Table 4: Methyl acetate mass flow rate values predicted by the model and obtained from the simulation.

Simulation Feed rate (A)
Reflux ratio 

(B)

Feed 
temperature 

(C)
(°C)

Simulation 
values

Values 
predicted by 

the model

1 5 1.5 60 84.29 92.18
2 2.5 1 30 149.21 150.24
3 2.5 1.5 30 168.31 140.32
4 2.5 1 60 67.17 57.95
5 3.75 1.25 19.77 128.07 143.33
6 3.75 1.25 45 149.21 150.24
7 2.5 1.5 60 199.79 162.76
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8 5 1 30 149.21 150.24
9 3.75 0.83 45 89.38 104.87
10 3.75 1.25 45 86.52 58.26
11 3.75 1.25 45 66.61 76.73
12 3.75 1.67 45 87.43 122.04
13 3.75 1.25 45 103.33 95.42
14 3.75 1.25 45 87.88 105.38
15 5 1.5 30 149.21 150.24
16 1.64 1.25 45 149.21 150.24
17 5 1 60 149.21 150.24
18 3.75 1.25 70.22 96.64 97.77
19 3.75 1.25 45 84.29 94.18
20 3.75 1.25 45 68 60.36

3.4. 3D Graphics
Figures  1,  2,  and  3  provide  the  3D  graphs 
generated  through  experimental  design.  These 
graphs illustrate the pairwise interactions between 

the  input  variables—feed  rate,  reflux  ratio,  and 
feed  temperature—and  their  effects  on  product 
yield.

Figure 1: Interaction plot of feed rate and reflux rate.
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Figure 2: Interaction graph of feed temperature and feed rate.

Figure 3: Interaction plot of feed temperature and reflux rate.

3.5. Results of Optimization
To  achieve  the  desired  production  yield,  the 
appropriate  input  variables  must  be  optimized. 
Numerical optimization techniques were employed 

in  the  optimization  studies  conducted  via 
experimental design. The results and graphs from 
these  studies  are  presented  below,  and  the 
solution values suggested by the system are listed 
in Table 5.

Table 5: Solutions offered by the system as a result of optimization studies.

Solutions Feed rate (A) Reflux  ratio 
(B)

Feed 
temperature 
(C, °C)

Methyl  acetate 
mass  flow  rate 
(kg/h)

Desirability

1 3.58 1.09 60 167.334 0.756
2 3.58 1.09 60 167.333 0.756
3 3.58 1.09 60 167.328 0.756
4 3.56 1.10 60 167.325 0.756

117



Bayram, İ., Günay, A. (2025), JOTCSB, 8(1), 111-122.  RESEARCH ARTICLE

5 3.60 1.11 59 166.976 0.754
6 3.56 1.09 60 167.321 0.756
7 3.70 1.13 60 166.932 0.753
8 3.56 1.08 60 167.302 0.756
9 3.60 1.12 60 167.191 0.755

3.6. 3D Graphics Optimized by Experimental 
Design Method
Figures  4,  5,  and  6  present  the  3D optimization 
graphs  obtained  through  experimental  design. 
These graphs  reveal  the  optimization  analysis  of 
product  yield  based  on  the  pairwise  interactions 
between  input  variables—feed  rate,  reflux  ratio, 

and  feed  temperature.  The  optimized  values 
suggested by the system, as given in Table 5.7, are 
as follows: feed rate = 3.58, reflux ratio = 1.09, 
and feed temperature = 60 °C. The design model 
predicts an optimal mass flow rate of 167.334 kg/h 
for these input values.

Figure 4: Interaction graph of reflux rate and feed rate as a result of optimization.

Figure 5: Interaction graph of feed temperature and feed rate as a result of optimization.
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Figure 6: Interaction graph of reflux ratio and feed temperature as a result of optimization.

3.7. Model and Simulation Comparison
Figure  7  illustrates  the  relationship  between  the 
data  obtained  from  20  experiments  conducted 
according to  the algorithm recommended by the 
experimental  design  software  and  the  values 
predicted by the model under identical conditions. 
The graph compares the predicted methyl acetate 

yield  with  the  simulated  yield  to  analyze  the 
agreement  between  the  model  and  simulation. 
Since the optimal conditions are defined in terms 
of feed rate, reflux ratio, and feed temperature, the 
model and experimental data are observed to be in 
alignment.

Figure 7: Model and simulation comparison of methyl acetate yield.

The  optimization  results  obtained  through 
experimental  design  indicate  that  the  optimized 
input values are feed rate = 3.58, reflux ratio = 
1.09,  and  feed  temperature  =  60  °C.  ANOVA 
analysis yielded an F-value of 4.93 and R2=0.816, 
with the remaining unexplained 0.184 attributed to 
uncontrolled  external  factors  not  included  in  the 

model.  The  p-value,  calculated  at  a  95% 
confidence  interval  (p  <  0.05),  confirms  the 
model’s validity and applicability.
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4. CONCLUSION

The  reactive  distillation  system  integrates  the 
reaction  and  distillation  processes  into  a  single 
unit.  Compared  to  conventional  distillation 
methods, it has been identified as a more effective 
system  in  terms  of  product  yield  and  cost 
efficiency.  In  this  study,  the  effects  of  key 
operational  parameters—feed  rate,  reflux  ratio, 
and  feed  temperature—on  methyl  acetate  yield 
were observed in a simulated reactive distillation 
column.  Through  a  design  of  experiments 
approach,  the  interactions  between  these 
parameters  and  their  influence  on  product  yield 
were  illustrated  in  3D  graphical  representations. 
Optimization  studies  were  then  performed  using 
the  experimental  design  approach,  where  feed 
rate,  reflux  ratio,  and  feed  temperature  were 
optimized  to  achieve  maximum  methyl  acetate 
production.

Furthermore,  a  high  degree  of  consistency  was 
observed  between  the  predicted  methyl  acetate 
flow rate values from simulation and those derived 
from  experimental  design.  The  effects  of  input 
parameters on the resulting quadratic model were 
mathematically evaluated, and statistical variance 
analysis (ANOVA) yielded an R2 value of 0.81. The 
ANOVA analysis indicated an F-value of 4.93, with 
the variation corresponding to 1.01%, suggesting 
that  this  variability  likely  resulted  from system’s 
disturbance.  With  an  F-value  indicating  model 
significance and a p-value of 0.0101 (p < 0.05), the 
model  was  deemed  statistically  significant.  The 
design expert approach, applied as an innovative 
method  in  the  reactive  distillation  process, 
effectively  validated  the  model’s  suitability  and 
achieved  efficient  results  in  terms  of  yield 
optimization.

In this study, the optimized values proposed by the 
system were feed rate = 3.58, reflux ratio = 1.09, 
and feed temperature = 60 °C. The design model 
predicted  an  optimal  mass  flow rate  of  167.334 
kg/h  for  these  input  variables.  Comparing  these 
results with literature findings, it has been reported 
that  a  continuous  two-feed  reactive  distillation 
process  benefits  from  having  a  shorter  distance 
between the two feed entries and positioning the 
heavier  reactant  feed  above  the  lighter  one.  In 
terms  of  cost  reduction  and  energy  savings  in 
reactive distillation, rapid optimization results can 
be achieved by reducing energy requirements (i.e., 
lower  reflux  ratio)  under  optimal  feed  conditions 
(Muthia et al., 2019).
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Abstract: This study investigates the effect of carbon black (CB) particle size on the curing kinetics and 
mechanical properties of poly(epichlorohydrin) (H55) elastomers. The curing behavior was analyzed at 
170 °C, 180 °C, 190 °C, and 200 °C, using first-order and nth-order kinetic models to determine the 
activation energy (Ea) and cure rate constant (k). Results indicate that CB significantly accelerates the 
vulcanization process, reducing the scorch time (ts2) and optimum cure time (t90) while increasing 
delta torque (ΔT) values, which correlates with improved cross-link density. The H55-N330 formulation 
exhibited the fastest cure rate and the highest delta torque, highlighting its superior curing efficiency.  
Mechanical  testing  revealed  that  adding  CB  enhanced  stiffness,  tensile  strength,  and  modulus  of 
elasticity,  with  the  H55-N330  blend  showing  the  highest  elastic  modulus  (9.90  ±  1.07  MPa), 
approximately 13 times higher than CB-free H55 (0.70 ± 0.14 MPa). Swelling studies confirmed that CB 
increases  cross-link  density,  leading  to  a  54% reduction  in  swelling  ratio  for  the  H55-N330 blend. 
Additionally,  Shore A hardness values doubled with CB incorporation,  while compression set values 
increased. Despite no significant differences in elongation at break, the addition of CB improved overall 
toughness and durability.  These findings suggest  that  carbon black,  particularly  N330,  significantly 
improves the curing kinetics, mechanical properties, and cross-link density of H55 elastomers, making 
them ideal for high-performance rubber applications in automotive, aerospace, and industrial sealing 
systems.
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1. INTRODUCTION

For  about  150  years,  developments  in  rubber 
technology have produced many useful  products 
with  rubber.  Due  to  their  elasticity,  viscoelastic, 
mechanical, and chemical properties, rubbers are 
versatile,  meaningful,  and  unique  technological 
materials  for  widespread  applications  in  the  tire 
and, automotive, and aviation industries or general 
rubber  products  such  as  gloves,  hoses,  o-rings, 
etc. Two leading groups of rubber commonly used 
in  industry  are  natural  rubber  and  synthetic 
rubber. 

Rubber  materials  consist  of  many  components, 
such  as  activators,  process  oils,  curing  systems, 
and fillers. Fillers are a primary component in the 
rubber industry. They are added on purpose. They 
lower  the  material's  cost  and  enhance  the 
compounds'  mechanical  and  dynamic  qualities. 
Fillers  add  strength  and  rigidity  to  elastomers, 
increase  rubber  resistance  to  tearing,  abrasion, 
and  bending  fatigue,  and  improve  traction  and 
endurance (Zhang et al., 2001). Silica and carbon 
black (CB) are the most widely used fillers in the 
rubber industry.  

Decades ago, other fillers, such as silica and clay, 
were frequently utilized in situations where a high 
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level of reinforcement was not needed. There was 
a  lesser  polymer-filler  interaction  (Mark  et  al., 
1994;  Mowdood et  al.  2000).  Due to  the  silanol 
groups on its surface, silica has a high degree of 
polarity and a hydrophilic surface. Because of this, 
silica filler cannot be used with non-polar rubbers, 
including  butadiene,  styrene-butadiene,  and 
natural  rubber  (NR),  among  others.  It  is  well 
acknowledged  that  the  molecular  interactions 
between the filler and rubber particles cause the 
reinforcing effects. For the successful use of silica 
for rubber reinforcement, it has been widely used 
by  modifying  the  silica  surfaces  with  silane 
coupling  agents  to  increase  the  silica-rubber 
interaction (Noordermeer et al., 2014; Hanifi et al., 
2005; Manna et al. 1998).

Another  standard  filler  is  carbon  black  (CB). 
However,  carbon  black  manufacturing  generally 
leaves a significant carbon footprint. Carbon black 
is  rubber  industry's  most  widely  used  reinforced 
filler since World War I. More than 92 percent of CB 
production  worldwide  is  used  for  rubber 
production,  particularly  in  manufacturing  tires; 
these  components  include  inner  liners,  sidewall 
carcasses, air sources, belts, conveyor wheels, and 
specific  vibration  isolation  devices.  Around  8.1 
million  tonnes  of  carbon  black  are  produced 
worldwide, ranking among the 50 most advanced 
industrial  chemicals  (Fan  et  al.,2020).  Carbon 
black will be a filler that will continue to be used in 
rubber  product  production  in  the  future.  The 
literature  on  CB  fortification  of  rubber  has  been 
reviewed over the last 100 years, and over 10,000 
publications  have  been  produced.  Although  this 
article  includes  the  words  "carbon  black," 
"reinforcement,"  and  "rubber"  in  its  titles,  the 
mechanical  reinforcement  effect  of  CB in  rubber 
has been studied in papers generally  (Robertson, 
C.G.; Hardman, 2021). Yan et al. (2021) found that 
the surface modification of  graphene oxide (GO) 
nanosheets increased the strength at the break by 
90% by showing a positive effect on the cross-link 
density  of  nitrile  butadiene  rubber  containing 
carbon  black  (N220).  Jovanovic et  al.  (2013) 
investigated  the  impact  of  N330  CB  in  different 
proportions  on  the  activation  energy,  thermal 
stability,  and  mechanical  properties  of 
acrylonitrile-butadiene/ethylene-propylene-diene 
(NBR/EPDM) rubber mixtures. While the activation 
energy of the mix with 70 phr (parts per hundred 
rubber) CB was found to be the lowest, the best 
mechanical  test  results  were  seen  in  the 
NBR/EPDM mixture with 90 phr N330 carbon black 
added.  Among  viscoelastic  materials,  rubber 
materials have the unique feature of maintaining 
material  integrity  even  when  exposed  to  high 
deformation  forces;  these  properties  are  widely 
used in energy-absorbing insulators. In a study by 
Bandyopadhyay et al., the effect of HAF N330 CB 
amount  on  the  viscoelastic  properties  of 
vulcanized natural rubber was investigated. In the 
study,  as  the  amount  of  CB increased,  the 
viscoelastic properties of the blends decreased. It 
caused a decrease in  the damping properties  of 

the vulcanizates with an increase in the amount of 
CB  (Bandyopadhyaya et al.  2022). In a study by 
Sivaselvi et al., (2020) the effect of different N550 
CB amounts on the mechanical properties of the 
windshield  wiper  blade  was  comparatively 
examined.  They  found  that  the  mechanical 
properties of the front wiper blade enhanced with 
the increase in N550 CB (Sivaselvi et al., (2020) In 
a study by İsmail  et al. (2019)  in basic insulator 
systems,  magnetorheological  elastomers  (MREs) 
systems  provide  information  about  the 
performance and other physical properties of the 
final  products  by  adding  N220  carbon  black  to 
natural rubber at different rates.

With  the  realization  of  the  industrial  revolution 
from  the  discovery  of  natural  rubber  to  the 
present,  the  need  for  rubber  material  has 
increased since the beginning of the 20th century. 
In  addition,  Synthetic  rubbers such as butadiene 
rubber  (BR),  Styrenebutadiene  rubber  (SBR), 
acrylonitrilebutadiene  rubber  (NBR),  Chloroprene 
rubber  (CR),  Ethylene  Propylene  Diene  rubber 
(EPDM),  Silicone  rubber  (Q)  have  begun  to  be 
synthesized in industrial scale. Nowadays, different 
types of rubber are synthesized depending on their 
purpose and usage areas. 

One  is  Polyepichlorohydrin  (PECH),  which  was 
synthesized in the 1950s. Polyepichlorohydrin is a 
polyether  with  a  functional  alkyl  chloride  side 
group. Epichlorohydrin (ECH) is currently produced 
using "green" methods, which convert glycerine, a 
byproduct of biofuel production, into ECH, making 
it  much  more  environmentally  friendly  and 
reducing  production  costs  than  traditional 
synthesis  methods  (Martin  et  al.,2016).  Due  to 
their  unique  characteristics,  including  low-
temperature flexibility and heat and oil resistance, 
PECH  elastomers  are  utilized  in  various  trading 
products,  such  as  fuel  hoses,  gaskets,  and  air 
ducts (Ferrier et al.,2021). In the decades between 
its  initial  synthesis  and  the  present,  PECH  and 
derived materials from PECH have been used for 
cost,  functionality,  chemically  robust  and  pliable 
ether backbone, inexpensive polymer electrolytes 
(Hu et al.,2015), gas separation (Tu et al., 2021), 
ion exchange membranes (Tuan et al., 2020) and 
cold climate performances (Sokolova et al.,2019). 

The  flexible  ether  backbone  of  epichlorohydrin 
rubber  allows for  cold-climate applications.  Zeon 
Chemicals L.P. (USA) developed the product code 
Hydrin  T6000,  which  has  the  lowest  glass 
transition temperature (Tgt  = -60 °C)  for  use in 
cold  climates  or  frost-resistant  rubber  based  on 
epichlorohydrin.  Haldeeva et al.  (2019) prepared 
Hydrin  T6000  elastomer  and  N774  and  N550 
carbon  black  blends  at  different  ratios and 
investigated the effect of  CB type and amount on 
residual  deformation  and  mechanical  properties. 
They found that the blend containing 65 phr N774 
carbon  black  best  maintained  elastic  properties. 
Bukowski  et  al.  found  that  multi-walled  carbon 
nanotubes (CNTs) at the rate of 1-2% w/w to be 
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added  to  the  hydrin  elastomer  increase  the 
abrasion resistance (Bukovskiy et al.,2019) In the 
study  of  Fedorova  et  al.,  (2021) viscoelastic 
properties  of  hydrin  elastomer  containing  two 
different accelerator systems, such as thiuram and 
guanidine  containing  N550  carbon  black,  were 
investigated.  In  a  similar  study,  Davydova et  al. 
showed that  the  cooking  system is  a  prominent 
parameter  in  determining  the  mechanical  and 
physical  properties  of  the  hydrin  elastomer 
(Davydova et al., 2021). 

This study was carried out to determine the effect 
of carbon black size on the vulcanization kinetics 
and  mechanical  properties  of  epichlorohydrin 
rubber blends. For this aim, blends were prepared 
with the same amount of carbon blacks in different 
sizes  (N220,  N330,  and  N550).  The  effects  of 
carbon  black  on  the  curing  characteristics  were 
investigated.  However,  the effects  of  the size  of 
the  carbon  black  on  the  curing  kinetics  and 
activation  energy  of  the  Poly(epichlorohydrin) 
elastomer were investigated with the 1st and nth-
order kinetic  models.  Finally,  it  aims to examine 
the effects of the test samples prepared from each 
mixture on Shore A hardness values, compression 
set,  rebound  resilience,  and  tensile  strength 
properties.

2. EXPERIMENTAL SECTION

2.1. Materials
Poly(epichlorohydrin)(CO)  homopolymer,  trade 
name H55, was obtained from Zeon Co. (USA). The 
H55 has a homopolymer of Epichlorohydrin (ECH) 
polymers. The Mooney viscosity value of polymers 
is (@100 °C ML (1 + 4)) and a viscosity range of 
50-60,  and  the  monomer  content  of  the 
homopolymer is 100% epichlorohydrin (ECH). The 
relative  density  of  H55  is  1.37  g/cm3, and  the 
chlorine content is 36% by weight.  Carbon blacks 
(HAF N220/330/550)  used as  filler  were supplied 
from  Omsk  Carbon  Group  (Russia).  The  particle 
size of N220 carbon black ranges from 20 to 25 
nm, N330 from 28 to 36 nm, and N550 from 39 to 
55 nm. Their respective average surface areas are 
112–115 m²/g, 76–80 m²/g, and 39–41 m²/g. The 
vulcanization  system  was  based  on  ethylene 
thiourea (Zisnet  F-PT)  and  Diphenyl  Guanidine 
(DPG). Other ingredients are commercial chemicals 
commonly used in the rubber and tire industry. 

2.2. Preparation of Blends 
Table  1 presents  the  component  ratios  of  the 
mixtures,  expressed  in  phr.  All  blends  were 
prepared at 40 °C at 50 rpm/min for 20 minutes 
using a laboratory two-roll mixing mill.

 

Table 1. Formulations of the H55/CB compounds.

 Component H55 H55-220 H55-330 H55-550

H55 100 100 100 100

N220 0 40 0 0

N330 0 0 40 0

N550 0 0 0 40

Naphtenic oil Octopus N418 5 5 5 5

Alkylphenol resin 20 20 20 20

6PPD, N-(1,3-Dimethylbutyl)-
N'phenyl-p-phenylenediamine

1 1 1 1

Magnesium oxide (MgO) 3 3 3 3

Stearic Acid 1 1 1 1

DPG, N, N’- Diphenylguanidine 0.5 0.5 0.5 0.5

TTCA(TMT), Zisnet 2,4,6- 
Trimercapto-s-triazine 
(Trithiocyanuric acid)

0.8 0.8 0.8 0.8

TDQ, 2,2,4 – trimethyl – 1,2 – 
dihydroquinoline

1 1 1 1

2.3. Cure Characteristics and Swelling Study
The optimal  cure time and curing parameters of 
blends  were  determined  using  a  moving  die 
rheometer (Alpha 2000 MDR) at 170/180/190/200 
°C  according  to  ASTM  D5289-12.  Tests  were 

carried  out  by  taking  three  samples  from  3 
different points of each blend series. 

The  crosslinking  density  of  rubber  often  affects 
swelling  in  that  it  can  absorb  more  solvent 
molecules due to the less dense crosslink density. 
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Conversely,  higher  crosslink  densities  make 
polymer  chains  complex  to  flexibility;  for  this 
reason, it reduces chain gaps and restricts solvent 
molecule  absorption  into  the  networks  (Darko, 
2022)  The  swell  ratio,  the  greatest  equilibrium 
swelling condition attained during the soaking of 
the solvent molecules, may be calculated via the 
swelling  technique  (Kraus,  1957,  Poller  et  al., 
1962)  This approach measures the swelling ratio 
by monitoring swelling polymers' volume or weight 
increase until swelling equilibrium is achieved (Liu 
et al., 2020). In this study, the swelling ratio was 
defined as follows:

Q=[ (W s –W d)
W d

]×100% (Eq. 1)

where;  The  weights  of  the  dry  specimen  are 
represented by wd and the swollen specimen by 
ws,  respectively.   Rubber  samples  of  a  specific 
weight  were  soaked  in  toluene  at  room 
temperature for seven days to test for swelling. 

2.4. Mechanical Properties of H55/CB Series 
Elastomers
For  all  the  compounds'  optimum  cure  times, 
vulcanization was carried out in a pressurized hot 
press (Brabender) at 200 oC.

Shore  A  hardness  was  measured  according  to 
ASTM  D  2240 standard.  Hardness  values  were 
calculated using a Westop brand Type A durometer 
(Nishi  Tokyo Seimitsu,  Japan)  by  preparing  eight 
samples  from 6 mm thick  and 16 mm diameter 
smooth surface samples.

The  rebound  values  of  each  elastomer  were 
measured  using  12.5  mm  thick  and  30  mm 
diameter  samples  with  smooth  surfaces.  The 
samples were measured using the ZwickRoell 5109 
Rebound Resilience Tester (Zwick Roell, Germany). 
Rebound  resilience  measurements  were  taken 
from  4  samples  from  each  elastomer  batch 
prepared according to ASTM D7121 standard.

The Compression Set was measured according to 
the ASTM D395 standard. Permanent deformation 
tests are performed using five 6 mm thick and 16 
mm  diameter  smooth  surface  samples.  The 
samples exposed to 25% compression for 22 hours 
were  removed  from  the  test  setup,  and 
measurements were taken after they were relaxed 
for 30 minutes.

The  tensile  properties  of  the  H55/CB  blend 
vulcanizates were measured with a universal test 
tensile  test  machine  (UTM,  Zwick  Z010,  by 
Zwick/Roell, Germany) according to ASTM D412, in 
the 0.5-2.5% elongation  zone with  a  mechanical 
extensometer at 100 mm/min and the rest of the 
test  at  500mm/min.  Eight  samples  were  tested 
from each batch of blends. The tensile properties 
are given with deviation values.

3. RESULTS AND DISCUSSION

3.1. Cure characteristic and kinetic study of 
H55/CB blends
The size of the carbon blacks employed makes the 
most difference in the blends made according to 
the  formula  listed  in  Table  1. Curing  curves  of 
H55/CB  series  compounds  at  different 
temperatures  are  given  in  Figure  1  below.  In 
addition, the  measured  curing  parameters  are 
given in Table 2.

As seen in  Figure 1,  the curing curves increase 
with  the  addition  of  carbon  black  at  each 
temperature value, regardless of the carbon black 
size. 

As  the  torque  increases  by  two  units  over  the 
minimum  torque  during  the  cure  period,  scorch 
time  ts2 is  recorded.  Scorch  occurs  when  the 
rubber  partially  vulcanizes  before  the  product  is 
completely shaped and prepared for vulcanization 
(Al-Nesrawy et al.,2016). Even at 170 °C, the ts2 

value was not observed during the 20 minutes of 
curing of the  H55 blend, which does not contain 
carbon  black.  However,  ts2 values  of  mixtures 
containing CB were observed at 170 °C. The lowest 
ts2 value  was  observed  in  the  mixture  of  H55-
N330  with  a  value  of  2.75±0.01  minutes.  This 
study shows that CB positively affects curing at the 
lowest  temperature  value  of  170  °C.  It  was 
observed that ts2 and t90 times of all CB mixtures 
were shortened.

Even at 170 °C,  the ts2 value was not observed 
during the 20 minutes of curing of the H55 blend, 
which does not contain carbon black. However, ts2 

values of mixtures containing CB were observed at 
170 °C. The lowest ts2 value was observed in the 
mixture of  H55-N330  with a value of 2.75±0.01 
minutes.  This  study  shows  that  CB  positively 
affects curing at the lowest temperature value of 
170 °C. It was observed that ts2 and t90 times of all 
CB mixtures were shortened. In addition, Δtorque 
values were higher than the reference blend H55. 
The delta torque value is directly proportional to 
the  crosslink  density.   Regardless  of  the  size 
structure  of  all  mixtures  containing  CB,  the 
Δtorque  value  at  all  temperatures  was 
approximately 2/2.5 times higher than the Δtorque 
value of the H55 mixture without CB. As expected, 
the  curing  rate  increases  with  the  increase  in 
temperature for  all  mixtures with CRI  values.  As 
illustrated in Figure 1 and Table 2, CB-containing 
poly  (epichlorohydrin)  blends  have  been 
demonstrated  to  enhance  crosslinking  reactions 
and  promote  crosslink  formation.  Carbon  black 
improves the vulcanization process by acting as a 
reinforcing filler that aids in better heat dissipation 
and speeds up the curing reaction. It is thought to 
lead  to  more  efficient  and  faster  curing  by 
mitigating  side  reactions  such  as  transfer  and 
rearrangement  reactions  that  would  otherwise 
compete with crosslinking.
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Table 2. Cure values of H55, H55 N220, H55 N330 and H55 N550 blends. 

Temperature Compound Code ts2 (m) t90 (m) ΔTork (dNm) CRI(m-1)

1
7

0
 oC

H55 0.00±0.00 16.40±0.05 1.82±0.01 6.10±0.02

H55-N220 3.33±0.06 14.81±0.09 6.18±0.12 8.71±0.03

H55-N330 2.75±0.01 14.70±0.01 6.67±0.01 8.37±0.01

H55-N550 4.30±0.03 15.58±0.06 5.09±0.01 8.87±0.03

1
8

0
 oC

H55 13.42±0.08 15.30±0.10 2.36±0.00 53.48±0.40

H55-N220 2.09±0.01 12.87±0.04 7.03±0.01 9.28±0.02

H55-N330 1.70±0.00 12.94±0.01 7.61±0.04 8.90±0.01

H55-N550 2.64±0.15 14.07±0.12 5.98±0.16 8.75±0.02

1
9

0
 oC

H55 8.13±0.20 13.16±0.04 2.67±0.03 19.91±0.64

H55-N220 1.43±0.04 10.38±0.17 7.33±0.01 11.17±0.17

H55-N330 1.16±0.02 10.29±0.11 7.88±0.23 10.95±0.15

H55-N550 1.65±0.02 11.80±0.13 6.60±0.03 9.85±0.10

2
0

0
 

oC H55 5.05±0.03 8.85±0.01 2.73±0.01 26.32±0.29

H55-N220 1.03±0.01 7.09±0.01 7.26±0.00 16.49±0.02

H55-N330 0.83±0.00 2.21±0.00 7.87±0.02 16.14±0.02

H55-N550 1.15±0.00 2.64±0.01 6.58±0.02 13.98±0.04

Figure 1. Curing curves of H55 (a), H55 N220 (b), H55 N330(c), and H55 N550 (d) Blends at 170 °C, 180 
°C, 190 °C, and 200 °C. 
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The Cure Rate Index (CRI) is a parameter used in 
rubber and elastomer processing to quantify  the 
rate  of  vulcanization  or  curing.  It  indicates  how 
quickly  a  rubber  compound  transitions  from 
uncured to fully cured when subjected to heat and 
curing agents (such as peroxides or sulfur-based 
systems). The cure index (CRI) indicating the cure 
rate of the blends is defined in Equation 2. 

CRI= 100
(t90−t s2)

(Eq. 2)

To analyze the curing kinetics of the prepared H55-
CB  blends,  α-time  graphs  were  generated  using 
Equation 3 based on the curing curve data for all 
blends.  The  α-time  plots  for  these  blends  are 
presented in Figure 2. Furthermore, to determine 
the  cure  rate  content  and  activation  energy  of 
elastomers  according  to  the  first-order  kinetic 
model, the state of cure (α) values were calculated 
by evaluating the cure curves of ECHR-CB blends 
at four different temperatures using Equation 3.

α(t) = M t−M L
M H−M L

(Eq. 3)

where  MH  is  the  maximum  torque,  ML  is  the 
minimum torque, and Mt is the torque at the time. 
k  values  were  calculated  according  to  the  first-
order  kinetic  model  using  Equation  4 by 
evaluating the area between α=0.25-0.45 in  the 
cure curve.

ln (α )=k (T )×t (Eq. 4)

Activation  energies  of  elastomers  have  been 
calculated  with  k  values  obtained  at  different 
temperatures using the Arrhenius equation.

K=k0exp(−Ea /RT ) (Eq. 5)

Ea is the activation energy, R is the universal gas 
constant, and T is the absolute temperature.

Figure 2. α-time curves of H55, H55 N220, H55 N330, and H55 N550 blends at 150 °C, 160 °C, 170 °C, 
and 180 °C.

Figure 2 shows the state of cure (α) values versus 
cure  time of  H55 series  compounds curves.  The 
region between α=0.25-0.45 in the α-time curve 
was evaluated to calculate k values according to 
the  first-order  kinetic  model  using  Equation  4. 

The cure rate was calculated using the slope of the 
lnα-time curves of the blends of H55, H55-N220, 
H55-N330, and H55-550 used to evaluate the (k) 
value of the content.
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Figure 3. lnα-time curves of H55, H55 N220, H55 N330, and H55 N550 blends.

Figure 4 gives the ln k versus (1/T) of H55, H55-N220, H55-N330, and H55-N550 blends from the 
Arrhenius equation at 170 °C, 180 °C, 190 °C, and 200 °C. 

Figure 4. 1st order cure kinetics; ln k versus (1/T) of H55, H55 N220, H55 N330, and H55 N550 blends 
from Arrhenius equation, at 170 °C, 180 °C, 190 °C, and 200 °C.

Then, using Equation 5, the activation energies of 
each mixture were found. Tables 3 and 4 present 

the cure rate content and activation energy of H55 
elastomers.
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Table 3. First order kinetic model; Cure rate content of H55 N220, H55 N330 and H55 N550.

1st order "k" values

Temp (°C) H55 H55-N220 H55-N330 H55-N550

170
0.178±0.00

5
0.272±0.008 0.321±0.010 0.221±0.007

180
0.248±0.00

7
0.413±0.012 0.424±0.017 0.320±0.010

190
0.360±0.01

1
0.608±0.012 0.617±0.019 0.505±0.025

200
0.568±0.01

7
0.771±0.023 1.007±0.022 0.728±0.022

Table 4. Activation energy of H55 N220, H55 N330 and H55 N550 blends.

Blend Code Ea (kJ/mol )
H55 67.13±3.36
H55 N220 61.30±4.29
H55 N330 66.09±2.64
H55 N550 70.35±3.52

According to  the first-order  kinetic  model  of  the 
cure  curves  of  the  H55-CB series  elastomer,  k 
values  increased  with  temperature.  As  seen  in 
Table 3, the k value increased with the use of CB, 
and  this  increase  was  more  pronounced at  high 
temperatures. The rise in the k constant with the 
use of CB is that CB prevents reactions other than 
crosslinking, such as transfer and rearrangement, 
which compete with the cross-linking reaction. The 
highest k-constant value is seen in the H55-N330 
coded blend, while the lowest k-constant value is 
in the H55 coded blend. When the Ea values were 
examined, it was seen that the highest activation 
energy value was in the H55-N550 coded blend. 

For nth-order curing kinetics, the α-time curves of 
the  mixtures  at  different  temperatures  were 
iteratively  fitted  to  the  curing  curves  using 
Equation 6. The nth-order kinetic model serves as 
the  second  method  for  calculating  the  reaction 
rate  constant  (k),  activation  energy  (Ea),  and 
reaction order (n).  To determine the values of  k 
and n, the state-of-cure time curves were analyzed 

using the OriginLab program based on  Equation 
6:

α=
k (t−t s)n

1+k (t−t s)n
(Eq. 6)

Where, ts is scorch time.

Equation  5 was  then  used  to  calculate  the 
activation  energies  of  the  elastomers.  Figure  6 
presents the α-time curves for the H55, H55-N220, 
H55-N330,  and  H55-N550  blends.  According  to 
Equation 5,  the reaction rate constants (k)  and 
reaction  order  (n)  for  each  mixture  at  different 
temperatures were determined using the Isayev-
Deng model (Isayev et al.,2009; Farid et al., 2007, 
Mansilla  et  al.,  2006),  applying  a  scientific 
graphing program and nonlinear curve fitting. The 
reaction rate constants (k) and reaction order (n) 
for the H55, H55-N220, H55-N330, and H55-N550 
blends are summarized in Tables 5 and 6.
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Figure 6.  α-time curves of H55, H55 N220, H55 N330 and H55 N550 a with curve fitting at 200 °C.

Figure 7. nth order cure kinetics; ln k versus (1/T) of H55, H55 N220, H55 N330, and H55 N550 blends 
from Arrhenius equation, at 170 oC, 180 oC, 190 oC, and 200 oC.

According  to  the  nth kinetic  model  of  the  cure 
curves of H55-CB blends, When the k values were 
examined, it was seen that the value of the k rate 
constant  increased  with  the  increase  in 
temperature  for  all  blends.  The  highest  k  value 
was seen in the H55-N330 coded blend, as in the 
first-order kinetic model, while the lowest k value 
was seen in the  H55 coded blend. When the Ea 
values  were  examined,  it  was  seen  that  the 
highest activation energy value was in the  H55-
coded blend.  Carbon black interacts  with curing 
agents such as sulfur and accelerators, modifying 

the overall kinetics of vulcanization. The type and 
structure  of  carbon  black  affect  how  it  absorbs 
these  chemicals,  influencing  cure  speed  and 
efficiency. Carbon black enhanced the cure rate by 
suppressing competing reactions, such as transfer 
and rearrangement,  that  are distinct  from cross-
linking  reactions.  CB  plays  two  roles  in  the 
vulcanization  kinetics  (Razzaghi-Kashani  et  al., 
2018):  first,  it  exhibits  a  catalytic  effect  that 
accelerates  the  initial  reactions  among 
vulcanization agents.
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Compd
170 °C 180 °C 190 °C 200 °C

k n k n k n k n
H55 0.02±0.02 2.22±0.05 0.04±0.01 1.98±0.04 0.09±0.04 1.79±0.03 0.18±0.03 1.76±0.11
H55-N220 0.41±0.06 1.78±0.03 0.15±0.01 1.64±0.03 0.32±0.01 1.43±0.02 0.63±0.01 1.37±0.02
H55-N330 0.09±0.01 1.72±0.05 0.23±0.01 1.41±0.03 0.43±0.01 1.29±0.02 0.80±0.016 1.21±0.02
H55-N550 0.05±0.01 1.84±0.05 0.11±0.01 1.62±0.04 0.23±0.01 1.51±0.03 0.47±0.01 1.41±0.02

Tablo 5. n order kinetic model; Cure rate content of H55-REF, H55-N220, H55-N330 and H55-550.

Table 6. Activation energy of H55 N220, H55 N330 and H55 N550 blends.

Blend Code Ea (kJ/mol)
H55-REF 146.4±7.3

H55 N220 131.7±7.9
H55 N330 128.8±4.5
H55 N550 130.4±9.1

Figure 8 below shows a comparative bar graph of 
activation energy values calculated from 1st—and 

nth-order kinetic models of H55, H55-N220, H55-
N330, and H55-N550.

Figure 8. Calculated 1st and nth order activation energy values of H55, H55 N220, H55 N330 and H55 
N550. 

The  1st-order  kinetic  model's  activation  energy 
values were discovered to be lower than those of 
the nth-order kinetic model, as shown in Figure 8. 
The activation energy levels of all  blends, it  was 
noted, did not significantly differ. This is because 
only data from α-time graphs between 0.25 and 
0.40  are  considered  in  the  first-order  kinetic 
model.  With  the  addition  of  carbon  black,  the 
activation energy value is reduced by around 19% 
when considering the nth-order kinetic modeling. 
Carbon black interacts with curing agents such as 
sulfur  and  accelerators,  modifying  the  overall 
kinetics of vulcanization. The type and structure of 
carbon  black  affect  how  it  absorbs  these 
chemicals, influencing cure speed and efficiency. 

3.2.  Swelling studies of H55/CB Blends

The  swelling  ratio  is  a  key  indicator  of  an 
elastomer’s cross-link density and interaction with 
solvents.  A  lower  swelling  ratio  suggests  higher 
cross-link density, which restricts the penetration 
of solvents into the polymer network. The swelling 
ratios given in Figure 9 show that adding carbon 
black (CB) to the hydrin elastomer (H55) leads to a 
decrease in the swelling ratio.  While the highest 
swelling  ratio  was  observed  in  the  blend  coded 
H55 (without CB) with 3.327±0.0274,  the lowest 
was observed in the blend coded H55-N330 with 
1.466±0.003.  
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Figure 9. Swelling ratio of H55, H55 N220, H55 N330 and H55 N550 blends.
 
This  phenomenon  can  be  attributed  to  multiple 
factors.  Carbon  black  is  a  reinforcing  filler, 
enhancing mechanical stability and reducing free 
volume within the polymer matrix. Additionally, it 
promotes  the  formation  of  a  highly  cross-linked 
polymer  network  after  curing,  further  restricting 
solvent penetration. Consequently, the interaction 
between  polymer  chains  and  the  solvent  is 
significantly diminished, reducing the elastomer’s 
solvent absorption capacity.  With the addition of 
carbon black, the free volume within the polymer 
matrix  decreases,  leading  to  a  more  compact 
structure. Moreover, rheometer studies indicate an 
increase  in  delta  torque  values,  suggesting  that 

carbon  black  also  contributes  to  an  enhanced 
cross-link density in the elastomer network.

3.3. Mechanical Properties of H55/CB 
series blends

Shore  A  hardness,  Rebound  Resilience, 
Compression Set, and tensile strength tests were 
performed to examine the effect of different sizes 
of  carbon black on the mechanical  properties  of 
Epochlorohydrin  elastomer.   Shore  A  hardness, 
Compression Set, and Rebound resilience value of 
Epichlorohydrin  Rubber  with  carbon  black  in 
different sizes are given in Table 7 below. 

Table 7. Basic Mechanical Properties of Epichlorohydrin Rubber with Carbon Black in Different Sizes.

Blend Code Shore A Compression 
Set

Rebound 
Resilience

H55 20±1 11.4±5.0 6.8±0.5
H55-N220 60±1 44.9±3.8 6.5±0.6
H55-N330 64±2 47.4±1.0 7.5±0.6
H55-N550 60±1 27.7±2.8 6.0±0.2

With the addition of CB to ECHR, the shore A value 
of  all  blends  increased  approximately  twofold. 
There  was  no  significant  difference  in  Rebound 
Resilience values  in  all  blends.  The compression 
set  values  of  H55/CB  Blends  increased  with  the 
addition of carbon black.

Figure  10 provides  stress-strain  curves  for  the 
H55,  H55-N220,  H55-N330,  and H55-N550 coded 
compounds. 
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Figure 10.  Strain-Stress curves of H55, H55 N220, H55 N330 and H55 N550 coded compound.

The  stress-strain  curve  values  of  the  H55/CB 
mixtures given in  Table 8 show that  adding CB 

significantly  improved  the  mechanical  values  of 
H55.

Table 8. Tension test results of H55, H55-N220, H55-N330 and H55-N550 coded elastomers.

Blend Code Emod 
(MPa)

Emod @ 100% 
strain (MPa)

Emod @ 300% 
strain (MPa)

Tensile 
strength 

(MPa)

Elongation 
at break 

(%)
H55 0.70±0.14 0.34±0.01 0.78±0.02 3.0±0.4 553±26
H55-N220 8.90±1.11 1.49±0.11 3.58±0.16 10.8±0.8 663±22
H55-N330 9.90±1.07 2.12±0.09 5.71±0.25 13.9±0.6 656±34
H55-N550 5.90±0.36 1.70±0.11 5.35±0.49 10.6±0.8 591±56

The stress-strain curves in Figure 10 demonstrate 
that the stiffness of the epichlorohydrin elastomer 
increases with the addition of carbon black. This 
trend is further supported by the Shore A hardness 
test values, which confirm the material's enhanced 
rigidity. The elastic modulus, an indicator of cross-
link  density,  exhibited  an  average  eightfold 
increase,  irrespective  of  CB  particle  size. 
Additionally,  swelling  ratios  decreased  in  CB-
containing  blends,  reinforcing  that  CB  enhances 
cross-linking  and  restricts  solvent  penetration 
(Bezzazi  et  al.,2021). Among  the  tested 
formulations,  the  H55-N330  elastomer  exhibited 
the  highest  proportional  increase  in  elastic 
modulus, measured at 9.90 ± 1.07 MPa, making it 
approximately 13 times more elastic than the CB-
free H55 elastomer, which had a modulus of 0.70 
± 0.14 MPa. Moreover,  modulus values at 100% 
and 300% elongation indicate that CB significantly 
enhances  the  mechanical  properties  of 
epichlorohydrin  rubber.  While  there  was  no 
substantial  difference  in  elongation  at  break 
values, a general increase in elongation at break 
was  observed  with  incorporating  CB,  suggesting 
improved toughness and flexibility.

4. CONCLUSION

Adding  carbon  black  (CB)  to  H55  elastomers 
improves  curing  kinetics  and  mechanical 
performance.  Scorch  time  (ts2)  was  reduced, 
accelerating the onset of vulcanization, while t90 
values  decreased,  leading  to  a  more  efficient 

curing  process.  The  delta  torque  (ΔT)  values 
increase,  suggesting  a  higher  cross-link  density, 
enhancing  overall  material  strength.  Mechanical 
testing  confirmed  that  CB  improves  stiffness, 
tensile strength, and modulus of elasticity, with the 
H55-N330  blend  showing  the  best  mechanical 
performance.  Specifically,  the  elastic  modulus 
increased by up to 13 times, and the swelling ratio 
decreased  by  54%,  confirming  improved  solvent 
resistance  and  durability.  The  activation  energy 
(Ea)  required  for  curing  decreased  by 
approximately 15% with CB addition, indicating a 
more  energy-efficient  vulcanization  process.  The 
Shore  A  hardness  of  all  CB-filled  blends  nearly 
doubled,  confirming  increased  material  rigidity. 
Although no significant differences were observed 
in elongation at break, the overall toughness and 
resilience of the elastomer were improved. Among 
all  formulations,  H55-N330  exhibited  the  best 
balance between cure rate, mechanical  strength, 
and solvent  resistance,  making it  highly  suitable 
for  industrial  applications  requiring  enhanced 
durability  and  performance.  These  findings 
suggest that CB-reinforced H55 elastomers can be 
effectively  utilized  in  high-performance  sealing, 
automotive, and aerospace applications.
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