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Development of biopolymer encapsulated enzyme for efficient
acetaminophen degradation
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Abstract: The study aimed to investigate the effectiveness of partially purified
turnip (Brassica rapa) peroxidase immobilized in calcium alginate for degrad-
ing paracetamol, also known as acetaminophen (AAP), a commonly used over-
the-counter analgesic and antipyretic. The encapsulation of peroxidase was
optimized to minimize enzyme leakage and maintain maximum activity by
adjusting the sodium alginate content, enzyme loading, and calcium chloride
concentration. The optimal conditions for encapsulating peroxidase in calcium
alginate matrices with the best retention and efficiency were determined to be
1.3 U/mL enzyme loading, 1.5 % sodium alginate, and 0.05 M calcium chlo-
ride concentration. This research focuses on investigating the efficacy and
application of immobilized turnip peroxidase in degrading pharmaceutical
effluents, specifically targeting paracetamol. The results revealed the maximum
degradation of AAP at a pH of 2.0 and a temperature of 30 °C, with paracet-
amol and hydrogen peroxide concentrations of 1g/L and 1.2 mol/L, respect-
ively, resulting in a 97 % yield using the stabilized peroxidase. The study also
determined the kinetic characteristics of the enzymatic reaction, such as the
maximum rate and the Michaelis—Menten constant. Furthermore, the stabilized
enzyme can be utilized multiple times, specifically up to three occasions, in
ideal conditions, while maintaining 80 % of its ability to degrade AAP.

Keywords: calcium alginate; decomposition; peroxidase, pharmaceutical effluent.

INTRODUCTION

Water, the most essential compound on our planet, has supported life for
over 4.0 billion years without any other example of such abundant and persistent
life conditions.! However, water is also the most vulnerable and readily polluted
natural resource due to the popularization of synthetic chemical products, domes-
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1285

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.



1286 AHMEDI and ABOUSEOUD

tic and industrial effluents, inappropriate disposal of waste pesticides, agrochem-
icals, and especially of many therapeutic drugs, posing a major challenge for our
society.2:3 Acetaminophen (AAP), also known as paracetamol, is a widely used
medication employed to treat mild pain, such as headaches, joint or muscle dis-
comfort and to reduce fever.*> Its action spectrum is identical to that of non-ste-
roidal anti-inflammatory drugs.%7 Paracetamol is a safe and effective analgesic
and antipyretic medication that can relieve headaches and eliminate pain without
being expensive, with moderately few adverse effects when used at the recom-
mended therapeutic dosage.$-

The partial biodegradation of acetaminophen and other pharmaceutical com-
pounds in urine lead to their presence in treated water.%10.11 These compounds,
often referred to as active pharmaceutical ingredients (APIs), are introduced into
the aquatic environment through wastewater treatment plants (WWTPs), hospital
effluents and improper disposal methods.!2:13 Without adequate treatment, there
is a high risk of acetaminophen contamination in waters due to its low removal
efficiency in wastewater.!4:15 AAP, as an unregulated trace contaminant, can be
found in aquatic environments at concentrations ranging from ng/L to pg/L.
When taken in therapeutic doses, 58—68 % of the ingested AAP is excreted from
the body unchanged.!6 Traditional biological treatments for water contamination
do not fully eliminate AAP, with concentrations of several hundred ng/L still det-
ected in treated effluent.17-18 The conventional methods used to remove acet-
aminophen from contaminated water typically involve multiple chemical react-
ions or intensive energy sources, resulting in increased waste disposal costs.19:20
As a result, there is a growing interest in exploring new methods for the removal
of pharmaceutical compounds from the effluent. Bioremediation using enzymes
stands out as one of the most secure and sustainable approaches to decontam-
inating polluted environments.2! The peroxidase family of enzymes is a subject
of extensive research and is considered essential for life in aerobic con-
ditions.22:23 Peroxidase, an oxidoreductase enzyme, possesses the unique ability
to break down hydrogen peroxides, which is the basis for its name.!5> These
enzymes can be found in a wide variety of organisms, including plants, bacteria
and humans, in various isoforms.2425 The most well-known plant enzymes used
for paracetamol degradation, include horseradish peroxidase (HRP), a well-stu-
died plant peroxidase capable of oxidizing paracetamol via hydrogen peroxide-
-dependent radical mechanisms; its use has been explored in cancer enzyme pro-
drug therapy and environmental applications.26-27 Laccase enzymes, which have
also been demonstrated to transform acetaminophen via oxidative coupling lead-
ing to polymerized, biologically inactive products.28

Chemical modification has been found to enhance TP’s activity, improving
its stability and catalytic performance, which is beneficial for wastewater treat-
ment involving pharmaceuticals.?9
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ENCAPSULATED ENZYME FOR ACETAMINOPHEN DEGRADATION 1287

Enzymes are well known for their highly specific catalytic activity, typically
at mild reaction conditions, but are highly susceptible to heat and denaturation,
resulting in the loss of their catalytic activity.30 Enzyme immobilization is a pro-
cess where the enzyme is attached to a surface and trapped in suitable matrices,
such as inorganic materials, organic polymers and hydrogels, to enhance their
stability, reusability and selectivity.31-32 Various methods of enzyme immobiliz-
ation in biopolymers, such as hydrogel beads, have been utilized to encapsulate
enzymes in their porous structure.33 Sodium alginate crosslinking by calcium
ions has the properties to form semi-permeable beads with suitable mechanical
and chemical stability, as well as good compatibility with enzyme proteins, mak-
ing it widely used for immobilizing different enzymes.32 The focus of this study
was to investigate the removal of AAP using immobilized turnip peroxidase ent-
rapped in calcium alginate (ITP—Ca-AG) beads. The initial phase involved opti-
mizing the immobilization parameters, including determining the appropriate
dose of calcium alginate, the concentration of calcium chloride and the optimal
concentration of peroxidase for effective immobilization. Once the optimal con-
ditions for immobilization were established, the study proceeded to examine the
effects of various parameters on the removal efficiency, such as pH, temperature,
contact time, mass of beads and substrate concentrations of hydrogen peroxide
and acetaminophen (AAP).

EXPERIMENTAL
Chemicals

Crude peroxidase was extracted from fresh vegetables of turnip (Brassica rapa) collected
from local market. Acetone, Sephadex gel G-100, hydrogen peroxide aqueous solution (30
mass %), phenol and 4-amino-antipyrine were of analytical grade and were obtained from
Sigma—Aldrich. Paracetamol, also known as acetaminophen, was obtained from Merck.
Detailed properties of AAP along with the structure are presented in Table I.

TABLE 1. Characteristics of acetaminophen®

Name of the drug Acetaminophen
Chemical name N-Acetyl-p-aminophenol
f CgHgNO,
Molecular weight 151.16 g/mol
IUPAC name N-(4-Hydroxyphenyl)acetamide
Stability Dry, pure paracetamol is stable up to 45 °C
Structure //, OH
o
H;C N
H

Available online at https://www.shd.org.rs/JSCS/
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1288 AHMEDI and ABOUSEOUD

Isolation and purification of turnip peroxidase (TP)

The process of separating and purifying TP using acetone at low temperature of 4 °C has
been thoroughly explained in prior research.3*3> Gel filtration serve as the final stage in the
purification of proteins, requiring a relatively pristine preparation with a small volume for
optimal effectiveness. The stationary phase is composed of Sephadex G-100 gel, which is
poured into a column measuring 25 cmxlcm in dimensions. The mobile phase consists of
semi-purified TP dissolved in a pH 6.0 buffer solution, which is passed through a 1 cmx60 cm
column at a slow flow rate of 15.75 mL/h. The collected solutions were chosen to be in frac-
tions of 1 ml, diluted in 2 ml of the pH 6.0 buffer solution.

Storage stability of TP

Free and partial purified TP were incubated in phosphate buffer at 4 °C (50 mM, pH 6.0).
The stability of the peroxidase in both cases, crude and purified, was assessed by measuring the
peroxidase activity at regular time intervals every 5 days for a period exceeding three months.

Preparation of alginate beads and optimization of immobilization conditions

The enzyme was purified and then immobilized in sodium alginate using a method sim-
ilar to one described in a previous study.3® To achieve this, a volume of semi-purified TP sol-
ution was thoroughly mixed with a mass of sodium alginate under continuous agitation until a
homogeneous mixture was obtained. Subsequently, this mixture was dispensed dropwise
through a 23G syringe needles into a solution of CaCl, under agitation, resulting in the ins-
tantaneous formation of calcium alginate beads with a diameter of approximately 2.8-2.9 mm.
These beads were then agitated for about 2 h to harden and stabilize the enzyme within them.
Finally, the beads underwent a washing process with distilled water and were stored at 4 °C in
a pH 6.0 buffer solution until further use. It is crucial to optimize the parameters related to the
support and the enzyme to achieve a higher enzyme retention rate and improved activity. This
optimization is necessary to reduce enzyme leakage and overcome diffusional limitations,
thereby enhancing process efficiency. The immobilization conditions to be optimized include
the concentration of sodium alginate (AG-Na, ranging from 1 to 2.5 %), enzyme loading con-
centration (measured in Ul/ml), and the concentration of the gelating agent CaCl, (ranging
from 0.05 to 0.2 M). The efficiency of immobilization and factor efficiency were calculated
using Egs. (1) and (2), while the activity of free, immobilized, and filtrate TP was measured
using the phenol-4 aminoantipyrine method:3°

[E(%):]OOM (1)
0
7(%) =100 Total activity of beads (U) @

Total free TP activity used for beads production (U)

where A, and A; are activities of free and filtrate TP, respectively; ¥, and V; are the volumes
of TP of free and filtrate solution respectively.
Enzyme and protein assay

The activity of free and entrapped peroxidase in aqueous solution was determined spec-
trophotometrically at 517 nm using the 4-aminoantipyrene method,3® with phenol and hydro-
gen peroxide as substrates and 4-aminoantipyrene as the chromogen.3” Protein concentration
was determined by the Bradford method,3® with absorbance measured at 280 nm, and bovine
serum albumin was used to generate the standard calibration curve.

Available online at https://www.shd.org.rs/JSCS/
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ENCAPSULATED ENZYME FOR ACETAMINOPHEN DEGRADATION 1289

Removal of acetaminophen

Removal of acetaminophen from the aqueous phase by immobilized TP was studied
using the one-factor-at-a-time (OFAT) experimental method as shown in Table II and the
optimal value was selected for the following experiment. Experiments were conducted in a
closed tube under constant temperature 20 °C. The reaction mixtures contained 1 mL of hyd-
rogen peroxide 0.1 M, 1 mL of AAP 0.5 g/L, 8 mL of buffer solution and a mass of 0.3 g of
alginate beads. Mixtures were kept for a fixed duration for 1h without agitation and the treated
solution was centrifuged at 4000 rpm for 5 min to separate the precipitate. Details are pre-
sented in Table II.

TABLE II. Ranges of experimental parameters

Parameter Range
pH 2-10
Temperature, °C 20-80
[H,0,] /M 0.1-1.2
[AAP] /gL' 0.1-1
Mypyeads / g 0.3-1.5
Contact time, min 0-80

The residual drug concentration was measured spectrophotometrically at 288 nm. Opti-
mum values were those that resulted in the highest degradation yield. Control (blank) experi-
ments were conducted without immobilized TP to assess abiotic (nonenzymatic) degradation
via photocatalytic or chemical processes. The decomposition yield for acetaminophen was
calculated, with the percent degradation parameter defined as:

Decomposition yield(%) = 100% 3)

where A and 4, represent the absorbance before and after enzyme treatment, respectively.
Reusability of immobilized TP

The reusability of immobilized TP was investigated by conducting multiple experiments
using the same beads for the removal of drug AAP under consistent optimal conditions. The
study involved performing consecutive experiments over five batches, with the beads con-
taining immobilized TP being separated from the mixture, rinsed with distilled water, and
reused in a fresh degradation medium after each reaction. To monitor the drug biotrans-
formation, absorbance at 4., (288 nm) was measured using UV—Vis spectroscopy at the con-

clusion of each batch. All enzymatic degradation experiments were conducted in triplicate to
ensure the reliability of the results.

RESULTS AND DISCUSSION
Extraction, purification and stability test of TP

Purification of peroxidase is necessary to maintain its maximum catalytic
power by removing protein and non-protein impurities. The test results for both
the crude and purified extract are summarized in Table III.

Sephadex G-100 gel filtration was used to achieve purification by separating
molecules based on their size and shape. The elution profile of the chromatogram

Available online at https://www.shd.org.rs/JSCS/
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1290 AHMEDI and ABOUSEOUD

(Fig. 1) demonstrates a complete separation of the compounds, with larger mole-
cules being eluted first. The larger molecules with higher peroxidase activity are
eluted between fractions 15 and 20, as indicated by the curve of enzymatic act-
ivity variation. The second peak in the elution profile represents proteins that do
not possess peroxidase activity.

TABLE III. Characteristics of enzymatic solutions before and after purification

Purification step Total Total Specific  Purification Activity yield
protein, mg activity, U activity, U/mg factor %
Crude enzyme 46.6 2.474 0.053 - 100
Purification with acetone 17.5 1.557 0.089 1.689 63
Sephadex gel G-100 0.045 0.8 17.84 336.60 32

purification

—— Activity

1
o
w

T—
/
Activity, U/mL

\
;.

Elution volume, mL

Fig. 1. Elution profile of TP on a Sephadex G-100 resins.

Table III presents the purification process of peroxidase extracted from tur-
nip (Brassica rapa), which can be analyzed and explained based on the results
provided. A decrease in purification yield indicates the loss of enzyme activity
during the purification process, as observed when the purification yield decreases
to 63 % with acetone purification and further to 32 % with Sephadex gel filt-
ration. This suggests that significant enzyme activity is lost due to incomplete
recovery or enzyme denaturation during these purification steps. The purification
factor measures the concentration and purification of the enzyme in each step,
with an increase indicating successful concentration and purification. When puri-
fied with acetone, the purification factor increases to 1.7, suggesting some initial
concentration but not significant purification. In contrast, the purification factor
dramatically increases to 336 with Sephadex gel filtration, indicating successful

Available online at https://www.shd.org.rs/JSCS/
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ENCAPSULATED ENZYME FOR ACETAMINOPHEN DEGRADATION 129 1

concentration and purification of the peroxidase enzyme into a smaller volume.
In summary, acetone precipitation concentrates the enzyme to some extent with
moderate purification, while Sephadex gel filtration greatly concentrates and
purifies the peroxidase enzyme, despite a lower final yield. When peroxidase
from Peganum harmala seeds is purified using gel filtration, a purification fold
of 4.4 and an enzyme recovery of 15 % are achieved.3® On the other hand, the
purification of peroxidase from the leaf of oil palm (Elaeis guineensis) using the
same gel filtration method results in an overall purification fold of 4 with 51.9 %
enzyme recovery.40

Storage stability of crude and semi-purified TP

Acetone precipitation is a method used to concentrate and stabilize enzymes
during the precipitation process. The activity of the crude turnip peroxidase
(CTP) can be observed to decrease over time, as shown in Fig. 2. After two
weeks, the activity begins to drop and after one month it decreases significantly
from 2.3 to 0.4 U/mL. This indicates that the crude enzyme is not stable over
time and loses most of its activity within a month. In contrast, the semi-purified
enzyme exhibits much better stability, with its activity remaining constant at 1.2
U/mL for three months. This suggests that the purification process with acetone
has significantly improved the enzyme’s stability. Despite the crude enzyme’s
higher initial activity, it is less stable and loses most of its activity within a month.
On the other hand, the semi-purified enzyme, starting with a lower initial activity
of 1.2 U/mL, remains stable and retains its activity for at least three months.

—v— Crude TP
—o— Semi purified TP

Activity, U/mL

0 20 40 60 80 100 Fig. 2. Storage stability of crude and

Time, Days semi purified TP.

Optimization of immobilization parameters for paracetamol degradation

Alginate is a commonly used biopolymer for immobilization by inclusion
due to its gelling properties, non-toxicity, biodegradability, ease of use and cost-
-effectiveness. The efficiency of immobilization increases with the concentration
of the support, specifically with the mass of alginate, as shown in Table IV. The
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1292 AHMEDI and ABOUSEOUD

presence of more gel in the sodium alginate/peroxidase mixture increases vis-
cosity and leads to the formation of firmer beads, enhancing enzyme retention
and reducing leakage into the surrounding medium. The optimum immobilization
efficiency, reaching 76.59 %, is achieved at an AG-Na concentration of 1.5 %.
The concentration of the enzyme to be immobilized significantly impacts enzyme
retention and activity, with higher concentrations resulting in better retention but
decreased enzymatic activity due to steric hindrance. An enzyme concentration
of 1.3 U/mL is found to be optimal for good enzyme retention and maximal effi-
ciency factor, as reported in Table I'V. Calcium chloride serves as a gelling agent,
and Table IV illustrates that the highest immobilization and efficiency factor of
the ITP—Ca-AG are achieved at a concentration of 0.05 M CaCl,. Using 1.5 %
sodium alginate, an enzyme loading concentration of 1.3 U/mL, and a calcium
chloride concentration of 0.05 M are the optimal conditions for entrapping perox-
idase within calcium alginate beads, achieving the highest efficiency and reten-
tion rate. In contrast to the study of Gao et al., employing a higher sodium alg-
inate and calcium chloride concentration of 2 % and 0.3 M, respectively, is aimed
at reinforcing bead rigidity while maintaining diffusion efficiency.4!

TABLE IV. Immobilization and factor efficiency (/E, #) of alginate beads obtained at differ-
ent gelation conditions

Essay 1 Sodium alginate concentration, %; [CaCl,] = 0.1 M; [E] = 0.7 U/mL
1 1.5 2 2.5
IE | % 71.94 76.59 76.01 83.32
nl!% 26.27 45.73 37.96 32.00
Essay 2 Enzyme loading, U/mL; [AG-Na] = 1.5 %; [CaCl,] = 0.05 M
0.7 1.0 1.3 1.8
IE | % 77.82 60.08 63.45 54.00
n!% 13.98 30.10 40.82 41.94
Essay 3 Chloride calcium dose, M; [AG-Na] = 1.5 %; [E] = 1.3 U/mL
0.05 0.1 0.15 0.2
IE | % 52.30 35.78 50.01 46.23
n!% 30.86 28.39 27.90 27.40

Morphology of ITP-Ca-AG beads

Alginate beads were observed using scanning electron microscopy (SEM).
In Fig. 3, the distribution of peroxidase on the outer layer of the alginate bead can
be seen, where the enzyme appears as multiple white dots. This can be confirmed
after enlarging the image 160 times, where the presence of the enzyme is clear in
the bead containing peroxidase, as illustrated in Fig. 3, compared to the empty bead.

Effect of pH

Fig. 4A illustrates the impact of pH on ITP-Ca-AG activity. The study
investigates the degradation rates of AAP at various pH levels to identify the
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most favorable conditions for maximum degradation efficiency. The optimal pH
for this biodegradation process is determined to be 2, resulting in a 24 % biodeg-
radation yield. Under neutral and basic pH conditions, the biodegradation effi-
ciency is observed to be comparatively low. The immobilization of the enzyme in
calcium alginate serves to stabilize it and potentially improve its catalytic per-
formance, particularly in extreme pH environments.

) . T (2)
Fig. 3. SEM photographies of the outer layer of calcium alginate beads: a) without enzyme,
b) with enzyme at different magnification (1, 40x%, 2, 160x).

Effect of temperature

When peroxidase is immobilized in calcium alginate, its thermal stability is
enhanced. The alginate matrix offers some protection against temperature-ind-
uced denaturation of the enzyme. The degradation of AAP by ITP—Ca-AG is
affected by temperature, with a temperature range of 30 °C being optimal for
maximum enzyme activity, as illustrated in Fig. 4B, both excessively high and
low temperatures can have negative effects on the process, either by denaturing
the enzyme or by slowing down the reaction rate. At temperatures beyond the
optimal range (Topt), the decomposition efficiency decreases to 23 % at 50 °C
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and 20 % at 70 °C. For temperatures lower than the optimal range, the efficiency
decreases by 17 %.
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Fig. 4. Effect of: A) pH, B) temperature and C) H,O, concentration on the degradation of
AAP by ITP-Ca-AG.

Effect of hydrogen peroxide concentration

Fig. 4C demonstrates the impact of hydrogen peroxide on the degradation of
AAP, revealing a notable increase in efficiency. With the increase in H,O; con-
centration from 0.1 to 1.2 M, there is a substantial enhancement in the degrad-
ation yield, rising from 38 to 58 %. In the reaction, hydrogen peroxide functions
as an electron acceptor, while peroxidase enzymes play a role in facilitating the
transformation of AAP molecules into less harmful substances. Turnip peroxid-
ase isoenzymes have demonstrated high thermostability and resistance to hydro-
gen peroxide inactivation compared to horseradish peroxidase, suggesting adv-
antages in oxidative applications.#2 TP has also shown a great potential in deg-
rading phenols, volatile organic compounds (VOCs) and dyes.34.35:43

Effect of AAP concentration

Fig. 5A illustrates that as the concentration of AAP increases, both the deg-
radation and removal rate of AAP also increase. When the paracetamol dose was
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varied from 0.1 to 0.4 g/L, the decomposition yield, which represents the effi-
ciency of the breakdown process, increased by 20 %. This indicates that the cat-
alytic efficiency of turnip peroxidase increases when it is immobilized at higher
concentrations of AAP, likely due to the enzyme having more substrate (AAP)
available to interact with, thus increasing its catalytic activity. The results dem-
onstrate that the maximum decomposition yield and removal rates were achieved
for AAP concentrations as high as 1 g/L, suggesting that at this concentration, the
enzyme operates at its peak efficiency. In Fig. 5B, the linearization of the Line-
weaver—Burk plot, or the double reciprocal representation of velocity and AAP
concentration, yields a straight line with a maximum velocity (rmax) of 28.1 U/L
and a Michaelis—Menten constant (Ky,) of 0.1 g/L.

Effect of beads quantity

From Fig. 6A, it was observed that the removal of AAP increased from 84 to
97 % as the mass of immobilized enzyme beads increased from 0.3 to 0.8 g. This
indicates a positive correlation between the quantity of enzyme beads and the
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efficiency of paracetamol degradation. At lower masses (0.3 g), the reaction is
less efficient due to the limited availability of enzyme molecules to bind with
paracetamol. Increasing the mass of enzyme beads is likely to increase the sur-
face area available for the reaction, allowing more paracetamol molecules to int-
eract with the enzyme simultaneously, resulting in higher degradation of AAP.

Effect of contact time under optimal conditions

Fig. 6B illustrates the impact of contact time on the decomposition of para-
cetamol under optimal conditions. In environmental settings, optimizing contact
time is crucial for maximizing the efficiency of paracetamol decomposition pro-
cesses. The kinetics of degradation yield by ITP—Ca-AG under optimal con-
ditions demonstrates a gradual increase in paracetamol decomposition over time.
After 10 min, 26 % of the drug is decomposed, and the yield reaches 97 % after 1
h. The initial slower rate of decomposition followed by accelerated degradation
suggests that the enzymatic reaction proceeds more efficiently over longer
periods, leading to a higher overall yield of paracetamol degradation.
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Fig. 6. AAP removal; A) effect of ITP—Ca-AG beads quantity, B) under optimal conditions
and C) reuse cycles of immobilized enzyme.

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.



ENCAPSULATED ENZYME FOR ACETAMINOPHEN DEGRADATION 1297

Reuse of immobilized enzyme

When peroxidase enzyme is immobilized in calcium alginate, it is protected
from denaturation and degradation, leading to a prolonged activity. The immo-
bilized enzyme can be easily separated from the reaction mixture and reused,
resulting in cost-effectiveness and reduced waste. In a study illustrated in Fig.
6C, it was observed that the activity of ITP—Ca-AG remained stable, with the
degradation of paracetamol being maintained above 80 % up to the third batch,
showing only a 20 % decrease compared to the first batch. Based on the results, it
can be inferred that the immobilization process is effective, enabling the practical
reuse of peroxidase for the degradation of pharmaceutical effluents. In the same
study, paracetamol removal was achieved by combining the biocatalytic activity
of horseradish peroxidase (HRP) with the adsorption capacity of a thermally
cross-linked nanofibrous membrane, while the immobilized HRP showed a sim-
ilar removal rate to the free enzyme (83.5 vs. 84.4 %).27 Alternatively; in a separ-
ate work, paracetamol remained undegraded at pH 5 when using sol-gel encap-
sulated LiP- and HRP-based nanocomposites.#4 Whereas photocatalytic oxid-
ation achieved 84.34 % degradation in over 1.5 h.45 However, ITP-Ca-AG was
able to degrade AAP to 99 % in less than 1 h. The study also included a com-
parison with previous research on the degradation of acetaminophen using vari-
ous methods. It was noted that while photocatalytic oxidation, UV irradiation,
and microbiological approaches can degrade AAP, they generally require a much
longer time compared to enzymatic methods. The ITP-Ca-AG employed in the
study demonstrated a significantly faster and more efficient degradation of AAP
compared to the reported physical and microbiological methods. For instance, the
yield of biological treatment of AAP by Pseudomonas PrS10 strain isolated from
pharmaceutical industrial effluents could reach 96.37 % within 7 days.” While
photocatalytic oxidation gave 84.34 % degradation within 1.5 h,*> whereas 97 %
was obtained by ITP—Ca-AG after 60 min.

Despite its known catalytic properties, the application of turnip peroxidase
(TP) in paracetamol degradation is less explored compared to HRP, presenting
potential novelty due to its stability and efficiency in harsh conditions such as
wastewater treatment. Turnip peroxidase (TP) has emerged as a promising bio-
catalyst for environmental remediation due to its oxidative capabilities and eco-
-friendly origin. Derived from a low-cost and readily available plant source, TP is
an inexpensive and abundant enzymatic tool that can be readily exploited for the
degradation of emerging pollutants, including pharmaceuticals, dyes and phen-
olic compounds. Its application in wastewater treatment offers a sustainable alter-
native to conventional chemical methods, particularly when immobilized or used
in combination with hydrogen peroxide under mild conditions. The broad sub-
strate specificity of TP, along with its potential for large-scale extraction from
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agro-industrial waste, positions it as a viable candidate for green remediation
technologies.

CONCLUSION

In conclusion, the breakdown of paracetamol utilizing partially purified
turnip (Brassica rapa) peroxidase immobilized in calcium alginate beads under
optimized conditions (1.3 U/mL enzyme loading, 1.5 % sodium alginate, and
0.05 M calcium chloride) with a maximum degradation yield of 97 % at pH 2.0
and 30 °C was achieved. The immobilized enzyme exhibited favorable kinetic
parameters and maintained 80 % of its activity after three reuse cycles, indicating
good stability and reusability. The findings suggest that the enzymatic mech-
anism was successful in breaking down pharmaceutical substances. While org-
anic material was present at the end of the treatment, it was in a non-toxic and
insoluble form. Future research could focus on scaling up the process, exploring
degradation of other pharmaceutical contaminants and improving enzyme immo-
bilization techniques to enhance stability and operational lifespan.

M3BOJ

PA3BOJ EH3UMA UHKAIICYJIUPAHOI' Y BUOITIOJIUMEPY 3A EOUKACHY PA3TPAIBY
AITETAMUHO®EHA

AHMEDI AFAF! * MAHMOUD ABOUSEOUD?

Laboratory of Biomaterials and Transfer Phenomena (LBMPT), Department of material Sciences, Faculty of
Sciences, University Yahia Fares of Médéa, Médéa, Algeria u ?Department of process and Environmental
Engineering, Faculty of Technology, University Yahia Fares of Médéa, Médéa, Algeria

Y 0BOj cTynuju je ucnutHBaHa eUKACHOCT AETUMHUYHO MpevulrheHe MepoKkcunase u3
penie (Brassica rapa) AMOOWIN30BaHe Y KaJILUjyM ajJTHHATy, 3a pasjiarame MapaneTamorna,
NI03HATOT U Kao aueTamuHodeH (AAP), yecTo kopuurheHOr aHaATeTUKa U aHTUITUPETHKA KOjU
ce HabaBpa De3 peuenta. MHKancynanyja nmepokcunase je ONTUMH30BaHA Y LIWBY MUHUMU-
3upama lypewma €H3uMa U 3afipKaBaka MaKCUMalHE aKTUBHOCTH, IOJELIaBakbeM KOHLIEH-
Tpauyje KalLWjyMm-aJiTMHaTa, Nola3He KOJIWYMHE €H3MMa M KOHLEHTpauuje KaalujyM-XJo-
puzna. ONTUMaHU YCJIOBY MHKaICy/lMpawma NepoKcHiase y KallijyM-aArdHaTHOj MaTpHLY,
Ca HajIIOBOJBHHUjUM 3a[pKaBalkeM U akTUBHOLIhY eH3uMa cy dwnu: 1,3 U/mL moueTHa aKTHB-
HOCT eH3uma, 1,5 % Harpujym-anrusara u 0,05 M xanuujym-xnopuga. ®oxyc oBor ucrpa-
’KMBamwa je OM0 Ha UCNUTHBawky e(UKaCHOCTH U MOTyhHOCTH IIpUMEHe UMOOUIN30BaHe Iep-
OKCHJa3e U3 pelne y pasiarawy dapmaleyTCKUX ocTaTaka, CHeludUYHO Lubajyhu mapate-
Tamoi. Pe3ynraté cy mokasand fa je MakcumanHa pasrpagma AAP Ha pH 2,0 u Ha Tem-
neparypu of 30 °C, npu KOHLIEHTpallMjy napalleramosa U BOJOHUK nepokcuna of 1 g/L, on-
HocHo 1,2 mol/L, pajyhu npusoc ox 97 %. ¥ crynouju cy, Takohe, ogpeheHu kuHeTHUKH napa-
METpH eH3UMCKe peakliije, kao LITO Cy MakCUMasHa Op3uHa U Mukaenuc—MeHTteHoBa (Mich-
aelis—Menten) xoHcTaHTa. CTadunKM30BaH €H3UM C€ MOXKE KOPUCTUTH BHLIE IyTa, MUHAMYM
TpH IyTa, 3agp:kaBajyhu, y uneannum yciosuma, 80 % cBoje cnocodHoCTH fa pasrpagu AAP.

(ITpumsbeHo 24. Maja, pesunupaHo 14. jyna, npuxsaheno 19. centemdpa 2025)
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A novel Zn(II) coordination compound exhibits selective and

sensitive detection of Fe** and acetylacetone
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Abstract: Pyridine derivatives have strong coordination ability, tunable elec-
tronic, optical properties and excellent stability as ligands. Their substituent
engineering and conjugation extension provides an ideal platform for the con-
struction of efficient fluorescent probes, catalysts and biological functional mat-
erials. Based on this, a new coordination compound [Zn(phen)(L)(H,0)]-4H,0
was synthesized under solvothermal conditions used 1,10-phenanthroline
(phen), 3-carboxy-1-carboxymethyl-2-oxidopyridinium (H,L) and Zn(II). The
crystal structure and composition of the coordination compound were confirmed
by single crystal X-ray diffraction and thermogravimetric analysis. Structural
analysis confirmed by single crystal X-ray diffraction reveals its unique
coordination geometry. In addition, it exhibits significant luminescence, making
it a candidate for sensing applications. The luminescence and sensing properties
of the coordination compound were investigated in detail. The K, values for the
detection of Fe* and acac were found to be 3.29x10° and 6.67x105 M-!, which
confirmed high and efficient sensing ability of the synthesized sensor.

Keywords: zinc(Il); coordination compound; solvothermal reaction; X-ray crys-
tallography; fluorescence sensing.

INTRODUCTION

Acetylacetone (acac) is an organic coordination compound belonging to the
p-diketone class, known for its excellent coordination ability and volatility. It is
widely used in metal organic synthesis, catalyst preparation, and drug chemistry.
However, its safety issues during actual use are increasingly receiving attention.!
Studies show that acute exposure to acetylacetone through respiratory or skin
contact can cause significant harm to the human body: its vapor has irritant effects
on mucous membranes and respiratory tracts, and long-term exposure may lead to

* Corresponding author. E-mail: kongzhiguo2007@163.com
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liver and kidney dysfunction.? Additionally, the environmental persistence of this
substance should not be overlooked, its hydrophilicity also makes it easy to diffuse
with water flow, pollute groundwater sources, destroy the integrity of aquatic
biological cell membranes, inhibit algae photosynthesis and cause fish gill tissue
damage.>

In addition, as an important representative of transition metal ions, Fe3* has
multiple functions in nature and industry, covering biological metabolism, cat-
alytic reaction and environmental remediation.*-> However, ecological studies
have shown that Fe3™ has significant toxicity to aquatic organisms.® Under
occupational exposure scenarios, long-term inhalation of Fe3* containing dust may
cause pulmonary fibrosis, and the high solubility of Fe3* in acidic environment
will further enhance its bioavailability.” Besides, Fe3* easily forms complexes
with organic matter such as humic acid in soil and can enhance migration ability,
destroy microbial community balance and threaten ecosystem stability.8 In
addition, excess iron ions in the body may cause various hazards, such as kidney
failure, neurological disorders and certain types of cancer. Excessive iron can also
cause health risks such as organ damage, increased risk of infection and digestive
problems. Therefore, it is necessary to find a quick and efficient method for
detecting Fe3*, which has attracted increasing attention in environmental and
medical fields.”

As a transition metal, Zn(Il) is particularly suitable for the preparation of
photoluminescent complexes because of their zero crystal field stability and their
unique d!0 configuration, which makes them absent from the potential quenching
process caused by the d—d transition.!0-12 Zn is an essential trace element for
human body, its complex easily metabolize under physiological conditions!3 and
its cytotoxicity is significantly lower than that of heavy metal complexes (such as
Cd2* and Hg?").14.15 Zn-based MOF fluorescent probes are gaining popularity for
their high sensitivity, selectivity and stability.16:17

In this paper, a coordination compound [Zn(phen)(L)(H,0)]-4H,0O was syn-
thesized by solvothermal reaction using transition metal Zn (II), 1,10-phenan-
throline (phen) and 3-carboxy-1-carboxymethyl-2-oxidopyridinium (H;L) as raw
materials. Detailed studies on its luminescent and sensing performance have found
that it has good luminescent sensing performance for Fe3" and acac which gives it
significant application potential, such as the detection of Fe3™ and acac in water
samples, the detection of Fe3* in drugs, the detection of acac residue in chemical
plants, efc.

EXPERIMENTAL

Materials and methods

All chemicals used for syntheses and characterization were reagent-grade and used as
received from commercial sources, without further purification. PXRD were carried out on a
Bruker — AXS Smart CCD X-ray diffractometer. Fluorescence experiments were carried out on
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the RF-6000 fluorescence spectrophotometer. Thermogravimetric analysis (TGA) was per-
formed on a NETZSCH STA 449F3 thermal analyzer.
Synthesis of [Zn(phen)(L)(H,0)]-4H,0

A mixture of ZnSO4 (0.0288 g, 0.1 mmol), H,L (0.0112 g, 0.06 mmol), phen (0.0186 g,
0.1 mmol), H,O (2.5 ml) and DMF (2.5 ml) were sealed in a glass vial. After heating to 88 °C
and maintaining the temperature for 72 h, heating was stopped to obtain colorless transparent
rectangular-shaped crystals after cooling at a rate of 5° C per hour. Yield: 0.0221 g (41 %) based
on Zn. Anal. (%); Calcd. for CygHp3N;0,¢Zn: C, 45.26; H, 4.37; N, 7.92; Found %: C, 44.80;
H, 4.32; N, 7.82.

X-ray crystallography

At 298(2)K, a Rigaku Raxis-Rapid diffractometer equipped with a graphite monochro-
mator (MoKa, radiation, 2 = 0.71073 A) was used to X-ray diffractometer analyze the single
crystal, SIR2014 was used to solve the structure by direct method, and SHELXI.2018/3 was
used to optimize the F2 by the full matrix least squares method.

A crystal of suitable size was selected by using an optical microscope, and the crystal size
was determined to be 0.232 mmx0.211 mmx0.191 mm, and single crystal diffraction data were
collected at a temperature environment around 25 °C. References were analyzed and
refined.!$!® Hydrogen atoms participate in final structure refinement (N-H, 0.86 A, C-H, 0.93
A), Uiso(H) = 1.2 Ueq. The final R = 0.0477, wR = 0.1162. (w = 1/[s2(Fo2) + (0.0568P)2 +
0.7642P], P = (Fo2 + 2Fc2)/3), S = 1.045. The crystallographic summary of
[Zn(phen)(L)(H,0)]-4H,0 (1) is shown in Table I, bond lengths and bond angles in Table II and
hydrogen bonds in Table III.

TABLE L. Crystal data, data collection and refinement details

Chemical formula

CyoH23N3019Zn

Formula weight 530.78
Temperature 298(2) K
Wavelength 0.71073 A
Crystal system triclinic
Space group P1

al A 9.134(3)
b/ A 10.539(4)
c/A 12.228(4)
al® 77.003(6)
pre 77.770(6)
y/° 85.245(6)
V/A3 1120.2(7)
Z 2
Density (calculated) 1.574 mg/m3
F(000) 548
Final R indices (I > 2sigma([l)) R1=0.0477, wR2=0.1162
S 1.045
Absorption coefficient 1.158 mm'!

Crystal size
Absorption correction
Max. and min. transmission

0.232 mmx0.211 mmx0.191 mm
Semi-empirical from14 <7< 14
0.809 and 0.775
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TABLE 1. Continued

Index ranges -10<h<9,-12<5k<9,14<]< 14
Independent reflections 3847 (R(int) = 0.0263)
Reflections collected 5718

Refinement method Full-matrix least-squares on F>
Data/restraints/parameters 3847/0/307
Goodness-of-fit on F2 1.003

Final R indices (I > 2sigma(l)) R1=0.0477, wR2=0.1162
Final R indexes (all data) RI1=0.0606, wR2 =0.1281

AP maxs Mmin» € A 0.512/-0.505

Flack parameter n/a

The crystallographic data were deposited with the Cambridge Crystallographic Data
Centre (CCDC no. 2453636). Copies of this information can be obtained free of charge at:
www.ccde.cam.ac.uk or from the CCDC, 12 union Road, Cambridge CB2 1EZ, UK (fax: 0044
1223 336 033; e-mail: deposit@ccdc.cam.ac.uk).

TABLE II. Selected bond lengths and bond angles

Bond Distance, A Bond Distance, A
N(2)-Zn(1) 2.117(3) 0(3)-Zn(1) 2.044(2)
N(@3)-Zn(1) 2.092(3) 0O(4)-Zn(1) 1.981(3)
O(1W)—Zn(1) 2.005(3)

Bonds Angle, ° Bonds Angle, °
0(4)-Zn(1)-0(3) 87.46(10) 0O(4)-Zn(1)-N(2) 87.62(12)
O(1W)-Zn(1)-0(3) 104.26(11) O(1W)—Zn(1)-N(2) 104.33(11)
0O(4)-Zn(1)-N(3) 154.63(13) 0(3)-Zn(1)-N(2) 151.35(11)
O(1W)—Zn(1)-N(3) 100.64(11) N(3)-Zn(1)-N(2) 79.49(13)
0O(3)-Zn(1)-N(3) 93.44(11)

TABLE III. Geometrical parameters for intermolecular interactions; symmetry transformations
used to generate equivalent atoms: ‘x+1, =y, —z+1; fix, y—1, z; flx+1, —p, —z; V—x, 9+1, —z+1;
Voxt+1, 1, —z+ 15 Vix, y+l 2+ 1 Vi pr ] 2

D-H-A dD-H)/A  dMH-A)/A  dD-A)/A ZDHA, °
O(IW)-H(1A)---O(5W)ii 0.85 1.77 2.567(4) 156.6
O(1W)-H(1B)---O(5)ii 0.85 1.80 2.640(4) 169.2
O(2W)-H(2A)---0(2) 0.85 2.01 2.798(5) 154.0
O(W)H(2B)--O2W)v 0.85 2.24 2.813(7) 124.7
OBW)-H(3A)---O(4W)¥ 0.85 1.94 2.759(5) 162.7
O(4W)-H(4A)--O(1)i 0.86 2.10 2.891(4) 152.6
O(4W)-H(4B)--O(5)" 0.85 2.11 2.858(4) 147.8
O(5W)-H(5A)--O(2) 0.85 1.88 2.705(4) 162.4
O(5W)-H(5B):-O(1)Vi 0.86 2.13 2.760(4) 129.7

Fluorescence sensing experiments

The following procedure was carried out: 3 mg of the coordination compound was dis-
solved in 9 mL of water, subjected to ultrasonic treatment, and then allowed to stand at room
temperature for three days. The supernatant was then collected for fluorescence testing.20
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RESULTS AND DISCUSSION
Crystal structure description

Single crystal X-ray diffraction structure analysis indicates that the coordin-
ation compound belongs to the triclinic crystal system with the space group P1 :
the key the structure data are presented in Table I. The asymmetric unit is com-
posed of a crystallographically independent Zn2*, one L ligand, one phen ligand,
one coordination water molecule and four free water molecules. The Zn2" in
complex is five-coordinated. The Zn2™ is attached to two oxygen atoms (O3, 04),
two nitrogen atoms (N2, N3), and one coordinated water molecule (O1) from three
different ligands (Fig. 1) in a twisted triangular bipyramid configuration. The
geometry of the coordination environment is nearly regular square-pyramidal, with
a geometric distortion index of 75 = 0.05.

Prob = 50
; PG Tomp = 238
3 oi :
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o
I

04y

N %ﬂ
o {
o™
o
=)
o
i
Qo
3
(=]
=
(=}
=
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Z 27 shelx P -1 R = 0.05 RES= 0 47 X

Fig. 1. Coordination environment of Zn?" in the coordination compound. Displacement
ellipsoids are drawn at the 50 % probability level and H atoms have been omitted for clarity.

The 1D chain is formed by the n—mr interaction (Fig. 2a) between the pyridine
ring (N1,C1) and the phenanthroline ring (N(2)Vii/N(3)Viii/C(9)VviiiC(20)viil
(symmetry codes: Vilix+1, y, z)) of the adjacent unit. The shortest distances from
the centroid to the centroid and from the centroid to the plane of the two rings are
3.693(2) and 3.4238(15) A, respectively, and the dihedral angle between the two
planes is 6.56(15)°. The 1D chain structure connects another adjacent 1D chain
structure by hydrogen bonds (Table III) to form 1D double chains (Fig. 2b).2!
Eventually, the 1D double chains structure stacks up into a 3D network structure
via hydrogen bonds (Fig. 3).22
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Fig. 2. a) 1D chain structure is formed by n—n interaction. b) 1D double chain structure
formed by hydrogen bonding.

(b)

Fig.3.The 3D network structure.

PXRD analyses

In order to test the phase purity of the coordination compound, the powder X-
ray diffraction analysis was carried out using Bruker-AXS Smart CCD X-ray
diffractometer. The experimental result (Fig. 4) shows that the experimental peak
value of the coordination compound is consistent with the one simulated by single
crystal X-ray diffraction, which indicates that the good phase purity of the
coordination compound, a certain degree of preferred orientation of crystallites is
observed, as evidenced by the increase in intensity of discrete peaks with rising 2 6
values.
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Fig. 4. PXRD patterns of the coordination compound.

TGA analysis of the coordination compound

Analysis shows (Fig. 5) that there is a slight increase in the coordination
compound weight near 50°, which can be attributed to carbon dioxide and water
molecules in the air. When the temperature rises to 150°, the weight of the coor-
dination compound decreases by about 3.4 %. This is because the departure of
unstable coordinated water molecules in the complex molecular framework, fol-
lowed by a relatively gradual decrease of about 10 % in the coordination compound
weight until the temperature rises to 270°, which is due to evaporation of four free
water molecules within the complex molecular framework. The result is higher
than actual, possibly due to incomplete drying of the sample, followed by a sharp
decrease in the coordination compound weight immediately before the temperature
rises to 420°. This remarkable decrease is related to the thermal decomposition of
phen ligand and organic group CgH5NOs of L. At 453°, the ligand has not
completely decomposed, and the weight of the coordination compound continues
to decrease at a relatively smooth rate after heating, but the decomposition rate is
slower. The above TGA results show that the coordination compound is unstable
when heated, the whole framework is gradually collapsing and the results are
basically consistent with the crystal structure.24

Photoluminescence properties

The fluorescence spectra of phen, HoL and the coordination compound were
investigated in the solid state (Fig. 6a). As shown, the coordination compound in
solid state displays good emission characteristics at 366 nm (lex = 250 nm),
whereas ligands show emission with fluorescence peaks at 363 and 380 nm for
phen (Aex = 280 nm) and 387 nm for HoLL (Aex = 325 nm). It is obvious that the
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peak positions of the coordination compound and phen are very close. Which is
attributed not only to the coordination between metal centers and ligands, but also
to the superposition of the two luminous peaks of the phen ligand.

110
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40 T T T T T T T M 3 -
o 100 200 300 400  so0 60 700  seo Fig. 5. The TGA of the coordination

Temperature compound.

The liquid fluorescence of the coordination compound was also examined
(Fig. 6b). When prepared as a 3mg/9ml solution, it has a sharp excitation peak at
363nm. Therefore, it can be seen that water has almost no effect on its lumin-
escence, so water was chosen as the solvent for subsequent tests.

(a), (b)
compound — Solid state
104 AVARN H,L 800 4 —— IL,0 solution
,\. — phen
\
0.8 4 { \
| \\ 600 -
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\ S 400 -
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Intensity
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1

0.2 4
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Fig. 6. a) Solid-state emission spectra of the coordination compound, phen and H,L. A.,: 250
nm for the coordination compound, 248 nm for phen, and 325 nm for H,L; b) the emission
spectra of the coordination compound in solid state and H,O solution. A.,: 250 nm for the
coordination compound.

Fluorescence detection of the coordination compound for different cations

14 different metal chloride salts M(Cl), (M=Mg2*, BaZ*, Ca2*, Cd2*, K,
Ni2*t, Zn2*, Cr3*, Co?*, Mn2t, Nd3*, Cu2*, Nat and Fe3*) with a concentration of
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0.01 mol/L were prepared and used for fluorescence sensing testing. The results
showed that the addition of different cationic solutions had different effects on the
fluorescence intensity of the coordination compound. In particular, the addition of
Fe3" significantly reduced the fluorescence intensity of coordination compound
(Fig. 7a). To reveal the effect of Fe3* concentration on the fluorescence intensity
of the coordination compound composites, the concentration-
-dependent change in the luminescence intensity of the coordination compound in
solution was detected. As shown in Fig. 7b, with the increase of Fe3* concentration
from 0 to 3.8x10~* M, the quenching effect of fluorescence in the suspension can
be clearly observed. When the concentration of Fe3* is 3.8x10~4 M, the
luminescence of the suspension is almost completely quenched, and this
phenomenon can be easily observed with the naked eye under a portable ultraviolet
lamp (excitation wavelength of 254 nm) (Fig. 7b, inset). The linear relationship is
good in the range of 2.5x1073 to 3.8x10~* M, with an R? value of 0.98634 (Fig.
7¢). In addition, the selectivity of coordination compound for Fe3" is performed
by an anti-interference experiment, showing that the presence of other cations does
not affect the detection of Fe3* (Fig. 7d). According to the Stern—Volmer equation:
(lo/I-1 = K[ C] ({g represents the initial fluorescence intensity of the coordination
compound without the addition of Fe3*, I represents the fluorescence intensity of
the coordination compound after the addition of Fe3", [C] represents the
concentration of Fe3* solution and Ky is the fluorescence quenching constant M~
). LOD is determined by the formula LOD = 30/Ky, (o is the relative standard
deviation of the blank solution). Finally, luminescent titration demonstrates the
LOD of 5.25x10-> M for Fe3*.

Fluorescence detection of the coordination compound for different organic
reagents

Based on the excellent luminescent properties of the coordination compound,
fluorescence spectroscopic studies were conducted on eight organic reagents
including methanol (MeOH), ethanol (EtOH), acetonitrile (MeAN), isopropanol
(IPA), acetone (ACE), N,N-dimethylformamide (DMF), N,N-dimethylacetamide
(DMA) and acetylacetone (acac). The results showed that the fluorescence
intensity of the coordination compound decreased significantly with the addition
of various organic reagents, especially acac (Fig. 8a). To further explore the
relationship between the concentration of acac and the fluorescence intensity of
the coordination compound, a quantitative experiment was performed. The
fluorescence quenching effect of the suspension can be clearly observed with the
acac concentration increases from 0 to 8.2x10~4 M. When the concentration of
acac is 2.5 pM, the luminescence of the suspension almost completely disappears
(Fig. 8b). The linear relationship is good in the range of 0.15 to 0.51 mM, with an
R? value of 0.99837 (Fig. 8c). In addition, the selectivity of the coordination com-
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Fig. 7. a) The influence of fluorescence intensity of the coordination compound in the pre-
sence of various cationic solutions; b) fluorescence spectra of the coordination compound in
aqueous solution with different concentrations of Fe3*; ¢) fluorescence Stern—Volmer (S—V)
equation and the linear relationship of (/y/I)~1 with Fe3" concentration; d) competitive expe-
riments of the coordination compound in sensing Fe3" with the interference of other metal ions.

pound for acac is performed by an anti-interference experiment, showing that the
presence of other cations does not affect the detection of acac (Fig. 8d). Finally, to
further evaluate the effect of luminescent titration, the LOD was calculated to be
3.4x10 M by formula 30/Kg,, verifying the sensitivity of the coordination
compound to the detection of acac.

CONCLUSION

In this paper, a new coordination compound was synthesized successfully by
solvothermal reaction with Zn2*, 1,10-phenanthroline and 3-carboxy-1-carboxy-
methyl-2-oxidopyridinium as raw materials and characterized by single crystal X-
ray diffraction, TG and PXRD. Single crystal X-ray diffraction shows that the
coordination compound further forms 1D by n—x interactions, then 1D layered
structure is formed through hydrogen bonds, and 3D supramolecular structure is
further accumulated. The experimental results of powder XRD show that the lig-
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Fig. 8. a) The influence of fluorescence intensity of the coordination compound in the
presence of various organic reagents; b) fluorescence spectra of the coordination compound in
aqueous solution with different concentrations of acac; c¢) fluorescence Stern—Volmer (S—V)
equation and the linear relationship of (Z,//)-1 with acac concentration; d) comparison of the
luminescence intensity of the coordination compound in the presence of acac- mixed organic
reagents.

and has been successfully coordinated. The thermogravimetric test results show
that it has thermal stability at a certain temperature.

The results of fluorescence sensing experiments show that the coordination
compound have good luminescence sensing properties for Fe3™ and acac, with
minimum LOD values of 5.25x10-> M and 3.4x10~> M. Further research will
include the luminescence mechanism and practical applications, and it is expected
that will have better prospects for use in the future.
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U3BOJI

HOBU UUHK(I1) KOMIUIEKC 3A CEJIEKTUBHY U OCET/bHUBY JETEKLIAJY Fe3* U
AIIETUJIIAIETOHA

RUI DAI'?, YUETONG WANG!, HUA ZHANG! u ZHIGUO KONG'?
!Department of Chemistry, Jilin Normal University, Siping 136000, China u ?Key Laboratory of Preparation

and Applications of Environmental Friendly Materials, Jilin Normal University, Ministry of Education,
Changchun 130103, China

[leprBaT¥ NUPHUOVHA MUMajy U3paXKEHY CIIOCODHOCT KOOpAWHAUWje, QrekcuduiHe enex-
TPOHCKE U ONTHYKe OCOOMHE, Kao W 3HayajHy CTaOMIHOCT Kkao JuraHad. bruxosa cymcruty-
UHoHa MofgudUKalfja U MpoIIWpeHa KOHjyrauyja npyskajy uneanHy miathopMy 3a U3rpagmby
eduKkacHUX (IyopecueHTHUX COHIH, KaTajau3aTopa U OHONMOWKH (YHKIHUOHATHUX MaTepu-
jama. UMajyhu To y BuAy, cuHTeTHCaH je HOBM [Zn(phen)(L)(H,0)]-4H,0 xoMIiekc y ConBo-
TEPMAJHUM ycioBUMa, Kopuctehu 1,10-dbenantponun (phen), 3-kapbdokcu-1-kapdokcu-
meTtun-2-oxkcuponupuauanjym (HpL) u Zn(II). KpucTanHa CTpyKTypa M cacTaB KOOPAWHALMO-
HOT jefumema NOTBpheHH cy MeTogoM gudpakuuje X-3paka ca MOHOKpHUCTala U TEPMOTpaBy-
METPHUjCKOM aHanu3oM. CTPYKTypHa aHajau3a CHHTETHCAHOT je[fHIEHa je MOTBPAUIA HBErOBY
jenvHCTBEHY KOOpOWHALMOHY reoMeTpHjy. Ilopen Tora, jenumerme UCIobaBa 3HAUAjHY JIyMHU-
HUCLIEHIIMjy, IITO ra YUHHU KaHOUOATOM 3a IPUMEHY y CEH30puUMa. JIyMUHUCLIEHTHE U CEH30D-
CKe 0CODMHE CHHTETHCAaHOT KOOPAUHALMOHOT jeilkbena JeTalbHo cy ucnutusane. Haheno je na
BpenHocTu Ky KOHCTaHTe 3a metexkuujy Fe** u anetwnanerona (acac) usnoce 3,29x10° M! u
6,67x10° M™!, mro motephyje BHCOKy W edHKacHy CMOCODHOCT HETEKIH]j€ CHHTETHCAHOT
CeH3opa.

(ITpumsbeHo 2. jyHa, peBuaupaHo 1. jyna, npuxsaheno 15. cenremdpa 2025)
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Abstract: Plasmodiumfalciparumdihydroorotate dehydrogenase (PFDHODH) is
a crucial target for the development of antimalarial drugs, as it plays a significant
role in inhibiting the growth of parasites by disrupting the production of
pyrimidines in the bloodstream. Artocarpus champeden is known to contain
prenylated flavonoids with potential antimalarial activity. This study aims to
explore the chemical interactions of active compounds found in A. champeden
through an in silico approach. Nine compounds were docked into PFDHODH
(PDB ID: 6I55), and their stability was subsequently assessed using molecular
dynamics simulations. Molecular docking results indicated that compounds C1,
C5 and C6 emerged as the most promising candidates, exhibiting binding
affinities of —37.80, —35.28 and —34.44 kJ/mol, respectively. His185 and Arg265
were found to be key binding residues, interacting with these compounds in a
manner similar to DZB, the control ligand. A 50-ns molecular dynamics
simulation further confirmed the stability of these compounds throughout the
simulation. Moreover, the examination of hydrogen bond occupancy
demonstrated that compound C1 consistently engaged in hydrogen bonding int-
eractions with His185 and Arg265 throughout the simulation.

Keywords: molecular docking; molecular dynamics; Plasmodium falciparum;
malaria; natural product.

INTRODUCTION

Plasmodium falciparum (Pf) is a species of Plasmodium that significantly
contributes to high malaria-related mortality.! Globally, the incidence of malaria
remained relatively stable from 2020 to 2022, with a slight increase observed in
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2023, reaching from 5.86 to 60.4 cases per 1,000 population. The majority of these
cases occur in Africa (89.7 %), with the highest numbers reported in Ethiopia (4.5
million cases), Madagascar (2.7 million), Pakistan (1.6 million), Nigeria (1.4
million) and the Republic of Congo (600,000 cases).2 Concurrently, data from the
World Health Organization (WHO) indicate that the Southeast Asian region
accounts for approximately 4 million malaria cases, with India and Indonesia
significantly contributing to malaria-related mortality and representing 88 % of
total cases in the region. In Indonesia, national reports documented 73.5 thousand
malaria cases, with approximately 20 deaths reported in 2025.3

The development and synthesis of 4-aminoquinoline analogs culminated in
the identification of chloroquine as a first-line drug for malaria treatment.# Chlor-
oquine had long been established as effective agent in malaria therapy. However,
in the early 1960s, resistance to chloroquine was first documented in several mal-
aria-endemic countries.’ To address this issue, the WHO recommended the use of
combination therapies with different mechanisms of action to suppress resistance
rates. Artemisinin-based combination therapies (ACTs) demonstrated efficacy in
mitigating and reducing malaria cases between 2000 and 2015.6 Artemisinin and
its derivatives — including artemether, artesunate and dihydro artemisinin (DHA)
— are commonly combined with piperaquine, mefloquine or amodiaquine, as
recommended by the WHO.” However, recent data indicate that resistance to
ACTs has emerged in several regions of Southeast Asia, particularly in the Greater
Mekong subregion.8 The increasing resistance to existing treatments highlights the
urgent need for the discovery and development of new antimalarial compounds.

Artocarpus champeden, known as Cempedak in Indonesia, has been scien-
tifically validated to possess a diverse array of biological activities, including
diuretic,? antifungall0 and antidiabetic effects.!! An in vitro study on the dichlo-
romethane extract of its stem bark demonstrated significant antimalarial activity
against the Pf 3D7 strain, with an 1Cs5o value of 0.99 pg/mL.!12 The methanol
extract of the stem bark exhibited the most potent antimalarial efficacy,!3 with
ICs59 values of 4.23 and 16.58 ug/mL against the 3D7 and G-2300 strains,
respectively, after 48 h of incubation. Previous studies have explored the active
compounds responsible for its antimalarial effects, identifying flavonoid derivat-
ives as contributors to the inhibition of the Pf 3D7 strain, with 1Csq values ranging
from 0.001 to 75 umol/L.12.14 Heteroflavone C, a prenylated flavonoid,
demonstrated potent activity (ICso of 0.001 pmol/L) compared to artoindonesianin
E. This non-prenylated flavonoid has an | C5g of 75 pmol/L. Despite several studies
showing the antimalarial potential of A. champeden, the inhibitory mechanism of
its active compounds remains inadequately understood. Therefore, comprehensive
research is needed to elucidate the molecular mechanisms underlying its
antimalarial activity.
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The de novo biosynthesis of pyrimidine, a precursor for DNA and RNA syn-
thesis, is critical for the survival of Plasmodium.15 As a result, this pathway has
emerged as a significant target in antimalarial drug development. Dihydroorotate
dehydrogenase (DHODH) is an enzyme that catalyzes the oxidation of dihydro-
orotate (DHO) to orotate (ORO). Additionally, DHODH is located in the mito-
chondria, where it operates as part of the electron transport chain via cytochrome
oxidase.16 Atovaquone, a naphthoquinone derivative, has been scientifically pro-
ven to inhibit DHODH and is widely used as an antimalarial drug. However, its
efficacy is constrained by issues of selectivity and specificity related to the lipo-
philic nature of the DHODH active site.!” To improve its effectiveness, atova-
quone is combined with proguanil, resulting in a synergistic antimalarial therapy.!8

The presence of prenylated flavonoids in A. champeden suggests their
potential as a DHODH inhibitor. The prenyl substituent on flavonoid compounds
is thought to enhance their hydrophobic properties, thereby increasing interactions
with the lipophilic binding site of DHODH. In this study, the potential of
prenylated flavonoids in A. champeden was evaluated using an in silico approach.
Molecular docking analysis was performed to assess the binding energy and
chemical interactions between active compounds and the DHODH binding site.
Furthermore, molecular dynamics simulations were conducted to evaluate the
stability of the formed complexes and to identify the most suitable compounds
based on prior analyses.

EXPERIMENTAL
Instrumentation

The computational analysis was conducted on a personal computer (PC) operating on
Windows 10, equipped with an Intel Core 19-13900H processor. The software used in this study
included ChemDraw Professional 16, Chem3D 16, AutoDock Vina with AutoDock tools, Open
Babel, Discovery Studio Client 2021 (version 21.1.0.20298) and GROMACS.

Ligand preparation

The prenylated flavonoid compounds found in Artocarpus champeden was obtained from
a previous study.'? The 2D structure was drawn using ChemDraw Professional 16 and
subsequently converted into a 3D structure using Chem3D 16. Geometry optimization was
performed using the MM2 force field, with a minimum RMS gradient of 0.01. Following this
optimization, the structure was saved in PDB format. For the preparation of the 3D structure,

hydrogen atoms and Gasteiger charges were added using AutoDock Tools before saving it in
PDBQT format.
Protein receptor preparation

The structure of Plasmodium fal ciparum dihydroorotate dehydrogenase (PfDHODH) was
used as the receptor and retrieved from the RCSB Protein Data Bank (PDB ID: 6155). Water
molecules and the native ligand were removed using Biovia Discovery Studio Client 2021, after
which the structure was saved in PDB format. Subsequently, polar hydrogen atoms and Kollman
charges were added to the receptor using AutoDock Tools (ADT). The prepared receptor was
then saved in PDBQT format.
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Molecular docking

Molecular docking is a computational method used to assess the binding energy and
chemical interactions between a ligand and a protein receptor. Validating the docking protocol
is a crucial step to ensure the reliability of the analysis of the tested compounds. This validation
process was carried out by redocking the native ligand with the receptor, followed by
superimposition to compare their conformations. The docking protocol is considered reliable if
the RMSD value is below 2 A.1°

Molecular docking was performed at the binding site using a grid center located at (X, Y,
7) coordinates of 16.083, 22.654 and 35.024, respectively, with a box size of 18 A in each
dimension (X, Yy, 2). After validating the docking protocol, the compounds being tested are
docked onto the receptor using the predetermined grid center and box size. The lowest binding
energy is indicative of a stable ligand-receptor complex. Additionally, the chemical interactions
of the tested compounds are compared to those of the native ligand at the receptor’s binding
site.

Molecular dynamics

The molecular dynamics simulation was conducted on the three best compounds to eval-
uate their stability within the ligand-receptor complex. The simulation was performed using
GROMACS 2023 software.?® The protein topology was prepared using the General
AMBERY99SB force field,2! while the acpype module with GAFF2 was used to generate the
ligand topology.22 The system was solvated in water molecules using the TIP3P model within
a dodecahedron box.2? To neutralize the system, sodium and chloride ions were added.

Energy minimization was carried out using the steepest descent method, followed by
equilibration under NPT conditions for 1000 ps. Subsequently, the equilibrated system was
further stabilized under NVT conditions at 300 K for the same duration. A 50-ns production
simulation was then performed using the mdrun module. The simulation trajectory was analyzed
and visualized using the mgrace package to evaluate RMSD, RMSF, radius of gyration (RQ),
solvent-accessible surface area (SASA) and hydrogen bonding throughout the simulation.

RESULTS AND DISCUSSION

Molecular docking

Validating the docking protocol is a crucial step to ensure that the method
yields valid and reliable data. The validation process involved redocking the DZB
compound, which is the native ligand, into the receptor of PFDHODH. The results
of validation showed a low RMSD value of 0.46 A, indicating the reliability of the
docking procedure. The superimposition of the redocked ligand with the native
ligand is presented in Fig. 1.

Fig. 1. Superimpose the re-docking ligand (green)
onto the native ligand (blue).2*
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The DZB compound, acting as a native ligand, interacted with amino acids at
the binding site of PFDHODH (Fig. 2). The hydrophilic interaction of DZB within
the binding site was facilitated by the hydroxyl group on the thiadiazole ring,
which formed a hydrogen bond with His185. Additionally, the carbonyl group
interacted with Arg265. Both of these amino acids are essential as catalytic
residues in the oxidation reaction, converting flavin mononucleotide (FMN) to
FMNH,.16 Moreover, the hydrophobic region of PfDHODH, which includes
Leul72, Cys175 and Phel88, interacted with the dibenzyl moiety of DZB through
n—7n stacking and m—alkyl interactions. The hydrophobic residues Cys184 and
Val532 in PIDHODH were also involved in interactions with the thiadiazole ring
of DZB.

Fig. 2. Chemical interaction of DZB in the binding pocket of PFDHODH (PDB ID: 6i55):
a) 3D visualization and b) 2D visualization.

Nine prenylated flavonoid compounds from Artocarpus champeden were
predicted to have antimalarial activity, particularly as inhibitors of PFDHODH
(Fig. 3). The molecular docking results for each compound are presented in Table
I. The findings indicate that prenylated flavonoids effectively interact with
PfDHODH. Four compounds — C1, C2, C5 and C8 — demonstrated high binding
affinities of —37.80, —35.28, —35.28 and —37.38 kJ/mol, respectively. These values
indicate stronger interaction compared to that of DZB (-34.44 kJ/mol), suggesting
enhanced binding strength. Among these four compounds, hydrophilic interactions
with the catalytic residues His185 and Arg265 were observed in C1, C5 and C8.
These interactions are believed to contribute to their greater binding stability
relative to DZB.

Compound C2 has a binding energy similar to that of compound C5; however,
it does not establish hydrophilic interactions with the catalytic residues His185 and
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Arg265. The stability of the C2-PfDHODH complex relies solely on hydrophobic
interactions, particularly through n—sigma interactions with Leul72. Therefore,
compounds C1, C5 and C8 were identified as potential inhibitors in this study.
Chemical interactions are crucial in determining a compound’s efficacy as an
inhibitor. The chemical interactions of these three compounds are illustrated in Fig.
4. Compound C1 exhibited a hydrogen bond interaction with Arg265 via the
hydroxyl group substituted at the meta position of ring B of the flavonoid, with a
binding distance of 2.81 A, which is shorter than the interaction observed in the
DZB compound. Additionally, hydrophobic interactions with residues Leul72,
Cys175, Cys184 and Val532 were identified. Furthermore, the presence of a prenyl
substituent on ring C of the flavonoid enhanced the n—sigma interactions with
Phe188, contributing to increased complex stability.

Fig. 3. Prenylated flavonoids in Artocar pus champeden.

Compound C5 forms a hydrogen bond with His185 through a hydroxyl group
attached to ring A of the flavonoid. Although the bond distance of 2.80 A is slightly
longer than the interaction observed in the DZB compound, this bond still
contributes to the stability of the C5 complex. Additionally, this stability is further
reinforced by hydrophobic interactions between Leul72 and Cysl75 with the
methoxy group on ring B of the flavonoid. In contrast to compounds C1 and C8,
compound C5 does not interact with Arg265, which explains its slightly lower
binding energy compared to these two compounds. Furthermore, an analysis of the
influence of the prenyl substituent revealed that compound C5, which lacks a
prenyl group, was unable to form hydrophobic interactions with Phel88. This
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absence of interaction contributes to the differences in complex stability when
compared to compounds C1 and C8.

TABLE I. Binding energy and interactions of prenylated flavonoid compounds

ID Compound  Binding energy Interaction

(ID PubChem) kJ/mol Hydrogen bond Distance, A Hydrophobic

DZB —34.44 His185 2.76 Leul72, Cysl175, Cys184,
Arg265 4.39 Phe188, Val532

C1 -37.80 Tyr168 2.44 Leul72, Cys175, Cys184,

(163106267) His185 3.46 Phel88, Phe227, Leu531,
Arg265 2.81 Val532, Met536

C2 -35.28 Tyr168 2.92 Leul72, Leul87, Leul91,

(145950438) Cysl75 3.31 Leul97, Pro198, Met536
Leu531 2.44
Gly535 2.55

C3 —27.72 Val532 2.39 Leul72, Cys175 (pi-sulfur),

(14557102) Ile179, Ilel83, Cys184,

Phe188, Phe227, Met536
(pi-sulfur)

C4 -27.72 Cysl75 4.00 Leul72,1le179, Tle183,
(5316250) Leul87, Cys184 (pi-sulfur),
Met536
Cs -35.28 His185 2.80 Tyr168, Phel71, Leul72,
(nf) Cysl75, Cys184, Leul87,
Val532, Met536
Co —34.44 Tyr168 2.73 Leul72, Cysl175, Cys184,
(5320437) His185, Phel88, Leu531,
Val532, Met536
[0y} -33.18 Phel71, Leul72, Cysl75,
(14557105) Ile179, Cys184 (pi-sulfur),
His185 (van der Waals),
Leul87
C8 -37.38 Tyr168 3.78 Leul72, Cys175, Cys184,
(not found) His185 2.59 Leul87, Phel88, Leul9l,
Arg265 2.72 Phe227, Leu531, Val532,
Met536
C9 -34.02 Cysl75 3.31 Tyr168, Phel71, Leul72,
(101415464) Cys184 (pi-sulfur), Leul87,
Leul91

Compound C8 demonstrated an interaction pattern distinct from the previous
compounds. While its binding energy is slightly lower than that of compound C2,
its interaction pattern closely mimics that of the native ligand. The two hydroxyl
groups on ring A of the flavonoid are crucial for forming hydrogen bonds with
His185 and Arg265, with bond distances of 2.59 and 2.72 A, respectively. These
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distances are shorter than those observed in both DZB and compound C2,
suggesting a stronger interaction with the active site of PFDHODH.

MET.
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Fig. 4. The 3D and 2D visualization of chemical interaction for the three best compounds:
a) C1,b) C5 and c) C8.
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In addition to hydrophilic interactions, hydrophobic interactions also con-
tribute to stabilizing the C8—PfDHODH complex. The amino acid residues
Leul72, Cys184 and Val532 participated in n—alkyl interactions, while Cys175
was further stabilized by alkyl interactions from the methoxy group attached on
ring B of the flavonoid. Notably, the presence of a prenyl substituent enhanced
additional hydrophobic interactions with Phel88 through alkyl interactions.

The molecular docking analysis of the three selected compounds emphasized
the critical role of the prenyl substituent in enhancing hydrophobic interactions
with the binding site of PFDHODH. The absence of this substituent was associated
with a decline in the binding affinity of the compound to the target protein.
Although lower binding energy indicates greater stability of the complex, it is
important to note that molecular docking is performed using a rigid protein struc-
ture, which necessitates further validation. Therefore, the stability of these com-
plexes should be further analyzed through molecular dynamics simulation.

Molecular dynamics

The three most effective compounds identified through molecular docking
were further evaluated for their complex stability using molecular dynamics sim-
ulation over a period of 50 ns. To assess the stability of the complexes, the root
mean square deviation (RMSD) of the protein backbone throughout the simulation
was analyzed, as shown in Fig. 5a. The mean RMSD values for the protein
backbone in complexes C1, C5 and C8 were 0.132, 0.145 and 0.139 nm, res-
pectively. These low RM3D values indicate that the conformational changes in the
protein during the simulation, resulting from interactions with the ligand, were
minimal.24 Among the tested compounds, complex C1 exhibited the highest
stability, which is associated with its effective binding at the active site of
PIDHODH.

The stability of the tested compounds was also assessed by analyzing the
RMSD of the ligand relative to the protein, with the results presented in Fig. 5b.
All three compounds exhibited an initial increase in RM3D at 8 ns, reflecting the
ligand adaptation process within the complex at the beginning of the simulation.
Following this phase, the RM3D patterns for compounds C1 and C8 remained
stable up to 25 ns, while compound C5 maintained stability only during the first
10 ns. Throughout the remainder of the simulation, the RMSD values of all three
compounds fluctuated but generally remained within a normal range, likely due to
receptor flexibility. The mean RM3D values for the ligand within protein were
0.19, 0.27 and 0.28 nm for compounds C1, CS and C8, respectively. The lower
RMSD value of compound C1 indicates that it remained more stable within the
binding pocket throughout the simulation.

The flexibility of amino acid residues due to interactions with the ligand was
analyzed using the RMSF plot (Fig. 5c). Although the RMSF plot exhibited a fluc-
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Fig. 5. Molecular dynamic results represented by: a) RMSD of the protein backbone,
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tuating pattern, key residues such as His185, Phe188, Arg265 and Val532 had low
RMSF values. This indicates that their rigidity plays a significant role in
maintaining stable interactions with the tested compounds.24:25 To further evaluate
the stability of the complex, we analyzed the compactness of the receptor, as shown
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in Fig. 5d. Complex C1 exhibited a stable trend up to 30 ns, followed by a decrease
in the radius of gyration (Rg) value until the end of the simulation. This decline in
Rg suggests a protein folding phenomenon,25 which aids in the retention of the
stability of the complex. The mean Rg values for complexes C1 and C8 were 1.95
nm, while complex C5 exhibited a slightly higher Rg value of 1.96 nm.

The interaction between the receptor and surrounding water molecules plays
a crucial role in stabilizing the complex. This analysis is presented in the SASA plot
(Fig. 5e). Generally, the SASA values for the three complexes show an initial
increase during the first 5 ns, which indicates the initial interaction between the
solvent and the receptor surface. Afterward, the SASA values decrease up to 15 ns,
at which point they stabilize for the remainder of the simulation. These stable SASA
values suggest that the tested compounds have improved access to the receptor’s
binding site.26 Additionally, a high number of hydrogen bond interactions between
the tested compounds and the binding site during the simulation contributes to
maintaining the stability of the complex.2” However, the mean number of
hydrogen bonds for compound C5 is only one throughout the simulation (Fig. 6).
Analysis of hydrogen bond occupancy revealed that compound C5 formed
hydrogen bonds with Arg265 (0.22 %) and Cys175 (0.32 %), Table II, which are
the lowest percentages among the tested compounds.
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Fig. 6. Number of hydrogen bonds detected in the receptor with: a) C1, b) C5 and c) C8.
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TABLE II. Hydrogen bond occupancy of prenylated flavonoid compounds

Compound Donor Acceptor Occupancy, %
C1 C1 568-Side CYS184-Main 0.12
C1 568-Side VALS532-Main 0.14
C1 568-Side CYS175-Main 1.14
C1 568-Side HIS185-Side 5.14
C1 568-Side GLY181-Main 0.06
ARG265-Side C1 568-Side 4.28
C1 568-Side LEU187-Main 0.44
C5 ARG265-Side C5 568-Side 0.22
C5 568-Side GLY181-Main 0.16
C5 568-Side CYS175-Main 0.32
C8 C8 568-Side HIS185-Side 0.12
C8 568-Side GLY181-Main 0.30
ARG265-Side C8 568-Side 3.12

Compound C8 temporarily lost its hydrogen bond from 5 ns to 30 ns during
the simulation, but it re-established a hydrogen bond, averaging one bond during
the final 20 ns. Hydrogen bond occupancy analysis revealed that compound C8
acted as a hydrogen donor to Arg265 with an occupancy of 3.12 % and as a hyd-
rogen acceptor to Cys185 with an occupancy of 0.12 %. In contrast, compound C1
consistently maintained hydrogen bond interactions throughout the simulation.
Notably, it exhibited an increase in the mean number of hydrogen bonds, rising to
three from 35 ns until the end of the simulation. Compound C1 demonstrated
strong interactions both within the binding site and the hydrophobic region through
hydrogen bonding. The interactions with Arg265 and His185 had hydrogen bond
occupancies of 4.28 and 5.14 %, respectively, which were the highest values
among the tested compounds. These findings indicate that compound C1 exhibits
optimal interaction stability with the PIDHODH receptor compared to compounds
CS and C8.

CONCLUSION

The evaluation of nine active compounds from Artocarpus champeden as
potential PFDHODH inhibitors identified compound C1 as the most promising
candidate. Compound C1 demonstrated the highest binding energy of —37.8
kJ/mol, indicating a stable interaction with the receptor’s binding site. This finding
is consistent with molecular dynamics simulations over 50 ns, where the C1
complex remained stable based on RM3D ligand fit protein analysis and sustained
hydrogen bond interactions throughout the simulation. Therefore, compound C1
is recommended for isolation and further validation of its antimalarial activity
through in vitro assays in a wet laboratory.
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U3BOJI

KOMILIJYTEPCKO IMTPOYYABAE HHXUBUTOPHOI ITIOTEHIITUJAJIA
ITUXHUIPOOPOTAT-OEXUIPOTEHA3E ITPUPOJHUM JEJUILEILUMA U3 Artocarpus
champeden Y CBOJCTBY AHTUMAJIAPUJCKUX ATEHACA

PUTRA JIWAMURWA PAMA TJITDA!, FEBRI ODEL NITBANI? TUTIK DWI WAHYUNINGSIH?, YOHANES MAU
ABANIT u FAIZAL RIZA SOEHARTO!

'Department of Pharmacy, Health Polytechnic of Kupang, Indonesia, “Department of Chemistry, Faculty of
Science and Engineering, Nusa Cendana University, Indonesia u >Department of Chemistry, Faculty of
Mathematics and Natural Sciences, Universitas Gadjah Mada, Indonesia

IuxompoopoTat-nexuaporeHasa u3 Plasmodium falciparum (PfDHODH) je kipyyHa meTa
y pa3Bojy aHTHMalapHjCKUX JIEKOBA, jep UMa BaXKHy YJIOTY Y MHXUOHMpamy pacTa Iapaswra,
oMeTajyhu cTBapame MUPUMHUIVHA y LHUPKYIalUjH. Artocarpus champeden campXu IIPeHUIIO-
BaHE ()JIaBOHOWAE Ca NMOTEHIMjaTHOM aHTHMalapHjCKOM aKTUBHOIIDY. Y 0BOj CTYAUjH Cy UC-
MUTaHe XeMHjCKe UHTepaKLije akTUBHUX jefumbena A. champeden TpUMEHOM in silico MeToze.
Hnrepaxuyja neset jenumera ca PADHODH (PDB ID: 6155) je mpoy4aBaHa 1 BUX0Ba CTabui-
HOCT UCITUTaHa TPUMEHOM MOJIEKYJICKUX AUHAMHUYKUX CUMYJaliija. Monekysicko MoziesioBame
je ykasasno pa cy jenumema C1, C5 u C6 obehaajyhu xannunaty, ca aUHATETOM Be3HBama Of,
—37,80, —35,28, onHocHO —34,44 kJ/mol. His185 u Arg265 cy kbyyHH Be3yjyhu ocTalu Koju
HHTEparyjy ca UCIUTaHUM jeIUHEeHUMA Ha CITMYaH HAYMH Ka0 KOHTPOIHHU suraig DZB. 50-ns
MOJIeKyJICKa JUHaMHM4yKa CHMyJalvja je MOTBpIWIa CTadWIHOCT OBUX jenumema. Takobe,
WUCIUTHBAaKkE HHTEpaKLWje BOJOHHMKA KpPO3 CHUMylalMje je MoKasano fa cy y jenumemy C1
NpUCyTHe BofoHHUYHe Bese ca His185 u Arg265.

(ITpumsbeHo 27. Maja, peBunupaHo 9. jyna, npuxsaheno 31. jyna 2025)
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Optimisation of the controlled release of valsartan via cellulose
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Abstract: This study investigates the formulation of valsartan-loaded cellulose
acetate butyrate (CAB) microspheres, prepared via solvent evaporation micro-
encapsulation, to evaluate their in vitro release behavior and the influence of
formulation parameters. The study examined the effects of stirring speed, stab-
ilizers and matrix materials on particle size and drug release. Increasing stirring
speed reduced particle size but also led to higher valsartan loss, reducing
encapsulation efficiency. Using the surfactant polylactic acid resulted in smooth,
spherical and porous microspheres that enhanced controlled release. In contrast,
using Tween 80 led to irregular particles with rough surfaces and larger pores
that accelerated drug release. Including poly(butylene succinate) in the matrix
resulted in smaller microparticles forming and a significantly higher rate of
valsartan release. These findings emphasize the importance of optimizing
formulation parameters and excipients to control drug release characteristics and
enhance drug delivery system performance.

Keywords: valsartan, microencapsulation; polymer carriers; formulation con-
ditions; controlled release.

INTRODUCTION

Valsartan (Vals), chemically known as (2S5)-3-methyl-2-[pentanoyl-[[4-[2-
-(2H-tetrazol-5-yl)phenyl]phenyl]methylJamino]butanoic acid, is a potent and
selective competitive antagonist of the AT1 angiotensin II receptors and is widely
prescribed for the treatment of hypertension (Scheme.1).12

By inhibiting angiotensin II, it causes vasodilatation, reduces blood pressure
and improves blood flow.3# As a tetrazole derivative, valsartan contains acidic

* Corresponding author. E-mail: merine_houaria@yahoo.fr
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1332 BOUHARAOUA, MERINE and RAMLI

(pK, 4.73) and carboxylic (pK, 3.9) groups that contribute to its pH-dependent
solubility. Specifically, its solubility increases by a factor of 1000 when the pH is
shifted from 4 to 6. The compound exhibits complete and rapid dissolution in vitro
at pH 5.0 or higher, suggesting that its rate of absorption is influenced by the pH
of the gastrointestinal tract.’

O OH
NN Y
HN_ N ‘' _CH
& N/\r 3
CH
o 3
CHs3 Scheme 1. Chemical structure of valsartan.

Valsartan is poorly soluble in the upper gastrointestinal tract, where most of
its absorption occurs. This poor solubility limits absorption, leading to low oral
bioavailability (approximately 23 %),6 despite rapid uptake. To overcome this
issue, sustained-release formulations are required. Microencapsulation is being
explored as an effective method of controlling drug release and improving ther-
apeutic efficacy.’

Solvent evaporation microencapsulation is a widely recognised technique for
the production of microparticles, valued for its simplicity of manufacture while
maintaining drug efficacy. In studies on valsartan, the preparation of valsartan-
-loaded microspheres using different matrices such as poly-g-caprolactone (PCL)
and polylactic acid (PLA) showed that PCL provided a more controlled and gra-
dual release of valsartan compared to PLA when tested in vitro in a phosphate-
-buffered saline solution at pH 6.8. Furthermore, analysis of various factors
affecing encapsulation — such as surfactant concentration, PLA amount, aqueous
phase volume and stirring speed-showed that increasing surfactant concentration
and aqueous phase volume negatively affected the encapsulation rate of valsartan,
leading to a decrease in encapsulation efficiency as these parameters were
increased.?

Previous studies have mainly focused on the formation of inclusion complexes
with cyclodextrins,39 the development of solid dispersions using hydrophilic
carriers!-10 and encapsulation within lipids like lecithin and cholesterol.6-!! These
strategies aim to improve the solubility and bioavailability of poorly water-soluble
drugs. However, research specifically targeting the encapsulation of valsartan in
polymeric matrices remains relatively limited, despite the potential benefits in
terms of controlled release and stability. However, some studies have made
significant contributions in this area, particularly those investigating the
encapsulation of valsartan in gelatin and hydroxypropyl methylcellulose (HPMC)
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by spray drying,!2 using gelation techniques with sodium alginate and HPMC, 13
and nanoprecipitation for Eudragit L100.14 These efforts highlight the growing
interest in polymer-based delivery systems for valsartan, although further
investigation is needed to optimise these techniques for clinical applications.

In this study, two carrier systems were used to develop rapid release solid
formulations: the biodegradable and non-toxic polymeric matrices CAB and PBS,
a biodegradable aliphatic polyester. Cellulose acetate has been used extensively in
temporary surgical materials (such as sutures, plates and screws) and as a matrix
for encapsulating and releasing therapeutic agents in the human body.!> PBS, with
properties similar to polyolefins, offers advantages such as heat resistance and
balanced mechanical properties, making it suitable for a wide range of
applications. !0

Our research group recently investigated the preparation of hydrochloro-
thiazide (HCTZ)-loaded microspheres using different matrices, such as ethylcel-
lulose, PCL, fS-cyclodextrin ($-CD) and poly(methyl methacrylate) (PMMA),
synthesised in different fractions, to analyse their influence on encapsulation
efficiency and drug release kinetics.!7 In addition, Badis et al.!8 continued the
study of allopurinol encapsulation using different matrices, including EC, HPMC,
S-CD and PCL, using the solvent evaporation method for extended release of this
drug. As part of our efforts to develop new drug formulations that allow a gradual
release of the active ingredient and overcome the limitations of traditional
pharmaceutical forms, in particular to reduce the frequency of administration, we
investigated the encapsulation of valsartan using two matrices (CAB and PBS),
also using the solvent evaporation method for extended release. This study also
focused on characterising the interaction between valsartan and the matrix by
evaluating the influence of several factors such as stirring speed, stabiliser effect
and the ratio of the dispersed phase to the continuous phase. Micro- and nano-sized
particles were characterised using spectroscopic techniques, including Fourier
transform infrared (FTIR) spectroscopy and powder X-ray diffraction (PXRD), to
study their dissolution behaviour. The main objective of this study was also to
evaluate the impact of these factors on the encapsulation efficiency and drug
release kinetics in the intestinal tract.

MATERIALS AND METHODS
Chemicals

Valsartan (molar mass: 435.518+0.0231 g mol'!) was generously provided by the Ther-
apeutic Chemistry Laboratory at the Faculty of Medicine and Pharmacy, Mohamed V Uni-
versity in Rabat, Morocco. The micro-encapsulation of solid microspheres was achieved using
the solvent evaporation technique, utilizing our synthesized PBS and CAB as matrices, with
valsartan as the active agent. CAB, with a viscosity of 0.1 Pa s for a 5 mass % solution in a
toluene/ethanol mixture (¢r = 4:1), was sourced from Merck (India), while polyvinyl alcohol
(PVA, 87-90 % hydrolysed, molar mass 30000—70000) and Tween 80 were purchased from
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Sigma—Aldrich. Dichloromethane (DCM >98 % purity) was used as the internal phase. A phos-
phate buffer solution at pH 7.4 was prepared by mixing 250 mL of 0.2 M monobasic potassium
phosphate (KH,PO,) solution with 195.5 mL of 0.1 M sodium hydroxide solution and adjusting
the final volume to 1 L with deionized water.

Synthesis and characterization of poly(butylene succinate) (PBS)

The synthesis of PBS was successfully carried out using ring-opening polymerization. A
mixture of butan-1,4-diol (0.12 mol) and succinic acid (0.10 mol) was reacted in the presence
of 1-2 % titanium isopropoxide as a catalyst. The reaction was refluxed for 2 h at 180 °C with
vigorous stirring under a nitrogen atmosphere. To purify the obtained polymer and remove any
residual monomers, the product was heated at 200 °C under reduced pressure (maximum of 10~
3 mm Hg) for three hours.!8:19

The white PBS powder was characterized; IR, v (cm!): 1710, C=0 (ester); 2920-2940
(CH,); 1100-1200 (ester C-O—C); 1310-1330 (C-H); 3429-3552 (terminal O-H). 'H-NMR
spectra, Scheme 2: J(CDCly), ppm: 1.65 (CHjy(a)); 1.55 (CHy(a’)); 2.55 (CHy(c)); 4.05
(CHy(b)); 3.55 (CHy(d)). '3C-NMR, ppm: 25 (CHy(a)); 25 (CHy(a")); 29 (CHy(c)); 64 (CHx(b));
62 (CH,(d)); 172 (CO ester).

ilo a b ﬁ C a' d
CHy CH; C CHzpl 0 CHy GHz

oo A S 3
CH:  oH;  oTeoH; ol Seul  ohl oM

b a c !;l.d a
n

Scheme 2. Chemical structure of poly(butylene succinate) (PBS).

Preparation of solid dispersions

To prepare solid dispersions of valsartan, CAB polymer was combined with valsartan by
solvent evaporation in a 2:1 weight ratio (polymer corresponding to 50 % valsartan by weight
relative to the polymer). First, valsartan and the polymer were dissolved in dichloromethane
(DCM), a water-immiscible organic solvent, in amounts of 66 or 33 g, as required. This organic
solution was then poured into 250 g of deionised water, which served as the external phase,
containing 1 % PVA or Tween (1 % by mass in water, as specified). Emulsification of the
organic phase with the aqueous phase was achieved by mechanical stirring at two speeds (800
or 1200 rpm) in a 600 mL glass reactor (diameter = 80 mm) using a four-bladed turbine impeller
(blade length = 50 mm, width = 8 mm; IKA RW20 digital, UK). Valsartan microencapsulation
was completed after 3 h at room temperature to allow time for solvent evaporation. The resulting
microparticles were collected by vacuum filtration, rinsed several times with deionised water
and dried in a desiccator with CaCl, for at least 48 h. The initial composition of the different
microsphere formulations is shown in Table I.

Microsphere characteristics

During the manufacture of microsphere formulations, the drug and polymer may come
into close contact, potentially impacting the drug’s stability. The evaluation of drug—polymer
interactions is essential for the selection of a suitable polymer. Various methods have been used
to evaluate the compatibility between valsartan and specific polymers.

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the drug, polymers and microparticles in powdered form were obtained
using an Alpha Bruker IR spectrometer, covering the wavelength range of 400 to 4000 cm™!.
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TABLE L. Processing conditions for the formulated microspheres

Code Composition N/rpm Emulsifier nature DCM volume, cm?
L1 CAB/Vals 800 PVA 50
L2 CAB/Vals 1200 PVA 50
L3 CAB/Vals 800 TWEEN 50
L4 CAB/Vals 1200 TWEEN 50
L5 CAB/Vals 800 PVA 25
L6 CAB/Vals 1200 PVA 25
L7 CAB/PBS/Vals 800 PVA 50
L8 CAB/PBS/Vals 1200 PVA 50

Powder X-ray diffraction (XRD)

XRD patterns of the pure drug, carriers, and microsphere formulations were captured using
a Rigaku MiniFlex 600 (MiniFlex acquisition system, A = 1.541 A) over a 26 range from 5 to
70°, and analyzed for comparative purposes.

Particle size analysis

The average diameters and size distribution of the microspheres were determined using
optical microscopy (Optika 4083.B1), by counting over 500 microparticles for each preparation.
The particle size distribution was calculated from various equations.?%?! The calculations
include the number mean diameter d, the surface mean diameter d3,, the weight mean diameter
dy3 and the size distribution 0. The average diameters and size distribution of the microspheres
were assessed using two complementary techniques. Additionally, for formulations prepared at
a stirring speed of 1200 rpm (L2, L4, L6 and L8), particle diameters were determined using a
Zetasizer Nano ZS (Malvern Instruments, UK). This instrument operates based on dynamic
light scattering (DLS), which estimates the hydrodynamic size of particles in suspension by
analyzing fluctuations in the intensity of scattered light resulting from Brownian motion:

dio = Znd;/Zn; €8
dyp =Zn;d? /Zn; d? )
dy3 =Zn;d? [Sn; d} 3)
0= dy/dy “)

Scanning electron microscopy of microparticles

The surface characteristics and morphology of valsartan microspheres were examined in
detail using a scanning electron microscope (Hitachi TM 1000).

Determination of drug loading and microparticle yield

The valsartan content of the microspheres was assessed by extraction of the drug in
absolute ethanol followed by spectrophotometric measurement at 251 nm (¢ = 13681 L mol!
cm™) using a UV spectrophotometer (model Shimadzu UV-2401). For each test, 40 mg of
microparticles (prepared with CAB or CAB/PBS mixture, as appropriate) were dispersed in 10
mL of absolute ethanol in a sealed vial for 3 h. After appropriate dilution, the resulting solution
was analysed for valsartan content by UV—Vis spectroscopy. The actual drug loading (DL), the
encapsulation efficiency (EE) and yield (PY) of microspheres were calculated using the
following equations:

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.



1336 BOUHARAOUA, MERINE and RAMLI

Vals mass in microsphers

DL =100 , )
mass of microsphers

EE =100 Vals act.ual drug load ©)
Theoretical drug load

PY =100 Microspheres recovered (practical mass) 7

Mass of carrier and drug used in the formulation (theoretical mass)

In vitro valsartan dissolution studies

In vitro dissolution testing of valsartan from the prepared formulations was performed
using a suitable glass dissolution reactor maintained in a water bath at 37+0.5 °C with a stirring
speed of 500+1 rpm. Appropriate quantities of formulations containing 40 mg of valsartan were
placed in 1000 mL glass flasks filled with 900 mL of simulated liquid at pH 7.4. At specified
time intervals, 5 mL aliquots were removed from the dissolution medium and replaced with an
equal volume of prewarmed (37+0.5 °C) fresh dissolution medium. Valsartan concentrations
were measured using a Shimadzu UV-2401 UV-Vis spectrophotometer at the drug’s maximum
absorbance wavelength (A(max) = 251 nm, & = 13,105 L-mol!-cm’!) in a phosphate buffer
solution (pH 7.4) that simulated intestinal conditions. The amount of valsartan in each sample
was determined spectroscopically and the corresponding drug release profiles were plotted,
showing the cumulative percentage drug release (calculated from the total amount of Vals in
each formulation) versus time. Each batch was tested in duplicate and the mean values were
used for calculations. Two mathematical models, the Higuchi and Korsmeyer—Peppas
equations, were used to analyse the drug transport mechanisms and predict the kinetics of drug
release.?22

RESULTS AND DISCUSSION

Microspheres characterizations

Excipients are an essential component in nearly all pharmaceutical dosage
forms. The successful formulation of a stable and effective solid dosage form relies
on selecting appropriate excipients, which are added to facilitate drug delivery and
protect it from degradation.

In this study, eight microparticles were characterized in terms of shape, sur-
face morphology, drug entrapment and size (mean diameter). The development of
eight formulations loaded with valsartan using different polymers via solvent
evaporation, with varying polymer proportions and experimental conditions, res-
ulted in differences in particle size (mean diameter), surface morphology and drug
entrapment. The results for drug loading (DL), percentage practical yield (PY),
encapsulation efficiency (EE) and size distribution are presented in Table II.

The operating conditions of the microencapsulation process can influence the
drug loading, the percentage of practical yield as well as the mean particle size and
its distribution.26:27

Optical microscopy analysis of different samples prepared at a stirring speed
of 800 rpm showed that the microparticle shapes were spherical with diameters
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ranging from 69.7 to 3.5 um. The particle size dispersion ranged from 1.65 for
batch 3 to 1.24 for batch 7 (Fig. 1).

TABLE II. Results of the microencapsulation process for the prepared microspheres
Code DL/% PY/% EE/%  dyp/pm dsy / pm dyz / pm J(PDI)

L1 33.18 84.96 84.58 45.7 56.2 62.3 1.36
L2 31.64 74.51 70.72 0.5 0.53
L3 23.75 59.77 42.58 48.9 69.7 80.7 1.65
L4 26.47 52 41.30 0.3 0.26
L5 30.182 55 49.76 53 6.3 7.0 1.31
L6 31.07 55 51.20 0.7 0.75
L7 32.03 50.09 48.20 3.0 3.5 3.8 1.24
L8 38.97 55.54 65 2.0 1

Fig. 1. Optical microscopy images of spherical valsartan-loaded CAB and PBS microparticles
(L1, L3, L5 and L7), observed at 100x magnification.

For microparticles prepared at a speed of 1200 rpm (Lots: 2, 4, 6 and 8), the
diameter study was carried out using a zetameter and dynamic light scattering
(DLS). The rotation speed of 1200 rpm influenced the particle size and distri-
bution, allowing optimal homogeneity in the formulation. The results showed that
the microparticle diameter was in the range of 40 to 200 nm (Table II). This
relatively small and well-defined size is particularly favourable for pharmaceutical
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applications, ensuring better bioavailability and efficient diffusion of the drug into
the target tissues. In addition, the narrow size distribution obtained is beneficial for
controlling the release of the drug and maximising its therapeutic efficacy.?8

The surface and morphology of the microspheres were also studied using
scanning electron microscopy (SEM). The photographs of formulations 1 and 2,
Fig. 2, show that the microparticles composed exclusively of cellulose butyrate
acetate are individualised, spherical and have a rough surface.

2022110131 1247 D50 x1.0k 100um

Fig. 2. SEM images showing the surface and morphology of Vals-loaded microspheres.

In all formulations the drug content ranged from 23.75 to 38.97 %, while the
practical yield varied from 50.10 to 84.96 %. Formulation batch 3 had the lowest
drug content while batch 8 had the highest. Furthermore, batch 1 had the highest
yield while batch 7 had the lowest.

Various factors affect the content, yield, size and morphology of micropar-
ticles. In this study, we investigated how formulation parameters such as stirring
speed, surfactant type, organic/aqueous phase fraction, as well as matrix compo-
sition and nature, have influence on microparticle characteristics.

Effect of stirring speed and shear

Agitation is a key parameter influencing microsphere size. The most common
model for describing particle size variation with agitation is based on Kol-
mogorov’s theory.29

In most studies, experimental results were in agreement with theoretical pre-
dictions. It has been observed that, under identical operating conditions, an inc-
rease in stirring speed affects the microsphere characteristics, in particular the size
of the microspheres and the drug content.!8,30,31

All formulations (L1-L8) exhibited well-defined, perfectly individualized
spherical shapes (Fig. 1). The particle size distributions, determined by light mic-
roscopy and zeta analysis, showed a clear trend of decreasing particle size as the
stirring speed increased from 800 to 1200 rpm. Specifically, the average particle
size decreased from 56.2 ym in L1 to 0.5 um in L2 and from 69.7 um in L3 to 0.3
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um in L4. Furthermore, the size distribution (d) improved from 1.52 to 1.31 under
these conditions.

This reduction in particle size can be attributed to the higher energy input
during emulsification at elevated stirring speeds (1200 rpm), which facilitates the
efficient breakup of the organic phase into smaller, well-dispersed droplets.32

However, an inverse relationship was observed between stirring speed and
drug loading. Formulations prepared with PV A as the emulsifier demonstrated this
effect clearly. The drug loading, expressed as the percentage of the actual valsartan
content in the microspheres relative to their mass, decreased from 33.18 in L1 to
31.64 % in L2 and from 49.76 % in L5 to 31.07 % in L6.

Many studies, including those by Mouffok et al.,30 Badis et al.!8 and Merdoud
et al3! have shown that higher stirring speeds typically result in smaller
microparticle sizes and reduced encapsulation efficiency of the active ingredient.
This effect is likely attributed to increased shear forces that interfere with the
encapsulation process.

Effect of stabilising agents

Stabilizing agents are essential for maintaining emulsion stability, as they
lower the interfacial tension between the continuous and dispersed phases. They
also inhibit the coalescence and aggregation of emulsion droplets, especially in the
early stages of solvent evaporation.32.33

The effect of PVA and Tween 80 surfactants on microspheres prepared under
identical operating conditions (Vals ratio 1:2, stirring speed 800 rpm) is shown in
Fig. 1. Microspheres stabilised with PVA (Fig. 1: L1) were spherical and smaller
in size (d3p = 56.2 um) compared to those stabilised with Tween 80 (d3y = 69.7
um), which had a rough and porous surface (Fig. 1: L3).

Table II compares the effects of PVA and Tween 80 on key parameters
including drug loading (DL), encapsulation efficiency (EE), yield, Sauter mean
diameter (d3;) and size distribution (5). Smaller microspheres were consistently
obtained with PVA, consistent with results reported in the literature.34

PVA was more effective than Tween 80 in reducing the interfacial tension,
thus limiting droplet coalescence during emulsification. Higher concentrations of
PVA further improved drug loading and encapsulation efficiency while reducing
mean particle size (d3») and size distribution (o). In particular, PVA achieved a
higher encapsulation efficiency (EE = 84.58 % for L1) compared to Tween 80.
This can be attributed to the properties of the polymer, the controlled stirring speed
of 800 rpm and the smoother microsphere surfaces produced with PVA.

In contrast, microspheres prepared with Tween 80 exhibited significant sur-
face porosity, resulting in significant loss of valsartan, which negatively affected
both DL and EE. These observations are consistent with the findings of Mouffok
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et al.,30 who also highlighted the detrimental effect of surface porosity on drug
encapsulation efficiency.

Effect of dispersed phase on continuous phase

The dispersed phase to continuous phase (D/C) ratio is a critical parameter in
solvent evaporation microencapsulation as it significantly influences the properties
of the resulting microparticles. Optimisation of this ratio is essential to achieve
desired particle characteristics such as size, homogeneity, morphology and
encapsulation efficiency. Experimental adjustments are often required to tailor the
D/C ratio to the specific properties of the phases involved and the process
objectives.32:35,36

A low D/C ratio generally results in better size homogeneity and smaller
microparticles, as each droplet of dispersed phase contains less material and
droplet formation is more controlled. In addition, low D/C ratios promote the
formation of microspheres with smoother surfaces, probably due to the faster
solidification rate. The higher water content in the continuous phase accelerates
polymer precipitation, resulting in less porous microspheres.36-37 Notably, a red-
uction in the D/C ratio was associated with a significant increase in encapsulation
efficiency.38

Our results are consistent with previous findings. For example, a significant
improvement in encapsulation efficiency (DL = 49.76 %) was observed in batch 5
(D/C ratio of 0.1) compared to batch 1 (DL = 33.18 % for D/C ratio of 0.2). As
shown in Fig. 1, L5, with a lower D/C ratio, produced smaller microparticles (d3»
= 6.3 pm) with a compact and well-formed surface. In contrast, L1, with a higher
D/C ratio, produced larger microparticles (d3> = 56.2 um) with a porous surface.

The influence of the D/C ratio was particularly evident in batches prepared at
a stirring speed of 800 rpm, where differences in particle morphology and size
were pronounced. However, for batches 2 and 6, prepared at a higher stirring speed
of 1200 rpm, the effect of the D/C ratio was less pronounced as the increased
stirring speed dominated the characteristics of the microparticles.

Impact of polymer properties

The properties of the polymer used play a critical role in determining encap-
sulation efficiency, particle size and drug release rate, as has been extensively
discussed in the literature.30:394! Two key parameters that influence the organic
phase and consequently the encapsulation rate are polymer concentration and
molar mass.

An increase in polymer mass or molar mass increases the viscosity of the
organic phase, thereby limiting drug migration into the external aqueous phase.42
This effect, which is attributed to faster precipitation of the polymer in the droplets,
results in higher encapsulation efficiency.3%43

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.



CONTROLLED RELEASE OF VALSARTAN 1 34 1

Similarly, polymer concentration and molar mass have a significant effect on
particle size by modifying the viscosity of the organic phase, which in turn influ-
ences droplet rupture behaviour. Both theoretical and experimental stu-
dies!7:18.31,40.4243 have shown that reducing the molar mass of the polymer at a
constant solvent volume reduces the viscosity of the organic phase, facilitating the
formation of smaller microparticles.

The inclusion of PBS in the formulations (L7 and 8) slightly improved drug
entrapment compared to L1 and 2, which were prepared using the same solvent
conditions, PVA concentrations and stirring speeds. L1 achieved a high yield of
84.58 %, reflecting minimal loss of microspheres during preparation and recovery.
In contrast, L7 showed a lower yield of 49 %, which was influenced by polymer
agglomeration and adhesion to the stirrer blades and beaker walls during
microsphere formation. In addition, migration of small microparticles during fil-
tration further reduced the yield for L7 (d3p = 3.5 pum).

The particle size distribution in batch 7 was narrower (6 = 1.24), probably due
to the reduced viscosity in the dispersed medium caused by the lower molar mass
of PBS. These results are consistent with previous studies reported in the
literature.17:18.31

Microsphere spectroscopy

FTIR spectroscopy confirmed the actual presence of valsartan in the micro-
spheres (Fig. 3) and highlighted the chemical stability of the drug. The FTIR
spectra of the valsartan loaded microspheres were compared with those of pure
valsartan and the CAB and PBS polymer matrices (Fig. 3).

The FTIR spectrum of pure valsartan (Fig.3a) is characterised by a broad band
at 3444.86 cm™!, corresponding to the stretching of the N-H bond as mentioned
by Islas et al.43 A band at 2961.67 cm™! is observed, attributed to the extension of
the —CH bond in the methyl group (CH3). Two intense carbonyl bands are detected
at 1730.38 and 1597.43 cm™!, corresponding to the elongation of the C=0 of the
carboxyl group and the C=0 of the amide function, respectively.

A band located at 755.83 cm! is associated with the out-of-plane deform-
ations of the N—H bond in the primary amine. Finally, a band at 1409.56 cm™! is
observed, which is attributed to the stretching of the N=N bond.

The FTIR spectrum of CAB alone (Fig. 3b) showed a strong stretching vib-
ration band at 1733.59 cm1, attributed to the C=O bond originating from the
acetate and butyrate groups in the polymer. A series of characteristic absorption
peaks for the CAB polymer were observed at 2961.82, 2935.20 and 2873.31 cm!,
corresponding to the asymmetric and symmetric stretching vibrations of the CH3
and CH, groups. The region between 1235 and 1050 cm™! is associated with the
stretching vibrations of the C—O bonds in the ester groups (acetate and butyrate).
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Fig. 3. FTIR patterns of: a) valsartan, b) CAB,(c) PBS, d) L1 and e) L7.

The infrared spectra of the microspheres (Fig. 3d) show characteristic bands
similar to those of valsartan and CAB matrix, indicating the intact presence of the
drug and polymer. In addition, a broad peak observed at the same positions as in
the spectra of pure valsartan and CAB, without the appearance of new bands,
suggests the absence of physical interaction between the drug and the polymers.
The transmittance variations are explained by the concentration differences
between the components.

The FTIR spectrum of batch 7 (Fig. 3e), derived from the combination of the
two matrices CAB and PBS with valsartan, showed the characteristic stretching
bands of the carbonyl group at 1711 cm! for the ester function of PBS and at 1650
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cm! for valsartan. These results confirm the successful incorporation of both PBS
(Fig. 3¢) and valsartan (Fig. 3a) into the microspheres.

Finally, by comparing the IR-TF spectrum of pure valsartan with that of mic-
rospheres from batches 1 to 8§, it is observed that the C=O band of the amide
function (around 1597.43 cm™!) has shifted to higher wave numbers. This shift can
be attributed to the disruption of intermolecular and/or intramolecular hydrogen
bonds in valsartan during its microencapsulation with CAB and PBS.44

The XRD spectrum of pure valsartan is shown in Fig. 4a. The XRD shows the
absence of distinct peaks, indicating that valsartan is in amorphous form. Other
studies such as Wang et al. 45 and Youn et al.,*¢ have also observed an amorphous
structure for pure valsartan.

Examining the XRD of the CAB polymer (Fig. 4b), it is noted that it does not
show any crystalline peaks, suggesting an amorphous structure. This results in an
amorphous combination when valsartan and CAB are physically mixed in mic-
rospheres (batches 1-6) as shown in the XRDs of batches 1, 3 and 5 (Fig. 4d—f).

In contrast, the X-ray diffractogram of the PBS polymer (Fig. 4c) shows a
partially crystalline phase with two distinct peaks at 260 equal to 19.67 and 22.72°,
characterising a semi-crystalline structure.

A comparison of the X-ray diffraction patterns of valsartan, CAB and PBS
with those of formulation L7 (see Fig. 4g) shows that the crystalline state of
valsartan increases significantly in the solid dispersion while the characteristic
peaks of PBS are maintained. Pure valsartan exhibited a broad amorphous halo in
the 26 range of 13.8—15.0°, but this was no longer observed in the L7 formulation.
This suggests that valsartan underwent a partial structural reorganization into a
semi-crystalline form.

Drug dissolution of valsartan

Valsartan, a tetrazole derivative, contains acidic (pK, 4.73) and carboxylic
groups (pK, 3.9) that significantly affect its solubility, especially within the neutral
pH range.47 At physiological pH, it exists as undissociated acid, mono-anion or di-
anion. Its solubility markedly increases between pH 4 and 6, favoring the anionic
form but reducing lipophilicity, which in turn influences its gastrointestinal
absorption. Dissolution becomes rapid and complete at pH 5.0 or higher.48

At 25 °C, valsartan’s solubility in water is 0.18 g/L but rises substantially in
buffered solutions, reaching 16.8 g/L in a phosphate buffer at pH 8.0. These
properties are crucial for optimizing its formulation and therapeutic use.3-3

In this study, cellulose-based microparticles loaded with valsartan were dev-
eloped and evaluated for controlled drug release. The release of the encapsulated
drug was studied in vivo using simulated intestinal (colon) environment at 37 °C
and compared with pure drug dissolution.
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Various parameters were adjusted during the preparation process and their
effect on drug release is analysed in this work. As highlighted earlier, the char-
acteristics of the microparticles obtained, such as size, morphology and structure,
were strongly influenced by the process variables and formulation conditions.
These characteristics also influence the mass transfer mechanisms, potentially
altering the release profiles.

The pure drug and the eight formulations were subjected to in vitro dissolution
studies in simulated intestinal fluid (pH 7.4). Samples were collected at different
time intervals, filtered and analysed at 251 nm. The dissolution profiles of the pure
drug and the binary drug carrier system are shown in Figs. 5-7, and the in vitro
release results of pure valsartan and all the formulations from L1 to F8 are shown
in Table III. Furthermore, the release kinetics of Vals from these formulations were
analyzed using the following models during the initial phase, up to 65 % drug
release.

S0

# g

E‘ o Pure Vals.
& +L0T1
E, 60 WLOT2
= vk i

W 50 ALOT3
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.E 40 I X LOT4
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Fig. 5. Percent cumulative drug (Vals.) release vs. time in simulated intestinal fluid (pH 7.4).

For a clearer presentation of the results, discussion and to highlight the effects
of the formulation parameters, we chose to directly and graphically compare the
valsartan release profiles of the microparticle batches, varying each parameter
individually.

It should be noted that CAB was used as the primary matrix in batches L1-
—L6. In addition, the effects of stirring speed, type of stabiliser and ratio of dis-
continuous to continuous phase were specifically investigated for CAB micro-
spheres. Conversely, the influence of PBS polymer as a secondary matrix was
evaluated in batches L7 and LS.

Firstly, the data presented in the table above indicate that valsartan exhibits a
gradual but steady dissolution in the intestinal environment (pH 7). The release is
initially limited but gradually increases, reaching about 60 % after 8 h.
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Fig. 6. Effect of stabilising agents in dissolution of valsartan from solid dispersions in
simulated intestinal fluid (pH 7.4).

Fig. 7. Effect of PBS matrix in dissolution of valsartan from solid dispersions in simulated
intestinal fluid (pH 7.4).

TABLE III. Percentage release data for Vals measured at 30 min and 1,2 and 8 h

Cumulative Vals. release. %

Cumulative Vals. release. %
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Code 30 min Ih 2h 8h

Pure Vals 15.70 18.72 22.50 57.40
L1 472 4.86 8.35 10.07
L2 2.80 2.86 335 7.64
L3 18.08 18.16 18.34 20.10
L4 12.36 12.44 12.81 15.10
L5 8.36 8.75 11.60 53.04
L6 16.01 16.05 16.20 19.32
L7 50.86 58.80 60.53 83.81
L8 40.61 47.65 51.85 61.17
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The encapsulation of valsartan with cellulose acetate butyrate (CAB) sig-
nificantly reduces its release in a medium at pH 7.4 (Fig. 5). This is likely due to
the encapsulating effect of the polymer matrix and its hydrophobic nature, which
limit water diffusion and drug release. This is supported by previous studies.4®
These properties slow down the disaggregation and diffusion of the drug while
modifying its microstructural environment. These observations, which are consist-
ent with the work of Merdoud et al.3! who showed a slower release with CAB
compared to ethyl cellulose (EC), suggest that CAB is a promising polymer for
controlled release formulations.

The decrease in valsartan microparticle size results in a slight decrease in
valsartan release, despite the literature linking rapid agitation during microencap-
sulation with improved release. This observation can be explained by several fac-
tors. Firstly, the agitation speeds used (800 and 1200 rpm) remain relatively high,
producing microparticles of similar size, thus reducing significant differences in
behaviour. Secondly, very small microparticles tend to agglomerate due to inter-
particle forces, reducing the effective surface area available for dissolution. In
addition, the CAB (cellulose acetate butyrate) coating matrix could slow drug rel-
ease by limiting diffusion from small particles due to physical and chemical bar-
riers. These combined elements explain the slightly reduced release from very fine
particles.

Fig. 6 shows that the cumulative release of microspheres prepared with Tween
80 (batches 3 and 4) was faster than that of those containing PVA (batches 1 and
2) due to their porosity and surface morphology (Fig. 6). These findings are
consistent with those of Mouffok et al.,30 who also emphasised the negative impact
of surface porosity on drug release. Finally, the introduction of another matrix,
such as low molecular weight PBS, also leads to a rapid release of valsartan, as
observed in batches 7 and 8 compared to batches 1 and 2 (Fig. 7).

Release mechanisms and mathematical analysis

Mathematical evaluation of in vitro drug release was performed using two
diffusion models: Higuchi and Korsmeyer models.24:25 The correlation coefficient
(%) obtained by plotting the experimental data according to the equations of these
models allowed the Higuchi model to be identified as the most appropriate:

0, =Kuty )
or Korsmeyer—Peppas:
M, n
—— =Kt 9
v, K )

oo

where M,/M.. represents the fractional drug release, Ky and K are the release
constants for the Higuchi and Korsmeyer models, respectively, and # is the release
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exponent defining the release mechanism. The Higuchi model describes the release
of water-soluble or poorly water-soluble drugs from semi-solid or solid matrix
systems.24 Meanwhile, the exponent 7, as defined by Peppas,>? distinguishes
different release mechanisms: Fickian diffusion occurs when n = 0.5 and is time-
dependent, whereas non-Fickian diffusion is observed when n ranges between 0.5
and 1.0. Case II transport corresponds to n = 1.0, while super Case II transport
occurs when n > 1. When n < 0.5, the diffusion mechanism is associated with the
quasi-Fickian model. The results of the data analysis are summarised in Table IV.

TABLE IV. Coefficients of correlation and dissolution rate constants of Vals from microspheres
in simulated intestinal fluid

Code Ky R? In K Kx n R?

L1 0 .481 0.927 1.242 3.463 0.086 0.972
L2 0.344 0.973 0.864 2.373 0.050 0.993
L3 2.281 0.982 2.571 13.080 0.132 0.999
L4 1.592 0.969 2.478 11.917 0.013 0.929
L5 1.013 0.973 1.959 7.092 0.043 0.999
L6 2.045 0.968 2.733 15.379 0.011 0.986
L7 4.237 0.996 2.578 13.171 0.415 0.992
L8 3.708 0.983 2.746 15.580 0.301 0.977

The correlation coefficients and dissolution rate constants of valsartan rel-
eased from microspheres, based on the investigated models in an intestinal
medium, are summarised in Table IV. Overall, according to the coefficient of
determination (R2) values presented in Table IV, the Korsmeyer—Peppas model
provided the best fit, with R2 greater than 0.97 for all formulations except L1 in
the Higuchi model (R? = 0.927) and L4 in the Korsmeyer—Peppas model (R? =
0.929). These strong correlations suggest that the drug release is predominantly
governed by diffusion mechanisms.

The dissolution rate constants of the drug in the simulated intestinal medium
(pH 7.4), derived from the Higuchi’s equation plots, ranged from 4.237 min~1/2 for
L7; 3.708 min~1/2 for L8; 2.281min~1/2 for L3; 2.045 min~!/2 for L6; 1.592 min~
172 for L4; 1.013 min—V2 for L5 ; 0.481 min—1/2 for L1 to 0.344 min~! for L2. These
values, reflect relatively low dissolution constants in the intestinal medium (see Table
IV) and are consistent with the results of previous experiments.

Furthermore, the lower n values (0.011-0.415) obtained from the Korsmeyer—
Peppas equation (Table IV) suggest a quasi-Fickian release mechanism, ruling out
matrix erosion or solubilisation as the dominant release processes.25:47:48,50,51

CONCLUSION

This study investigated the effect of valsartan microencapsulation on its rel-
ease profile. A significant sustained release effect was observed when valsartan
was encapsulated with CAB polymer, reaching up to 7.67 % in batch L2. Fur-
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thermore, the influence of formulation parameters on the properties and in vitro
release behaviour of valsartan-loaded CAB microspheres prepared by solvent-
-evaporation microencapsulation was evaluated. The results showed that inc-
reasing the stirring speed during microsphere preparation generally led to a red-
uction in microparticle size, but could also result in increased valsartan loss,
thereby reducing the amount of encapsulated drug. In addition, the use of PVA
produced spherical microspheres with smooth, porous surfaces, which facilitated
controlled drug release. In contrast, the incorporation of Tween 80 resulted in
irregularly shaped microspheres with rough surfaces and larger pores, which
accelerated valsartan release. Finally, the inclusion of an additional matrix, such
as PBS, resulted in the formation of particularly small microparticles, which were
associated with more pronounced valsartan release. These findings highlight the
importance of selecting formulation parameters and excipients to modulate the
release characteristics of microspheres and optimise the efficacy of drug delivery
systems.

In summary, the characteristics of the microspheres were strongly influenced
by both the process and the formulation parameters. Higher stirring speeds reduced
particle size and improved homogeneity, though they lowered drug loading. PVA
produced smaller, smoother particles with a higher encapsulation efficiency than
Tween 80 did. Using a lower D/C ratio further enhanced size uniformity and drug
entrapment. Polymer properties such as molar mass and viscosity also modulated
particle size and loading.
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U3BOJI

OIITUMHU3ALIUIA KOHTPOJIMCAHOT OCIIOBABALA BAJICAPTAHA ITPEKO
LETYJIO3HOI AHETATA-BYTUPATA U MUKPOC®EPA ITOJIU (BYTUJIEH-CYKIJUHATA):
YTHUIIAJ YCIIOBA ®OPMYJIALTMJE

AISSA BOUHARAOUA!, HAOUARIA MERINE! u YOUSSEF RAMLI?

"Laboratory of Macromolecular Physical and Organic Chemistry, Faculty of Exact Sciences, University of
Djillali Liabes, Sidi Bel-Abbes, Algeria u “Laboratory of Medicinal Chemistry, Drug Sciences Research Center,
Faculty of Medicine and Pharmacy, Mohammed V University, Rabat, Morocco

Osa cTynuja uctpaxyje dopmynanujy Mukpocdepa nemynosHor anerara-dytupata (CAB)
HaIy’heHNX BAJICAPTAHOM, IIPUITPEMIbEHUX MUKPOEHKAIICYIallijOM HCITapaBambeM PacTBapaya,
Kako OM ce MPOLEHWIO BHUXOBO UH GUIPO TIOHAlIawe ocinodahawa M yTHIAj mapamerapa
¢opmynauyje. Ctynuja je ucnurtana edexte Sp3uHe Mellawma, CTaduauzaTopa U MaTPUIHUX
MarepHjaia Ha BeJIMUYMHY YecTula U ocnodabhame nexa. [Toehawe dp3nHe Mellama CMaBbUIO
je BEIMUMHy 4ecTHLa, aau je Taxohe moseno o seher rybuTka BajcapTaHa, cMamyjyhu
edukacHocT eHkancynauyje. Kopumhemwe cypdaxraHTa NoJMMIEYHA KUCEIUHA PE3YITUPATIO
je rmatkum, chepHHM M TNOPO3HUM MHKpocdepamMa Koje cy Modospliase KOHTPOIMCAHO
ocnodahame. Hacympor Tome, kopuurheme Tween 80 moBesno je [0 HEMPABWIHKUX YeCTHIIA ca
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rpydum mospumrHama U BehuM mopama koje cy ydpsase ociobahame nexa. YibyuuBame
nonu(DyTHIeH-CyKIMHATa) Y MaTPHULy Pe3yiaTUpaio je GopMHUpameM MalbUX MUKPOUYECTULIA B
3HauajHo Behom cromom ocinobahawa BascapTaHa. OBM Hajla3d HarjallaBajy Ba)KHOCT
ONTHMU3aluje MapaMmerapa dopmynandje ¥ TOMOhHHUX Marepuja 3a KOHTPOJIY Kapak-
TepucTuKa ociodahama exoBa U nodosbllame neppopMaHCH CUCTEMA 3@ UCIIOPYKY JIEKOBa.

(ITpumibeHo 21. Maja, pesunupano 15. Jyna, mpuxsaheno 10. cenrembpa 2025)
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Abstract: A comparative study was conducted to investigate the micellization
behaviour, surface properties and wettability of the cationic surfactant cetyltri-
methylammonium bromide (CTAB) and the anionic surfactant sodium dodecyl
sulfate (SDS) in acetonitrile—water (ACN—water) mixed media. Surface tension
and contact angle measurements were performed in pure water and ACN—water
mixtures (0.10, 0.20 and 0.40 volume fractions of ACN) at 298.15 K to deter-
mine the critical micelle concentration (CMC), surface excess concentration
(I max)» Mminimum surface area per molecule (4,;,), micellar surface pressure
() and packing parameter (P). Contact angle measurements were used to
assess wettability on borosilicate glass surfaces. Results indicate that increasing
ACN content leads to an increase in CMC, suggesting reduced micellization
feasibility in less polar media. Surface excess concentration decreases with
higher ACN fractions, while minimum surface area per molecule increases,
indicating looser molecular packing at the air/solution interface. Contact angle
measurements reveal a decrease in wettability with higher ACN content, dem-
onstrating enhanced surfactant adsorption at the solid-liquid interface. Addition-
ally, micellar surface pressure and packing parameter decline with increasing
ACN concentration. These findings underscore the critical role of solvent
composition in modifying surfactant aggregation and interfacial behaviour.

Keywords: surface tension; surfactant; contact angle; acetonitrile.

INTRODUCTION

Surfactants, a class of amphiphilic organic compounds, play a critical role in
various industrial and scientific applications due to their ability to form micelles
in solution, which significantly alter the properties of the medium. Amphiphilicity
is a property of an organic molecule that possesses both hydrophilic, identified as
head and hydrophobic, identified as tail. This dual nature allows them to interact
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with both polar (aqueous) and non-polar (organic) environments, making them
crucial in a variety of chemical and biological processes. Surfactants exhibit
unique behaviour when dissolved in a solvent, especially in aqueous media. At low
concentrations, these molecules tend to arrange themselves at the interface
between water and air, reducing the surface tension. However, when their
concentration exceeds a critical threshold, known as the critical micelle con-
centration (CMC), these molecules spontaneously form micelles.! In these mic-
elles, the hydrophobic tails aggregate inward to avoid water (being hydrophobic),
while hydrophilic heads face outward, interacting with the aqueous environment.
This self-assembly process is driven by the system’s tendency to minimize free
energy and is fundamental to many industrial and biological applications.2~¢

Aqueous—organic mixed solvents play a crucial role in influencing the micel-
lization behaviour of surfactants due to the unique interplay of polar and non-
-polar interactions in these media. In such systems, the combination of water- and
water-soluble organic solvents like alcohol, acetone creates a versatile environ-
ment where the solvation properties, hydrophobic effects and surfactant aggre-
gation dynamics can be finely tuned.”-!!

Ionescu et al.!? studied the development of micelles of CTAB in water—
—dimethyl sulfoxide (DMSO) mixtures, observing that DMSO has a variable effect
on CTAB micellization. Shah et al.10 investigated the influence of methanol on
the micellar properties of dodecyltrimethylammonium bromide (DTAB) and found
that CMC increased with increasing methanol content, suggesting that the addition
of organic co-solvents disrupts micelle formation. Niraula et al.13 similarly
showed that the CMC of SDS rises with methanol content, supporting the general
observation that polar organic solvents reduce the feasibility of micelle formation.
Bielawska et al.l* explored the effect of short-chain alcohol on CTAB
micellization and observed that alcohols significantly alter CMC values. Das et
al.15 reported that the presence of cosolvents increases the CMC and decreases the
aggregation number for cationic, anionic and nonionic surfactants.

In the context of acetonitrile (ACN), Misra et al.1® examined CTAB and SDS
micellization in ACN—water and tetrahydrofuran (THF)-water mixtures and
observed a consistent increase in CMC with rising ACN mole fraction. The inc-
rease was more pronounced for CTAB than for SDS, indicating stronger disruption
of cationic surfactant self-assembly by ACN. Steflova et al.!7 found that low ACN
concentration (up to 0.10 by volume fraction) reduces CMC of SDS, whereas
higher ACN volume fraction increases it, indicating a biphasic effect. Jalali and
Gerandaneh!® observed that the CMC of CTAB increases linearly with ACN
content due to weakened solvophobic effects in the medium. LeZaié et al.19 further
reported a simultaneous rise in CMC and decline in aggregation number for CTAB
in ACN-water, reflecting reduced micellar stability. Banjare et al.20 confirmed
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these trends and showed decreased surface excess and increased minimum area per
molecule (4in) in CTAB-ACN—water systems.

These findings are further supported by our recent study?! that compared the
effects of 10 % by volume of DMSO, ACN and 1-propanol on SDS, DTAB and
CPC. The data showed that ACN significantly increases the CMC and decreases
the aggregation number and surface excess concentration (/ax), indicating red-
uced micellar compactness and lower interfacial adsorption. The overall trend of
co-solvent strength was found to be: 1-propanol > ACN > DMSO in terms of
disrupting micellization.

Overall, these studies underscore the pivotal role of solvent polarity and spe-
cific interactions in modulating micelle formation and interfacial behaviour of
ionic surfactants. In particular, ACN emerges as a moderately polar aprotic solvent
that weakens hydrophobic interactions and reduces surfactant packing, thus
significantly altering micellization and adsorption dynamics.

Studying both SDS (anionic) and CTAB (cationic) surfactants in ACN-—
—water mixtures is particularly relevant due to their contrasting ionic head groups,
which interact differently with polar aprotic co-solvents like acetonitrile. SDS
carries a negatively charged sulfate group, while CTAB contains a positively
charged quaternary ammonium head. These differences influence not only micelle
formation and CMC values but also interfacial adsorption, counterion binding and
solvation dynamics in mixed solvent environments. A comparative analysis
provides insights into how solvent polarity modulates electrostatic and
hydrophobic contributions to micellization, enabling a broader understanding of
surfactant behaviour in non-aqueous or mixed-phase systems relevant to colloidal
formulation, extraction and drug delivery applications.

The wetting behaviour of surfactants is significantly influenced by the com-
position of the solvent system,22 as the balance between hydrophilic and hydro-
phobic interactions dictates surfactant adsorption at interfaces. In mixed solvent
systems, such as water—organic mixtures, the presence of co-solvents alters surface
tension, interfacial interactions and contact angle, thereby modifying wettability.
Polar solvents like short-chain alcohols disrupt the structured hydrogen-
-bonding network, weakening surfactant adsorption at the solid-liquid interface
and increasing the contact angle, leading to reduced spreading.23

The objective of this study is to investigate the micellization and surface
properties of CTAB and SDS in ACN—water mixed media, focusing on their sur-
face properties and wetting behaviour. By analysing CMC, surface tension, contact
angle and related parameters, this work aims to provide an understanding of how
solvent composition influences surfactant aggregation and wettability. While
several earlier studies have examined the micellization behaviour of ionic
surfactants in ACN—water mixed solvent systems, including CTAB!6 and SDS,!7
most have focused primarily on micellization behaviour in the bulk phase using
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classical techniques such as conductometry or fluorescence. In contrast, the present
study incorporates surface and wetting property analysis — especially surface
tension and contact angle measurements evaluate the interfacial behaviour of both
cationic (CTAB) and anionic (SDS) surfactants in ACN—water mixtures. This dual
focus enables the exploration of how co-solvent-modified polarity affects not only
micelle formation but also surfactant adsorption and spreading behaviour on a solid
surface.

EXPERIMENTAL
Materials

CTAB (99.0 % pure) and SDS (99.0 % pure) were purchased from Loba Chemie Pvt. Ltd.,
Mumbai, India. These surfactants were used without further purification. They were heated in
an oven at 100 °C for 1 h prior to use. Acetonitrile (ACN, 99.0 % pure) was obtained from E.
Merk, India. All the solvent mixtures and solutions were prepared in double-
-distilled water (specific conductance < 0.6 pS cm! at 298.15 K).

Methods

The surface tension of a freshly prepared solution was measured by an Easydyne K20 force
tensiometer (Kruss, Germany) equipped with a du Nouy’s ring. The ring was cleaned by dipping
it in ethyl alcohol and then heated until red-hot in the blue flame of a Bunsen burner. Double-
distilled water was used to calibrate; the value obtained was 72.30 mN m! at 298.15 K. The
temperature was controlled by a circulatory water bath (Orbit, RS10S) with an accuracy of +0.1
K.

Surface tension measurements and CMC determination were conducted for SDS and CTAB
solutions. For SDS (0.0004—0.08 M) in distilled water and ACN—water mixtures (0.10, 0.20,
0.40 volume fractions of ACN), a 50 mL vessel was filled with 30 mL of solution. Surface tension
was measured using a platinum ring and a tensiometer after stirring and resting for 2 min.
Similarly, CTAB (0.0006—0.001 M) solutions were analysed following the same procedure.

The CMC was determined from a surface tension (y) versus logarithm of surfactant con-
centration (log C/M) plot. The data were fitted with linear regression corresponding to the pre-
micellar region. In the premicellar region, y decreases linearly with increasing log C/M as
surfactant molecules accumulate at the air/solution interface. Beyond CMC, y remains almost
constant or changes very slightly. The interaction point of these pre- and post-micellar regions
is commonly depicted as CMC.2*

Contact angles of freshly prepared solutions were measured using a drop shape analyzer
(DSA2SE, Kruss, Germany) by the sessile drop method on a borosilicate glass surface. For SDS
(0.08-0.0004 M) in distilled water and ACN—water mixtures (0.10, 0.20, 0.40 volume fractions
of ACN), a 3uL drop was placed at 2.57uL/s and contact angles were recorded from both sides,
averaging thirty replicates. The syringe was calibrated and cleaned before use. Similarly, CTAB
(0.0006—0.001 M) solutions were analysed following the same procedure. Eight readings were
recorded for each case.

RESULTS AND DISCUSSION
Surface tension and surface properties

Surface tension (y) of CTAB and SDS solutions was measured in water, 0.10,
0.20 and 0.40 volume fractions of ACN—water mixed solvent media at 298.15 K.
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A graph is plotted between y and the logarithm of concentration (log C) for each
solution, as shown in Fig. 1. The break point of the graph represents CMC. The
slope of the graph dy/0(log C) is utilized to calculate surface properties. One of the
surface properties is the maximum surface excess concentration (/ jnax) given as:25

1 oy
P == 3 03nRT (alogC)T P M
R (8.314 J mol~! K-1) denotes the gas constant, T indicates the absolute
temperature and C indicates the concentration of surfactant. The value of n taken
as the constant pre-factor, is assumed to be 2 for the normal ionic surfactant. 7T is
the absolute temperature, C is the concentration of surfactant, (0y/dlog C) is the
slope of the y versus log (C/M) plot just below the CMC at constant temperature.
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Fig. 1. Plot of surface tension (y) against the logarithm of SDS concentration (log C/M) in
water at 298.15 K the critical micelle concentration (CMC) is indicated by an arrow.

The minimum area per molecule (4in) of surfactant at the air—water interface,
i.e., the area. covered by a surfactant molecule on the solution/air interface, is given

as.
1
Apin = (2)
N AF max

where N denotes Avogadro number (6.022x1023 mol!).
The surface pressure (rcysc) is a measure of how efficiently a surfactant
lowers the surface tension of a solution at CMC. It can be calculated using:
eme =Y — Yemc 3)
where yo and ycyc are surface tensions (in mN m!) of solvent and CMC,
respectively.
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Amin can be utilized to calculate the packing parameter (P) that predicts the
shape of aggregated micelle:26

Yo

P= 4)

A

minIC

where V() denotes the volume of exclusion per monomer during aggregation, as
explained in Tanford’s formula:27 V= (27.4 + 26.9nc) A3 and Ic = (1.54 +
+ 1.26n,) A shows the maximum chain length and nc denotes the total number of
carbon atoms present in the alkyl chain.

Effect of ACN on CMC

The CMC, which is the concentration of surfactants at which micelles start to
form, is extremely sensitive to solvent composition. In purely aqueous solutions,
the hydrophobic effect is the primary driving force for micelle formation, with
water molecules tending to “squeeze out” the non-polar tails of surfactants, forcing
them to aggregate into micelles to minimize free energy. As ACN is added to
water, the solvent becomes less polar and the hydrophobic effect is weakened. This
means that surfactants require a higher concentration to reach the point where
micelles can form. The CMC thus increases with ACN content. This effect is seen
in both SDS and CTAB cases, where the CMC of SDS and CTAB increases with
the increase in volume fraction of ACN.

The effect of ACN addition on the micellization of CTAB has been reported
by several studies at 298.15 K, using different analytical techniques. Across all
reports, the CMC increases with rising ACN content, attributed to the reduced
polarity and weakened hydrophobic interactions in the solvent mixture. Misra et
al.16 employed spectroscopic and conductometric methods to determine the CMC
of CTAB in ACN—water mixtures at 298.15 K. The CMC increased from 0.42 mM
in pure water to 0.78 mM at an ACN mole fraction of 0.141. Jalali and
Gerandaneh!® used conductivity measurements and found the CMC to rise from
0.96 mM in water to 1.63 mM at 0.20 volume fraction of ACN and further to 3.19
mM at 0.40 volume fraction of ACN, all measured at 298.15 K. Lezaié et al.19
determined the CMC using conductometry and fluorescence techniques, reporting
a value of 0.98 mM in pure water and 3.50 mM at 0.40 volume fraction of ACN at
298.15 K. Banjare et al.20 applied surface tension measurements, reporting CMC
values increasing from 1.0 mM in water to 1.5 mM at 0.005 volume fraction of
ACN, 2.5 mM at 0.01 volume fraction of ACN and 3.0 mM at 0.03 volume fraction
of ACN. This indicates that the presence of ACN affects the micellization
behaviour of CTAB. Similarly, Steflova et al.!7 observed that the CMC of SDS
increases progressively with higher ACN content, from 4.8 mM at no ACN to 22
mM at 0.35 volume fraction of ACN, indicating reduced micelle stability in ACN-
rich environments.
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Effect of ACN on surface properties

Figs. 2 and 3 represent combined plots of y and log C for SDS and CTAB in
different volume fractions of ACN—water mixed solvent media at 298.15 K. The
regression analysis is provided in Table I. The fits demonstrate good linearity (72
> 0.90), confirming the reliability of the surface tension data. The premicellar
slopes derived from the plot of y against the logarithm of SDS concentration (log
C/M) (Table I) provide insight into the efficiency of surfactant adsorption at the
air/solution interface prior to micelle formation. In both SDS and CTAB systems,
the magnitude of the slope decreased (became less negative) with increasing ACN
content. This trend suggests that the presence of ACN reduces the surface activity
of the surfactants in the premicellar region, likely due to weaker hydrophobic
interactions and decreased interfacial packing efficiency. The steeper slope in pure
water indicates stronger adsorption, consistent with the structured hydrogen-
bonding network of water supporting micellization. Our group has previously
reported similar trends in mixed solvent systems. In a recent study,2* we
demonstrated that the premicellar slope of TX100 decreased systematically with
increasing concentrations of methanol, ethanol and 1-propanol, highlighting the
weakening of surfactant adsorption and interfacial cohesion in less polar media.
CMC and surface properties (/ max, Amin» Zcamc and P) of SDS and CTAB solutions
in water and in 0.10, 0.20 and 0.40 volume fractions of ACN are presented in
Tables II and III, respectively.

70
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Fig. 2. Plot of surface tension (y) against the logarithm of SDS concentration (log C/M) in
0.10 (o), 0.20 (m) and 0.40 (e) ACN volume fractions in ACN—water mixtures at 298.15 K.

Surface excess concentration (/,5x) 1S @ measure of how much surfactant
accumulates at the surface compared to the bulk solution. In an aqueous solution,
surfactants migrate to the air/water interface to minimise the system’s free energy.
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The surfactant molecules arrange themselves such that the hydrophobic tails are
oriented away from the water, while the hydrophilic heads remain in contact with
it. The addition of a polar organic solvent into aqueous solutions of surfactants
significantly alters the surface and interfacial properties, including /' max, Amin,
wcyme and P. The effect primarily arises from its ability to reduce the overall
polarity of the solvent and disrupt the structured hydrogen-bonding network of
water.

45

-1

y/mNm

20
38 =34 -32 <30 -28 26 2.4 -22 20 -18

log (C/M)

Fig. 3. Plot of surface tension (y) against the logarithm of CTAB concentration (log C/M) in
water (0) and 0.10 (m), 0.20 ('¥) and 0.40 (0) ACN volume fractions in ACN—water mixtures
at 298.15 K.

TABLE 1. Regression summary of the plot of surface tension (y) against the logarithm of
concentration (log C/M) related to Figs. 2 and 3

Volume fraction of ACN (0y/elog C) %
SDS
0.00 -23.2 0.99
0.10 -15.4 0.97
0.20 -9.79 0.99
CTAB

0.00 -32.3 0.99
0.10 -26.5 0.99
0.20 -7.56 0.94
0.40 -5.29 0.98
0.00 -32.3 0.99

ACN, being less polar than water, interacts more favourably with the hydro-
phobic tails of surfactants, reducing the driving force for their accumulation at the
interface. This weakens the hydrophobic effect, resulting in fewer surfactant
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TABLE II. CMC by surface tension (ST) and contact angle (CA) methods; [ ax, Amin» Tcuc
and P of SDS in different volume fractions of ACN at 298.15 K

Volume fraction CMC (mM) Lo x100 Apin Teyme P
of ACN ST CA molm2 A molecule! mNm!

0.00 8.10 7.90 2.02 82.07 33.97 0.26
0.10 12.09 12.12 1.34 123.11 25.50 0.17
0.20 1632 15.33 0.85 193.66 15.20 0.10
0.40 31.99 3242 0.53 312.31 8.30 0.07

TABLE III. CMC by surface tension (ST) and contact angle (CA) methods, I nax> Amin» Tcmc
and P of CTAB in different volume fractions of ACN at 298.15 K

Volume fraction CMC (mM) I X100 Amin Teme p
of ACN ST CA mol m2 A molecule! mN m!
0.00 0.96 0.89 2.82 58.69 37.02 0.35
0.10 1.12 1.01 2.32 71.74 34.60 0.29
0.20 1.63 1.72 0.66 250.78 32.96 0.08
0.40 3.19 3.22 0.46 358.40 29.68 0.05

molecules migrating to the interface. Consequently, the surface excess concen-
tration decreases as the ACN content increases. As the ACN content in the solution
increases, the interactions between surfactant head groups and the solvent become
weaker. ACN’s lower polarity compared to water reduces the effectiveness of the
hydrophilic head group’s interaction with the surrounding solvent molecules. This
leads to less efficient packing of surfactant molecules at the surface, resulting in a
larger minimum area per molecule 4,j,. The larger value of A, indicates that
surfactant molecules are spaced farther apart at the interface in ACN-rich mixtures
than in purely aqueous solutions. Surface pressure (zcysc) represents the pressure
exerted by surfactants at the interface once micelles start forming in the bulk
solution. A higher 7#cysc value indicates stronger surface activity of the surfactant
because it means that the surfactant has significantly reduced the surface tension.
It is seen from the data (Tables II and III) that the presence of ACN decreases ¢
values for both SDS and CTAB. The packing parameter (P) describes the
morphology of micelles. P = 1/3 corresponds to spherical micelles. The lower
values of P in the presence of ACN indicate that the size of the micelles changes
from spherical to worm-like structures. To contextualize the present findings,
surface properties such as /j,x and A iy, for CTAB and SDS were compared with
literature values in binary solvent systems. Recently, our group observed that the
addition of co-solvents (DMSO, ACN,
1-propanol) to surfactants SDS, DTAB and CPC reduced adsorption (lower 7 ax),
increased molecular packing area (4j,) and decreased surface pressure (zcasc).
1-Propanol showed the strongest impact due to its amphiphilic nature and its
disruption of water’s hydrogen bonding network.2! The surface properties of
Triton X-100 (TX100) change significantly with increasing alcohol volume
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fractions. wcysc decreases, I max declines and Api, increases, reflecting reduced
adsorption efficiency and disrupted surfactant packing due to alcohol—surfactant
interactions and weakened hydrophobic effects.24 The study reveals that adding 2-
propanol to surfactant solutions significantly reduces y, increases the CMC and
alters adsorption properties by decreasing I nax While increasing Apyin.23 The sur-
face properties of sodium dodecyl sulfate (SDS) in water—acetamide mixtures
show that the limiting surface tension at the CMC remains constant regardless of
acetamide concentration. /134 decreases with increasing acetamide content, stab-
ilizing beyond 30 % acetamide due to changes in solvophobicity and mixed water—
acetamide structures.?8

Contact angle

The spreading of a liquid on a solid surface is known as wettability, which is
quantitatively measured by the contact angle (6). Geometrically, contact angle ()
is defined as the angle formed between the liquid drop and the solid surface where
the solid, liquid and gas phases intersect each other. The Young’s equation is
commonly used to establish the relationship between 6 and y:

7s—v —¥s-L (5)
-v

cosf =

where 7_v is the solid/vapor interfacial tension, ) is the solid/liquid interfacial
tension and J v is the liquid/vapor interfacial tension.

The contact angle (6) versus concentration of SDS and CTAB in different
volume fractions of ACN—water mixtures at 298.15 K is represented in Figs. 4 and
5. The obtained results showed that 6 increases with an increase in surfactant
concentration (for surfactant concentrations smaller than CMC) and then decreases

“ D R

o/ degrees

40

log (C/M)

Fig. 4. Plot of contact angle (6) against the logarithm of SDS concentration (log C/M) in
water (0) and 0.10 (o), 0.20 (m) and 0.40 (e) ACN volume fractions of ACN—water
mixtures at 298.15 K.
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(for surfactant concentrations higher than CMC), forming one maximum (peak);
this maximum corresponds to the value of the CMC.
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Fig. 5. Plot of contact angle (6) against the logarithm of CTAB concentration (log C/M) in
water (0) and 0.10 (o), 0.20 (m) and 0.40 (e) ACN volume fractions of ACN—water mixtures
at 298.15 K.

The Lucassen—Reynolds2® equation describes the relationship between sur-
face excess concentrations at three interfaces and their respective interfacial ten-
sions, expressed as:

I'sv—1sy _d(fsv—7rs-1)_d¥s-gcosd
Iy dyL-v d7-G

Assuming I's v = 0, the ratio of /'s_1 to /1_v can be determined from the
slope of a plot of dj1 G cosé (also referred to as the adhesion tension, A1) against
d?’L—G-

The work of adhesion (W,) is defined as the reversible work required to
separate a unit area of liquid from a solid surface. It quantifies the interactive forces
between the solid and liquid phases and can be determined from the contact angle
using the following equation:

Wa =7L-g(1+cosb) (7

For = 0°, Wa =24 _g, indicating that the attraction between the liquid and solid
is at least as strong as the cohesive forces within the liquid itself.22

In this study, the wettability of CTAB and SDS on a hydrophilic glass surface
was evaluated by measuring the contact angle in various volume fractions of
acetonitrile.

Fig. 6 represents the variation of the work of adhesion with the concentration
of CTAB in the premicellar region in different volume fractions of ACN. The trend
clearly demonstrates that increasing ACN volume fractions results in enhancement

(6)
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of surfactant adsorption, thereby increasing the interactive forces between the
liquid and solid surfaces. The trend is more pronounced for SDS, highlighting its
stronger affinity for the glass surface compared to CTAB.
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Fig. 6. Variation of W, with concentration of CTAB in water (0) and several volume fractions
of ACN (0.10 (o), 0.20 (A) and 0.40 (e)).

Fig. 7 illustrates the relationship between adhesion tension and surface tension
for CTAB solutions containing different volume fractions of ACN. It shows a
linear relationship between adhesion tension and surface tension for CTAB in all
volume fractions of ACN. The evaluated slopes are all positive (+0.83 in water)
and slightly increase with volume fractions of ACN, indicating unequal adsorption
at the solid/liquid and liquid/gas interfaces. Similar observations were found in our
previous study.?3
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Fig. 7. Variation of A7 with yof CTAB in water (0) and several volume fractions of ACN
(0.10 (o), 0.20 (A) and 0.40 (e)).
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CONCLUSION

In this study we elucidated how solvent polarity modulates the interfacial and
self-assembly behaviour of anionic (SDS) and cationic (CTAB) surfactants in 0.10,
0.20 and 0.40 volume fractions of acetonitrile—water (ACN—water) mixtures at
298.15 K. By measuring surface tension and contact angles, we showed that the
presence of ACN systematically increases the CMC and reduces the surface excess
concentration (/7y,x), While enlarging the minimum area per molecule (Apin),
lowering the micellar surface pressure (zcysc) and the packing parameter (P).
These trends reflect the weakening of hydrophobic and electrostatic interactions in
less-polar media, leading to looser packing of surfactant molecules. The contact
angle data reveal that higher ACN volume fraction produces larger 6 values on
borosilicate glass, indicating diminished wettability and weaker surfactant
adsorption at the solid—liquid interface. Importantly, CMC values derived from
contact angle measurements align with those obtained from surface tension data,
confirming the reliability of the dual-method approach. Overall, these findings
show that adjusting the acetonitrile content in the solvent directly influences
surfactant adsorption, wetting and aggregation behaviour. The comparative
analysis of SDS and CTAB also suggests that anionic and cationic surfactants
respond differently to polarity changes, with SDS showing larger shifts in contact
angle, hinting at differing adsorption mechanisms. Future work could extend this
approach to other co-solvents, explore the influence of temperature or ionic
strength and examine a wider range of substrates to build a more general
framework for controlling surfactant-mediated processes.

N3BOJI

YIIOPEOHA CTYJHUJA MULEJIU3ALIMJE U ITOBPINMHCKKUX CBOJCTABA
KATJOHCKHUX U AHIOHCKUX CYPOAKTAHATA YV MEIIIAHOM PACTBAPAUY
AIUETOHUTPUJI-BOIA

SUJIT KUMAR SHAH, SANDESH KARKI u AJAYA BHATTARAI

Department of Chemistry, Mahendra Morang Adarsh Multiple Campus, Tribhuvan University, Biratnagar,
Nepal

CnipoBefieHa je ynopenHa CTyAHja pagy UCIIUTHBaba CIOCOOHOCTH MUILeNu3aldje, NoBp-
IIMHCKUX CBOjCTAaBa U KBACMBOCTH KaTjOHCKOT cypdaKkTaHaTa LeTUITPUMETHIaMOHHjyM-Opo-
muna (CTAB) u aHjoHCKOr cypdakraHata HaTpHjyM-momeuun-cyndata (SDS) y mermaHom
pactBapauy aueToHUTpuUn—Bona (ACN-Boma). Mepewa MOBPLUIMHCKOT HAalOHA M KOHTAKTHOT
yI7a u3BpIleHa Cy y 4ucroj Bomu u cmemama ACN-Boga (0,10, 0,20 u 0,40 3ampeMHUHCKUX
ymena ACN) Ha 298,15 K panu oppehuBawma KpUTHYHE MHUllenapHe KoHUeHTpauuje (CMC),
MOBPUIMHCKOI BUIIKA KOHUEHTpPauHjé (I'max), MAHUMaJIHE TMOBPLIMHE MO MOJEKYTY (Amin),
MMLEapHOT TOBPLUIMHCKOT IPUTHUCKA (TTcmc) M TapaMeTpa NakoBama (P). Mepema KOHTaKTHOT
yria kopuirheHa Cy 3a IMpOLIEHYy KBAaCHBOCTM Ha IOBpIIMHAMa OOPOCHJIMKATHOT CTakia.
Pesynratu nokasyjy ma nosehame cagpxkaja ACN mosopu no nosehawa CMC, mTo yKkasyje Ha
CMameHy MUIleu3altjy y Mame IoJlapHUM cpefuHaMa. [TOBpIIMHCKY BUIIAK KOHLIEHTpaluje
ce cMamyje ca BumMM dpakuujama ACN, 1ok ce MUHMMasHa MOBPIIKMHA 10 MOJIEKYJTY NOBe-
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haga, mwTo ykasyje Ha abaBuje MOTIEKYJICKO TaKOBamke HAa TPAaHULIM Ba3LyX/pacTBop. Mepemwa
KOHTAaKTHOT yIJIa IOKAa3yjy CMameme KBACHBOCTH ca BHLIMM cagpxkajeM ACN, 1ITo 3HA4M
no0osbllIaHy aficOpnuXjy cypdakTaHTa Ha TPaHULM YBPCTa CyNCTaHIa-TeyHocT. [Topex Tora,
MHULeJIapHY TOBPLUIMHCKH MPUTHCAK U TTapaMeTap MakoBamwa Onazajy ca nosehawmem KOHLEH-
tpauuje ACN. OBH pe3ysnTaTd UCTHUY KPUTUYHY YJIOTy CacTaBa pacTBapavya y Mogu(uKoBamwy
arperanyje cypdaxTaHTa ¥ MOHAlLlaka Ha rpaHUly dasa.
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Abstract: Rushton turbine was employed in this study to numerically analyze the
fluid flow it generates within a stirred tank. The topology of the resulting flow
was found to be strongly dependent on several parameters, including the
geometric configurations of the system and the properties of the moving fluids.
The governing equations, based on the k—¢ model, were solved using the finite
volume method. Velocity field profiles, streamlines and vortex sizes were ana-
lyzed for several geometries, varying the number of blades from 6 to 12 and
others. A comparison was also conducted to evaluate the effect of the number of
stirring mobiles used to mix the fluid (single stage, two stages and three stages),
as well as the influence of the spacing ratio between the different stirrers. Finally,
our numerical simulation procedure was validated through comparing the results
obtained with experimental work available in the literature, showing good
agreement between the different approaches.

Keywords: Rushton turbine; turbulent flow field; power number; mixing; simul-
ation.

INTRODUCTION

Mechanical agitation is a process used in many industrial sectors; its field of
application is extremely wide. The choice of the stirring system depends on the
operation to be performed (e.g., homogenization, heat transfer, dispersion of a
gaseous phase in a liquid or emulsion, etc.). For this reason, many researchers have
focused on optimizing mixing processes and reducing energy consumption. By
combining experimental studies and numerical modeling, they seek to improve

* Corresponding author. E-mail: y.kamla@univ-uhbc.dz
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1369

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.
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mixing performance while limiting energy consumption, an essential aspect for
ensuring the sustainability of industrial processes.

The aim of this work is to improve the mixing efficiency of a tank agitated by
a Rushton turbine by modifying important geometric parameters, such as the
number of blades and the spacing between impellers. The objective is to identify
the most effective configuration that promotes vortex formation without disturbing
the free surface, while significantly reducing energy consumption compared to the
standard geometry.

As shown in the study by Driss,! the inclination angle of the blades signific-
antly affects energy consumption, with lower angles resulting in reduced power
numbers. These results provide clear evidence that mixers which generate a mixed
flow (inclined blades: 45, 75 and 60°) consume less energy than mixers that
generate a radial flow (90°), which can be explained by the character of the fluid
generated by the mobile and the contact surface between the stirred system and the
fluid. According to investigations conducted by Li et al. and Cui et al.,2-3 the effect
of blade pitch on the recirculation zone structure and power consumption was
examined, revealing that power consumption increases as the blade pitch angle
becomes larger. As reported by Jaszczur et al.,* an experimental and numerical
study analyzed the effect of stirrer mobile design on mixing efficiency. The
analysis was mainly based on the distribution of water in the stirred tank. Three
configurations were studied: one with a tank fitted with a six-bladed Rushton
turbine, and the other two mixers designed as scaled-down versions of a standard
industrial mixer. In the numerical study by Yang,5 the geometry of a two-
-blade stirrer was examined for its impact on flow distribution and power require-
ments required for mixing an incompressible Newtonian fluid in the laminar
regime. The results showed that the new shapes of stirrers exhibit characteristics
similar to turbines, generating not only tangential but also increased axial velo-
cities, which lead to the formation of secondary flows around the blades. In another
simulation by Liangchao et al.,® the hydrodynamic characteristics of the fluid in a
tank stirred by a Rushton turbine in the laminar regime were investigated. It was
found that the power number decreases when the impeller is larger. Furthermore,
in a baffled tank with a small impeller, the power number was almost identical to
that in a tank without baffles. As shown in the experimental study conducted by
Kordas et al.,” the influence of a new stirrer on mixing time was assessed. It was
found that the type of motion (rotary or reciprocating) significantly affected mixing
time and energy consumption. The geometry of an anchor-type stirrer was also
analyzed with respect to mixing improvement. In a comparative study by Ameur
et al. and Kamla et al.,%° three modified impeller geometries were evaluated to
improve fluid circulation throughout the tank, particularly in the lower part. The
proposed configurations were also aimed at minimizing energy consumption. In
the study carried out by Dang et al.,10 the geometry of a two-blade stirrer was
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analyzed using numerical simulation to determine its effect on flow distribution
and the power required to mix an incompressible Newtonian fluid in the laminar
regime. The stirrer shapes demonstrated turbine-like behavior, enhancing both
tangential and axial velocities, leading to the formation of secondary flows around
the blades. As reported in the experiments by Youcefi,!! the mass transfer
performance of the cup blade mixer was evaluated and found to be superior to that
of the 45° blade and the Rushton turbine. Additionally, the design of this new
stirrer was shown to enable efficient mixing in multiphase flow systems. In the
studies by Bonnot et al., Hachemi and Yang,!2-14 the effects of rotation mode,
impeller inner diameter, gas flow rate and viscosity were examined in a vessel
agitated by a Rushton and anchor-type coaxial stirrer. The findings demonstrated
that the co-rotation mode provided an advantage in reducing energy consumption
compared to counter-rotation. According to research using particle image
velocimetry (PIV) by Mortensen et al.,15 the effect of stirrer slot width on flow
and velocity profiles in a key mixing zone was explored. The study showed that
flow decreases as slot width increases, and the velocity profile and reflux
proportion vary with the number of flows, an essential parameter for describing
the hydrodynamics of batch SMR. Finally, the studies summarized in the following
table. Mahmoudi er al. and Rutherford!®:17 investigated the effect of wheel
clearance on the transition between flow regimes in single and dual Rushton
turbine systems. It was also found that different combinations of C/ and C2 values
led to parallel, merging, and diverging flow regimes. In this work, CI represents
the distance between the tank bottom and the impeller, while C2 represents the
distance between the impellers. A Rushton-type impeller was used in a tank with
a diameter 7 (Table I).

TABLE 1. Summary of the range of clearances corresponding to steady flow development in
the literature

Flow model Space between the agitators Experimental date
Parallel flow C1>0.19T7, AC>0.4T 1992.16
CI1>0.207, AC>0.385T 1996.17

C2>0.415T

Merging flow C1>0.17T, AC<0.34T 1992.16
C1>0.207, AC<0.385T 1996.17
diverging flow C1<0.17-0.19T 1992.16
C1<0.17T, AC>0.385T 1996.17
Single loop flow C1<0.167T 1997.18
pattern C1<0.15-0.20T 1992.19
2009.20
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EXPERIMENTAL
Mathematical formulation

The basic equations used in the simulation of stirred vessels are the continuity equation
and the momentum equations (Navier—Stokes). These equations describe the flow behavior of
a fluid in the vessel and are used to analyze the hydrodynamics generated by the stirrer.

Continuity equation (conservation of mass). The continuity equation expresses the conser-
vation of mass in an incompressible flow:

P19 (puy+ 2 (om +L(pw) =0 1)
ot ox dy 0z

Momentum equation. The Navier—Stokes equations describe the conservation of momen-
tum taking into account the forces acting on the fluid (such as viscous forces, pressure and
external forces). The governing equation is given as follows:

ou du du op 2u  0*u
— Vvt W) = ——— + YU+ Vet W 2
Pl ox v dy v az) ox Al ox?2 v oy? v 0z2 ) @

2 2 2
p(uﬂ+vﬂ+wﬁ)=—a—p+ﬂ(uﬂ+vﬂ+wﬁ) 3)
X Y Z 'y x y

o a a a ox2  oy? 0z2
ow  ow  dw op 2w 0*w 9w
p(ua—xﬁ‘Vg'FWg)=—$+ﬂ(uax—2+vay—2+waz—2 (4)

Power number. The power number, also known as the power coefficient, is a dimension-
less parameter that characterizes the energy consumption of a stirrer in a stirred tank. It is
defined by the following equation:

P

— 5
N )

Np =
where P denotes the power consumption of the stirred system, which can be determined using
the viscous dissipation function and is given by the following formula:

P = p[[0,dxdydz ()

where Q, represents the viscous dissipation function, which is calculated based on the fluid flow
velocities (u#, v, w) inside the stirred vessel. The volumetric flow rate (Qv) used in this study is
based on the formulation presented by Hadjeb et al2! The Reynolds number (Re) is a
dimensionless parameter used to determine the flow regime (laminar, transitional or turbulent)
in a stirred tank. It is defined by the formula:
2
Re= ND7p (7)
u

Mixing system description

Fig. 1 shows the geometric configuration of the stirring system, which consists of a flat-
-bottomed cylindrical tank of diameter D and height H. The mechanical stirring system is
equipped with a six-bladed Rushton turbine mounted on a disk of diameter d. To avoid contact
with the tank bottom, the stirrer is positioned at a distance ¢ and mounted on a central cylindrical
shaft of diameter da. The fluid used in this study is water at 25 °C, which behaves as a
Newtonian fluid with a density of p = 997 kg m™ and a dynamic viscosity of = 8.9x10* Pas. In
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this study, the effect of the spacing between the stirring mobiles was analysed. The different
spacing configurations used are shown in Fig. 1 and Table II.

- D -

—— l
H , :
[
T T

| B YR
|5 s o 1
- TTIITOOTH

J, Fig. 1. Geometric configuration.

TABLE II. The spacing C values between stirrers for different geometries

Case Cl C2 C3
Case 1 0.45D 0.70D 0.35D
Case 2 0.80D 0.35D 0.35D

Case 3 0.45D 0.35D 0.70D
Standard turbine - — 0.50D

The multiple reference frame (MRF) approach was used in this part of this research. It is
commonly used to simulate flows in mechanically stirred tanks, as demonstrated by the works
of Dabiri ef al.??> and more recently by Reid et al.?? It allows us to model agitator motion without
the need for a moving mesh. The principle behind the MRF method is to divide the simulation
domain into two distinct zones. A moving (rotating) zone corresponding to the region around
the stirrer, where the Navier—Stokes equations are solved in a reference frame rotating at the
same speed as the stirrer system and a fixed (static) zone representing the rest of the tank, where
the equations are solved in a stationary reference frame. At the interfaces between these zones,
coupling conditions ensure the continuity of physical quantities such as velocity and pressure.
This approach is particularly well suited for steady-state and turbulent studies and provides a
good compromise between accuracy and computational efficiency.

RESULTS AND DISCUSSION

In order to evaluate the simulation method used, we relied on the experimental
work of Wu et al.24 and Driss et al.25 These studies served as a reference and it
should be noted that the same geometric conditions, as well as the same fluid, were
reproduced during the simulation, using a six-blade Rushton turbine with vertical
baffles symmetrically positioned to enhance mixing performance. The numerical
results obtained for tangential velocity (Fig. 2) and radial velocity (Fig. 3) were
compared with experimental data from the literature and showed satisfactory
agreement.
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The dimensionless quantities used in these comparisons are defined as fol-
lows: Vt* is the dimensionless tangential velocity, Vx* is the dimensionless axial
velocity, V'r*is the dimensionless radial velocity and Z* is the dimensionless liquid
height in the tank.

7*

Z*

0,45 —0— Experimental.24
‘ ®  Numerical. Present work

| &
0,40 % %
0,35- B\O\oh\o\

- OO.OO/%

i (4
0,25 ‘

e E e e e L B e e e e IR A m
-0,1 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

Vt*
Fig. 2. Tangential velocities (Re = 40000).

a2
0,30 | go/o./

0,45 - - ® Experimental.22
—@— Numerical. Present work
0,40 - $-
e
J [ ] )
.&
0,35 'O\Q—Q—.—.-i.-!;” e
° o .Q__ .b.
.,ﬁ
0,30 - »
[~ |
© e
ek d
0,25
T

T T T T T T T T T T T
0,10  -0,05 0,00 0,05 0,10 0,15 0,20
Y
Fig. 3. Radial velocities (Re = 17000).

Effect of the number of blades on the flow generated

Figs. 4 and 5 show axial velocity profiles for different numbers of blades. It
can be observed that the velocities are more intense when the agitator has a high
number of blades (e.g., 12 blades). In this case, the fluid motion is more intense,
resulting in instability of the free fluid surface. On the other hand, for a 3-blade
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Rushton turbine, the axial velocity in the free fluid surface is null, which explains
why the number of blades has a positive influence on the stream flow. Negative
velocity signs indicate the presence of vortices above and below the impeller.

Blade Numbers

1—=—03 06
1,21 04 —=—08

1{—=— 05 —12
1,0
0,8 -
0,6 -

-.l

0,4 - s

] e
0,0 "‘dﬁ—’.

-0,'15 ' -0,'10 ' -0,'05 ' 0,'00 ' 0,1)5 ' 0,10 0,15
Vx*
Fig. 4. Axial velocities for different numbers of blades (Re = 40000, X* = 0.185).
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Fig. 5. Axial velocities for different numbers of blades (Re = 40000, X* = 0.185).

Fig. 6 shows the tangential velocities for different numbers of blades. At the
bottom of the tank, the fluid elements stagnate due to the wall effect at this location,
which reduces the development of the flow. On the other hand, at the agitator, these
velocities reach maximum values due to the increase in the number of blades,
which leads to an increase in the discharge flow generated by the agitator blade.
These phenomena are also illustrated in Fig. 7.
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Blade Numbers
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Fig. 6. Tangential velocities for different numbers of blades (Re = 40000, X* = 0.185,
baffled tank).
Velocity
7.932e-002
7.365e-002
6.799e-002
6.232e-002
I 5.666e-002
5.099e-002
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1.700e-002
1.133e-002

5.666e-003
0.000e+000
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3 blades 12 blades
Fig. 7. Velocity champs (Re = 40000, baffled tank).

As presented in Table III, the numerically calculated power number for a six-
bladed Rushton-type stirrer is 0.82 for a six-bladed Rushton-type stirrer with an
unbaffled vessel and 6.72 with a baffled vessel. These results were compared with
those found numerically and experimentally in the literature. The values are almost
identical to those obtained in other experimental and numerical studies, making it
possible to determine the effect of the number of blades on energy consumption.

Fig. 8 shows that the power number increases with increase of the number of
blades, which can be explained by the increased contact surface between the stirrer
and the fluid and also by the greater interaction between the radial flow generated
by the stirrer and the side wall of the tank, resulting in a higher power requirement.
In addition, the presence of baffles improves mixing quality, but also results in an
87 % increase in power consumption compared to an unbaffled tank (Fig. 8). This
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is because the baffles act as an obstacle to the flow and change its direction, which
is mainly tangential in a tank without baffles.

TABLE III. Power number for Rushton turbine with and without baffles

Type Present work Exp.2* Num .26 Num.2? Exp.28

Baffle tank 6.72 6.07 5.40 - 6.0
Unbaffled tank 0.82 — — 1.2 0.85

1,5 b >
7,0 - —D— Unbaffle tank /
6,5 —— Baffled tank

6,0 -
5,5 ]
5,0 5
4,5 -

0wl »— g
3,5
3,0

2,5

2,0 5

1,5

1,0 4 D
0’5 b [}/
0,0 DP—

T T T T T

T T
3 4 Blgde Numbers
Fig. 8. Power number for different numbers of blades (Re = 40000).

Np

7 8

Effect of the number of agitators on the flow rate

Figs. 9 and 10 illustrate the tangential and axial velocities of tanks with various
stage numbers. As can be seen, the volume of fluid agitated is greater when there
are three stages. Consequently, the intensity of the agitated fluid increases with the
number of stirrers used. Figs. 9 and 10 illustrate the effect of the number of stirrers
and Table IV provides the geometric dimensions used in the simulations. All
configurations use the same type of stirrer, i.e., a Rushton turbine with six blades
mounted in a tank with vertical baffles. Table IV also indicates the distances
between the stirrers for the multi-stage configurations. The standard geometry
consists of a single Rushton turbine and was used in the validation phase. These
results confirm that increasing the number of agitators enhances axial and
tangential circulation, leading to better homogenization across the tank volume.
Table I'V.

Fig. 11 (a, b and c) shows the effect of the number of agitator stages on the
induced flow in the tank. It can be seen that the tank equipped with three agitators
has a larger volume of the agitated zone than the other configurations. However,
this improvement is accompanied by an increase in energy consumption.
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Fig. 9. Tangential velocity for different number of stirrers, Re = 40000.
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Fig. 10. Axial velocity for different number of stirrers, Re = 40000.

TABLE IV. Geometric parameters of multi-stage stirred tank configurations with Rushton tur-
bines

Number of stirred Cl Cc2 C3

2 0.80D 0.35D 0.35D
3 0.45D 0.35D 0.30D
Standard turbine - - 0.50D

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.



Velocity
7.932e-002
7.514e-002

T 7.097e-002

r 6.679e-002

I 6.262e-002

r 5.845e-002

[ 5.427e-002

r 5.010e-002

s

-‘ 3.757e-002

' 3.340e-002

r2.922e-002

I 2.505e-002

r 2.087e-002

1.670e-002
1.252e-002
8.349e-003
4.175e-003
0.000e+000

[m s*-1]

a) standard turbine

PERFORMANCE OF STIRRED TANKS

b) two stirrers

Fig. 11. Velocity champs for different numbers of agitators.

Effect of the space between agitators

c) three stirrers

1379

Figs. 12 and 13 clearly show that the effect of the distance between the mixers
on the formation of recirculation loops is significant. When the distance between
the two stirrers is equal to 0.35D, we observe that each stirrer develops only one
recirculation loop (Case N°2 and Case N°3), suggesting that the two stirrers could
be replaced by a single stirrer. On the other hand, when the difference exceeds
0.7D, each stirrer generates two recirculation loops (Case N°1). In addition, when

7*

Fig. 12. Axial velocity for different positions of agitator (X* = 0.185, Re = 40000).
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the distance between the two stirrers increases further, as in Case N°4, three
recirculation loops can be observed, as shown in Fig. 13. The flow intensity is
higher in the lower part of the vessel compared to the upper part, which is caused
by the large spacing between the two stirrers. This phenomenon is explained by
the independent operation of each agitator, which has a positive effect on the
efficacy of fluid mixing.

case N°1 case N°2 case N°3 case N°4
Fig. 13. Stream lines for different cases (Re = 40000).

CONCLUSION

The aim of this work is to study the influence of geometric parameters on the
flow generated by a Rushton turbine, with and without baffles. The effect of the
number of blades on energy consumption and mixing quality was clearly shown.

This study highlights the effect of the number of blades on the structure of the
flow generated by the stirrer. The results show that increasing the number of blades
has a significant effect on the volume of fluid swept, with a higher number of
blades improving this coverage. In particular, an 8-blade Rushton turbine con-
sumes 12 % more power than the standard 6-blade geometry.

The number of agitators in the tank also has a positive effect on flow intensity.
In addition, the distance between the impellers plays a key role in the formation of
recirculation zones. When the spacing is equal to 0.7D, recirculation loops are
formed, which can disrupt the free surface of the fluid.

These findings provide useful insights for the practical design and optimiz-
ation of stirred tanks, particularly in terms of improving mixing efficiency while
managing power consumption. Parameters such as the number of blades and the
presence of baffles significantly influence energy demand. The results also
emphasize the importance of impeller spacing in controlling flow structures and
surface stability.
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For future work, optimizing the geometry and shape of baffles is identified as
a promising direction. Since baffles play an important role in enhancing mixing
but also increase power consumption, modifying their design may lead to better
mixing performance with reduced energy costs. Moreover, the current numerical
model does not account for multiphase flow or non-Newtonian behavior, which
could be explored in future studies to enhance the model's applicability to real
industrial processes.

U3BOJ
CFD CUMYJIAIUJA TTEPOOPMAHCH PESEPBOAPA CA MEITAILEM

KAMLA YOUCEF!, ZIED DRISS?, MOHAMMED FOUKRACH', SERGIO ROSA? u TOUHAMI BAKI*
"Laboratory of Mechanics and Energy, Faculty of Technology, University Hassiba Ben Bouali of Chlef
(UHBC), Algeria, *Laboratory of Electro-Mechanic Systems (LASEM), National School of Engineers of Sfax
(ENIS), University of Sfax (US), Tunisia, *Polytechnic Institute of Braganca (IPB), Santa Apolonia Campus,
Portugal u *“Mechanical Faculty, Gaseous Fuels and Environment Laboratory, University of Sciences and
Technology of Oran Mohamed Boudiaf (USTO-MB), BP 1505, EI-M’Naouer, Oran 31000, Algeria

Y oBOM pajny U3BpLIEHA je HyMepHuka aHanu3a Toka ¢uiynna Koju renepuiie PamroHoBa
TypOrHa NIpUIHKOM cBOT pazga. Tomosoryja pesynryjyher Toka ¢nyuna y BeTUKOj MEPHU 3aBUCH
0]l HEKOJIMKO NapameTapa, KOju yK/bydyjy reoMeTpHjcKy KOHQUIypalrjy cucTeMa U CBOjCTBa
(yuna xoju CcTpyju. Y OKBHpY OBOT paja, jeJHAaYHHE KOje OIMUCYjy CHCTeM 3aCHOBaHe Ha k—e
Mogieny Cy pelllaBaHe KOpHUThemeM MeTofe KOHAYHUX 3alpeMHHa. 3a HEKOIIMKO reOMeTpHja
TypOHHA, y3 Bapupame Opoja yomatuua of 6 no 12, aHanusupaHu cy npodunu dpsuHa,
CTpYjHHLIE U AMMEH3HWje BpTIora. MopenoBame je yK/bYYHIO CHCTEME Ca JEeJHOCTETIEHHM,
IBOCTEIIEHMM M TPOCTENeHWM Mellalullama, y3 HCIUTHBake yTHlldja pacTojama usmehy
NOjefIMHUX Mellajulla Ha CIMKY CTpyjama. KoHauHO, HyMepuuke CUMyJalyje U3BpLIEHE Y
OKBMpPY OBOT pajia BanujgupaHe cy nopehemem NoOHjeHUX pesynTaTa Ca €eKCIEPUMEHTATHUM
pes3yiTaTiMa JOCTYIIHUM Y JIUTePATypH, y3 H00PO clarame eKCrepuMeHTaIHUX BPEeSJHOCTH ca
pesyiTaTiMa CUMyJalyja.

(ITpumsbeHo 15. anpuiia, peBugupaHo 2. jyHa, mpuxsaheno 12. asrycra 2025)
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Abstract: The extent of corrosion and the underlying causes of damage to the
interior metal components of a one-year-old automobile from a known brand,
owned by a rental car company in Serbia, were investigated. The vehicle’s
interior, including upholstery and carpeting, showed no chemical spills or other
damage. The solution obtained after rinsing a carpet sample from the car floor
exhibited neutral pH. The corrosion behavior of the analyzed samples was det-
ermined using electrochemical impedance spectroscopy (EIS), linear polariz-
ation resistance (LPR) and linear sweep voltammetry (LSV, Tafel method).
X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR)
analyses showed that corrosion products taken from corroded steel parts contain
akaganeite f-FeO(OH) and iron (II) chloride. FTIR analysis of the organic
coating revealed that the applied epoxy layer was insufficiently crosslinked,
making it permeable to moisture and chloride ions. Electrochemical corrosion
measurements on steel with a similar chemical composition demonstrated an
increased corrosion rate in a solution containing dissolved corrosion products
compared to a reference solution. This accelerated corrosion was attributed to
the acidity of akaganeite and iron (II) chloride, formed due to the vehicle’s
exposure to a humid and chloride-rich environment.

Keywords: car; corrosion; akaganeite; electrochemical methods; epoxy coatings.

INTRODUCTION
Corrosion poses a significant threat to the longevity and reliability of auto-
mobiles, impacting both their structural integrity and aesthetic appeal. From env-
ironmental factors like road salts and pollutants to inherent material vulnerabilities,
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vehicles are susceptible to various forms of corrosion that can compromise their
performance.!-2 Understanding the mechanisms and factors that contribute to
automotive corrosion is crucial for developing effective prevention and mitigation
strategies.3~> Numerous studies have examined corrosion failures in specific
automotive components, providing valuable insights into real-world scenarios.®~
16

Electrochemical corrosion, a primary cause of metal degradation, arises from
chemical reactions between the metal surface and its environment.!7 This process
involves anodic and cathodic reactions, leading to the dissolution of the metal in
the presence of water or humidity. In the case of steel, a common material in
automobiles, electrochemical corrosion results in the formation of iron oxy-hyd-
roxides (FeO(OH)) on the surface.!8-20 These corrosion products, such as goethite
(a-FeO(OH)) and lepidocrocite (y-FeO(OH)), can sometimes form a protective
layer, slowing down further corrosion. However, localized corrosion can still occur
depending on the specific type of corrosion products present.

Akaganeite (S-FeO(OH)), another crystalline form of corrosion product,
forms in humid environments with high chloride ion concentrations.21-23 The
incorporation of chloride ions into its crystal lattice makes akaganeite stable but
also compromises its protective capabilities. The formation of akaganeite is facil-
itated at room or lower temperatures, under slightly acidic to neutral conditions
(pH values from 4 to 7). If chloride ions are present to a lesser extent, then (instead
of akaganeite) goethite, lepidocrocite and sometimes misawite (5-FeO(OH))!8-20 are
formed. Unlike goethite and lepidocrocite, akaganeite offers minimal protection
against further corrosion. It is considered that the presence of akaganeite in steel
corrosion products is a sign of its active corrosion.

This study investigates an instance of significant corrosion observed in the
interior metal components of a relatively new automobile from a known brand,
used by a rental car company in Serbia. Despite no visible signs of chemical spills
or damage inside the vehicle, substantial corrosion was evident. The research aims
to identify potential chemical residues on the carpet and upholstery and analyze
the corrosion products on the steel surfaces. By employing instrumental methods
such as  Fourier-transform  infrared  spectroscopy  (FTIR)  and
X-ray diffraction (XRD), the composition of the organic coating and corrosion
products were determined.

Furthermore, the corrosion resistance of steel (AISI 4130), which is similar in
composition to the steel used in the analyzed automobile, was directly compared
in a solution containing dissolved corrosion products versus a standard solution.
Electrochemical methods, including electrochemical impedance spectroscopy
(EIS), linear polarization resistance (LPR), and the linear sweep voltammetry
(LSV, Tafel method) were applied to study the corrosion properties of investigated
specimens.
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The investigation revealed that the corrosion of the automobile’s interior steel
components is likely the result of exposure to a humid environment rich in
chlorides rather than improper use during its short operational period. The inade-
quately crosslinked epoxy coating was found to be permeable to moisture and
chlorides, contributing to the corrosion process. Additionally, the presence of
akaganeite and iron (II) chloride in the corrosion products, along with the moder-
ately acidic nature of the solution, indicates ongoing corrosion activity that neces-
sitates further attention to protective measures in automotive design.

EXPERIMENTAL
Materials
The AISI 4130 steel (25CrMo4 according to the EN standard) used in this study belongs
to the category of low-alloy Cr-Mo steels. The purity and source of all employed materials were
verified before experimentation. Table I lists the chemical composition of the tested steel AISI

4130, according to the standard,?* and the actual chemical composition determined by the XRF
method (Olympus Vanta C Series Handheld XRF Analyzer).

TABLE I. Chemical composition of tested steel, wt. %

Composition C Mn P S Si Cr Mo
Standard 0.28-0.33 0.40-0.60  0.035 0.040 0.15-0.35 0.80-1.1 0.15-0.25
Measured — 0.49 0.023 0.038 0.43 0.88 0.21

Corrosion product analysis

The composition of the corrosion products extracted from corroded steel parts within the
automobile was analyzed using a Nicolet iS10 (Thermo Scientific) Fourier transform infrared
(FTIR) spectrometer. FTIR spectra were recorded over a range of 4000-400 cm™! with a
resolution of 4 cm™! at room temperature. Additionally, a Philips PW 1710 powder diffracto-
meter (XRD) was employed to analyze the steel corrosion products under the following co-
nditions: an operating voltage of 40 kV, a current strength of 30 mA, with copper (Cu) as the
anticathode (wavelength CuKo, 1.54178 A). The test range was set from 26 4 to 65°, with a step
size of 20 0.01° and a recording rate of 5 ° min’l.

Electrochemical measurements

A standard condensate solution served as the comparison solution for the electrochemical
corrosion measurements. Corrosion products from the steel parts were added to this standard
solution until saturation was achieved, followed by thorough mixing and three-stage squeezing
to extract dissolved substances.

Corrosion measurements were conducted in both the standard solution prior to adding
corrosion products and in the saturated solution containing dissolved corrosion products. The
pH values of both solutions were determined using a pH meter (HI 2210 Hanna Instruments),
with a precision of 0.01 pH unit.

The linear polarization resistance (LPR) method was utilized to determine the corrosion
current density and the corrosion rate. The polarization resistance (R,) is defined as the slope of
the potential-current density curve (AE/Aj) at the corrosion potential (E,,,). The relationship
between R, and the corrosion current density (jeor) is given by:25

Rp=B/jcorr ey
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where B is a constant that depends on the anodic (b,) and the cathodic (b.) Tafel slopes,
calculated as:

B=0b,b/2.3(b, + b.) 2)
For low-alloy steels in neutral solutions containing chloride ions, B is typically set at 25

mV .26 The conversion of j,,, into the corrosion rate (v, in mm year') was performed using
Faraday’s law:

Veorr(Mm year!) = 0.01166 (LA cm2) 3)

while the values for the constant were obtained from ASTM G1 and ASTM G102.27-28

Electrochemical impedance spectroscopy (EIS) measurements involved applying a sinus-
oidal voltage of £10 mV amplitude across a frequency range from 100000 to 0.001 Hz, with the
system responses recorded as real and imaginary impedance components. The values of j .,
and v, were also obtained by Linear sweep voltammetry (LSV, Tafel method). After
establishing a stable corrosion potential (E.;), the working electrode was polarized from
—0.25 to 0.25 V relative to E,,, at a sweep rate of 0.5 mV s!. In all electrochemical mea-
surements, a saturated calomel electrode (SCE) served as the reference electrode, while a Pt-
-grid acted as the auxiliary electrode. All electrochemical methods were conducted using a
Gamry 620 potentiostat/galvanostat device.

RESULTS AND DISCUSSION

Corrosion damage: visual evidence from the automobile interior

A detailed visual inspection of the automobile interior was carried out, and
appropriate photographs were taken. The automobile interior looked new and
preserved without any visible mechanical or other failure. Fig. 1a shows the
exterior view of the automobile's back seat. There is no noticeable damage on the
upholstered parts of the rear bench and the upholstery looks brand new. The carpet
on the automobile floor also seems to be preserved, without damage. The carpet in
the trunk was clean completely and undamaged as well (Fig. 1b). There are no
traces of liquid spillage (water stains, aggressive liquids, etc.), nor visible external
damage to the carpet in the trunk.

Fig. 1. Exterior view of: a) the back seat of the
car and b) the carpet in the automobile trunk.

However, corrosion was observed on various metal components located in the
double bottom of the automobile trunk. Specifically, the metal parts around the
spare wheel exhibited corrosion, and the towing hook was completely corroded.
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Significant corrosion was also evident on the automobile jack (Fig. 2a), with the
surfaces of these components entirely coated in characteristic yellow—
—brown to brown corrosion products. Upon removing the seat upholstery, corros-
ion was found on the seat frame and axle, similarly covering their entire surfaces
(Fig. 2b). Notably, the sponge and seat material showed no signs of water stains,
chemical residue, or other liquids that might have contributed to the corrosion of
these metal parts; they appeared undamaged and well-preserved.

Fig. 2. Corrosion of: a) the automobile jack
components and b) the frame and shaft
inside.

Beneath the dashboard, behind the control pedals, extensive corrosion of
several metal components was evident (Fig. 3a). These parts were entirely covered
with the characteristic yellow—brown to brown corrosion products. Lifting the
protective cover on the rear seat revealed similarly complete corrosion on some
metal components (Fig. 3b). Galvanized screws were used to fasten the protective
covers. Zinc is expected to corrode preferentially, thereby protecting the steel from
corrosion. However, the steel components exhibited extensive corrosion while the
zinc coating on the screws remained intact.

Fig. 3. Corrosion of: a) the steel compo-
nents under the control panel and b) the
steel parts under the protective mask on
the rear seat.

When steel objects lack adequate corrosion protection, they corrode much
faster than galvanized screws. Thus, under the prevailing corrosive conditions, the
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zinc coating effectively protected the screws, but it was insufficient to prevent
corrosion of the surrounding steel parts.

Building upon the previously observed corrosion patterns, Fig. 4 further
illustrates instances of corrosion failure on steel parts within the automobile’s
interior. The surfaces of these components are entirely covered in characteristic
yellow-brown to brown steel corrosion products, consistent with previous findings.
Notably, Fig. 4d reveals significant corrosion along the edges of a corroded steel
part, along with layers of powdery steel corrosion products, suggesting that the
corrosion process occurred over an extended period.

Fig. 4. Corrosion of steel parts.

To further investigate the nature of the corrosive environment, pH measure-
ments were taken. The solution derived from a sample of corrosion products
obtained from the corroded steel parts exhibited a pH of 3.45, indicating moderate
acidity. In contrast, the standard solution used for comparison registered a pH of
5.70, confirming its near-neutral character. Furthermore, the solution resulting
from washing a carpet sample taken from the automobile floor showed a neutral
pH of 6.92. These pH values support the conclusion that the corrosion products
themselves created a moderately acidic environment, while the carpet remained
neutral. This neutrality suggests that the corrosion was unlikely caused by an acid
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spillage onto the carpet, nor did any acid appear to have permeated through the
carpet to induce steel corrosion.

Characterization of corrosion products and organic coatings via FTIR
spectroscopy

FTIR analysis of the corrosion products (Fig. 5) revealed characteristic peaks
at 3348 and 1614 cm!, corresponding to asymmetric and symmetric O-H
stretching vibrations, respectively. Additionally, bands observed at 844 and 639
cm~! can be attributed to ~OH bending modes, indicative of the presence of
B-FeOOH.29-32 The presence of chloride ions in the corrosion products can be
observed based on the base peak at the 420 cm~! wavelength, which originates
from an acid chlorides in-plane deformation.33

110
100 -
90 A
804
704
60
50
40+
30 4

Corrosion products

Transmittance / %

20 T T T T T T l.
4000 3500 3000 2500 2000 1500 1000 500 Fig. 5. FTIR diagram of steel corrosion
Wavenumber / cm” products.

Given the extensive corrosion observed on the steel components, assessing the
thickness and adhesion of the original organic coating proved challenging. On
many components, the coating was absent, while on others, it was peeling away
from the metal surface (Fig. 6). As a result, our analysis focused on determining
the composition of the remaining coating fragments using FTIR spectroscopy.

T “ Fig. 6. Appearance of the applied organic coating
| (paint) on the surface of the towing hook.
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Fig. 7 shows the characteristic peaks obtained during the examination of the
organic coating by the FTIR method. The organic coating contains a series of peaks
corresponding to aromatic and aliphatic organic compounds, as well as an epoxy
group, which is present in epoxy coatings.34

—— Organic coating (paint)

95

90

85 -

Transmittance / %

804

Fig. 7. Characteristic peaks obtained
4000 3500 3000 2500 2000 1500 1000 500 during the examination of the organic
Wavenumber / cm’ coating by the FTIR method.

The non-crosslinked epoxy coating (paint) has two characteristic peaks, which
indicate the presence of the epoxy group: the first peak is located in the range of
wavelengths from 3060 to 3000 cm!, while the second peak is located in the range
of wavelengths from 960 to 810 cm™! and it refers to the C—O deformation of the
epoxy group.33-39 The presence of peaks at 910 and 826 cm~! wavelengths on the
FTIR diagram (Fig. 7) indicates that the epoxy coating was not properly
crosslinked. However, the absence of peaks in the range of wavelengths from 3060
to 3000 cm™! is a sign that the epoxy coating is still partially crosslinked.35-39

In addition to the identification of peaks that are particularly characteristic of
the epoxy group, other peaks that are also characteristic of the epoxy coating were
identified. The peaks at 2965, 2863, 1456 and 1383 cm~! wavelengths correspond
to asymmetric and symmetric CH stretching of aromatic and aliphatic organic
compounds.37-40 The peak at wavelength 1602 cm™! indicates the presence of the
C=C group, and the peaks at the wavelengths 1531 and 1505 cm! indicate the
presence of C—C stretching. The peak at 1180 cm~! wavelengths corresponds to
C-O stretching.3¢ Also, the presence of the esters group (C=0) can be seen based
on the peak at 1713 cm!, and the presence of the ethers group
(C-0-C) is confirmed by peaks in the range of wavelengths from 1100 to 1000
cm—1.37

The scheme structure of an epoxy resin before crosslinking is present in Fig.
8. It can be seen that the epoxy polymer on the ends of the molecule contains a
characteristic epoxy group in the form of a three-angle. During curing, the char-
acteristic epoxy group is opened, enabling proper epoxy coating cross-linking.

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.



THE AUTOMOBILE CORROSION FAILURES ANALY SIS 1 39 1

0 CH OH CH 0
2N\ i ] T N
H,C—HCH,C1+0 ¢ OCH,CHCH,—0 ¢ OCH,CH—CH,
CHg CHs

n

Fig. 8. Scheme structure of the epoxy polymer before crosslinking.

The inadequate cross-linking of the epoxy coating can be attributed to an
improper curing process, such as curing at insufficiently high temperatures and/or
for an inadequate duration. This incomplete crosslinking results in a porous
coating, allowing chloride ions and moisture to penetrate through the pores,
thereby creating favorable conditions for corrosion to occur. Additionally, the
poorly crosslinked epoxy coating is brittle, making it prone to peeling from the
steel surface. The weak adhesion of the coating may also stem from inadequate
surface preparation or cleaning of the steel components before the application of
the coating. These factors collectively explain the observed condition of the
organic coating in the automobile and its inability to provide effective corrosion
protection.

XRD characterization of corrosion products

The XRD analysis of the corrosion products collected from the automobile
(Fig. 9) identified two crystalline phases: f-FeO(OH) (ferric oxy-hydroxide) and
FeCly-4H»0. Semi-quantitative analysis showed that f-FeO(OH) accounted for
approximately 88 wt. % of the corrosion products, while FeCl,-4H,O made up
about 12 wt. %. The p-FeO(OH), also known as akaganeite, crystallizes in a
monoclinic structure within space group 12/m (No. 12). Literature indicates that
akaganeite requires chloride ions to stabilize its structure, with its formula more
accurately represented as FeOg g33(0H)1.167Clo.167.#! In its structure, octahedral
chains form tunnels that are partially filled with chloride ions, occupying approx-
imately two-thirds of the available sites. Hydrogen bonds between chlorides and
surrounding hydrogen further stabilize the structure. At temperatures above 200
°C, akaganeite releases chloride ions and transforms into hematite Fe,O3, a more
stable phase. The crystal structure and microstructure of akaganeite have been
extensively documented in the literature.21,22:42

The identified phases are characteristic of steel corrosion under humid con-
ditions with significant chloride ion presence. Akaganeite is commonly associated
with active corrosion processes, while iron (II) chloride hydrate plays a role in
sustaining these processes. In environments with lower chloride concentrations,
alternative corrosion products such as goethite, lepidocrocite or misawite are
typically formed, which tend to slow down steel corrosion compared to akaganeite.
Thus, the presence of akaganeite in the analyzed sample indicates ongoing active
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corrosion and suggests that the corrosive processes have persisted for a
considerable period.

165

260

Akaganeite-M, Fe8(0,0H)16CI1.3, 00-042-1315

Iron Chloride Hydrate, FeCl2 4H20, 00-016-0123

10 T Dot X ICE (REeRRST. i e e 60
Fig 9. Diffractogram of the examined sample of corrosion products.

Iron (II) chloride present in the corrosion products undergoes hydrolysis in the
presence of oxygen and moisture from the air, forming akaganeite, hydrogen ions,
and additional chloride ions according to:42

2Fe2* + 4CI + 3H,0 + 1/20, — 2FeO(OH) + 4H™ + 4C1- 4)

The generated hydrogen and chloride ions further accelerate steel corrosion
through the reaction described as:

2Fe + 4H* + 4CI + Oy — 2Fe2* +4Cl- + 2H,0 (5)

The resulting Fe2* and CI- re-enter the hydrolysis cycle described in Eq. (4),
perpetuating a self-sustaining process known as the Askey cycle.43 This cycle
produces an acidic environment due to H* generation and continuously forms
akaganeite (f-FeO(OH)). The presence of akaganeite is thus a clear indicator of
active steel corrosion.

As previously noted, no evidence of an acidic liquid spillage was observed on
the carpet covering the corroded steel parts. The solution obtained by washing
carpet particles exhibited a neutral pH while the solution containing dissolved
corrosion products was acidic. This confirms that the corrosion was not caused by
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external acidic substances penetrating through the carpet but rather by environ-
mental factors such as moisture, oxygen, and chloride ions.

The non-properly crosslinked epoxy coating on the steel surface further fac-
ilitated corrosion. Its porous and brittle nature allowed moisture and chloride ions
to diffuse through to the steel surface, initiating and sustaining the Askey cycle.43
This continuous regeneration of hydrogen and chloride ions promotes an acidic
environment conducive to active corrosion. Only complete drying of the corrosion
products, including akaganeite and iron (II) chloride hydrate, can disrupt this cycle
and stop further degradation.

Electrochemical measurements

Linear polarization resistance (LPR) measurements were conducted to assess
the corrosion resistance of steel in different solutions, and the results are presented
in Fig. 10. As can be seen from Fig. 10, the polarization resistance (R),) for steel in
the solution containing corrosion products was 2.38 kQ cm?2, while the Ry, for steel
in the standard solution was 3.28 kQ cm?.

0.555 -0.580
0.560 -0.585 1 .
> > -’
Z 0565 2 -0.590 o’
m m o’
o " 8] o
“2-0.570 - v1-0.595 -’
4 a @ " R =238 kQcm?
> =" R =3.28 kQcm? > o P
-0.575 o~ P -0.600
=3} o 3 89
0.580 - - -0.605
L] =" b
0.585 ‘ v . ‘ : -0.610 T T
3002 a4 0 1 5 1 0 1 2 3 4

J/pAcem?
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Fig. 10. Results of the LPR testing in: a) standard solution and b) solution obtained by
dissolving corrosion products in the standard solution.

Therefore, LPR measurements indicated that the standard solution exhibited a
higher R, than the solution with dissolved steel corrosion products. This suggests
that the corrosion products, which contain akaganeite (f-FeO(OH)) and iron (II)
chloride, release hydrogen ions according to Reaction (4), creating a moderately
acidic environment. It is well-established that the corrosion rate of steel is higher
in acidic environments compared to neutral ones, which explains the lower Ry
value observed in the solution containing corrosion products.

The main corrosion parameters obtained by the LPR method are presented in
Table I1.

The results of the electrochemical impedance spectroscopy (EIS) testing of
steel are presented in Fig. 11. The equivalent electrical circuit (EEC) used to fit the
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EIS data is shown in Fig. 11d. In this circuit, R, represents the electrolyte
resistance, R, denotes the polarization resistance and CPE is the constant phase
element that accounts for surface inhomogeneities of the tested steel.

TABLE II. Test results using the LPR method

Solution R,/ kQ cm? Jeorr! MAcm? vy ./ mm year!
Standard 3.28 7.62 0.089
Standard + corrosion product 2.38 10.5 1.22

The polarization resistance values obtained from the EIS measurements, based
on both the Nyquist and Bode modulus diagrams (Fig. 11), revealed that the Ry,
value for steel in the solution containing dissolved corrosion products was 1.67 kQ
cm?, while in the standard solution it was higher, at 2.64 kQ cm?2.

3000 6000
= Standard solution
25004 ° S_ta_ndard solution with corrosion products 50004 = Standard sc\ui}nn ) )
Fitting * Standard solution with corrosion products
2000+ 4
NE NE 4000 R+ R,
-
Q < ]
e 1500 4 Ci 30004 %
~ . ~ - -
£ 10001 e E + R
N n ~.. NE 20004 e e om
. - N "
N s g L]
ot . . R,
5001 o ~, B 1000 s
= R
o a RE/I:?E \R5+Rp R.*+R, b c
0 500 1000 1500 2000 2500 3000 3500 4000 103 102 10" 10° 10" 102 10* 10* 10°
Zy. / Qcm? 1/ Hz
04
k-2
-10 '_'.. PR
n'e - CPE
-20 4 B =
Q
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2
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Fig 11. Results of the EIS test in the standard solution and in the standard solution in which
corrosion products are dissolved; a) Nyquist diagrams, c) Bode modulus diagrams, c) Bode
phase diagrams and d) equivalent electric circuit (EEC).

The polarization resistance (Rp) values obtained by the EIS method are con-
sistent with the results obtained from the LPR method. Specifically, a lower Rj,
value was recorded for the solution containing dissolved corrosion products com-
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pared to the pure standard solution, which is also reflected in Tables II and III. This
reduction in polarization resistance is attributed to the moderate acidity present in
the solution with dissolved corrosion products.

TABLE III. The results of the EIS method

: R, Rp CPE Cefr Jeorr Veorr
Solution kQem? kQcm? Q/mQ's"cm? »n  mFcm? pAcm? mm year!
Standard 1.13 2.64 1.545 0.875 1.889 9.47 0.110
Standard + 0.88 1.67 1.578 0.899 1.759 15.0 0.175

corrosion product

Additionally, Table III presents the effective capacitance (Cefy), calculated
using the Brug Equation,** which incorporates values for Ry, O and n from the
same table:

Cofr = Rp(l—n)/an/n (6)

The Cefr value for specimens tested in the standard solution is somewhat
higher than that for specimens exposed to the solution containing corrosion
products.

Furthermore, Fig. 11 indicates a relatively high electrolyte resistance (R),
attributed to the low concentration of ions in the tested solutions. In contrast, the
electrolyte resistance is lower in the solution with dissolved steel corrosion pro-
ducts due to the presence of hydrogen ions.

The Bode phase diagram further supports these observations, revealing that
steel exhibits reduced corrosion resistance in the standard solution containing
corrosion products (Fig. 11 c and Table III) compared to the pure standard solution.
The narrowing of the peak at low frequencies reinforces this conclusion, along
with a shift of the peak towards higher frequencies, consistent with the literature
findings.4>

Linear sweep voltammetry (LSV) testing of steel (Fig. 12) revealed a higher
corrosion current density (jeorr) in the solution containing dissolved corrosion
products compared to the standard solution. Specifically, the j.o.r value for steel in
the solution with corrosion products was 11 pA c¢cm2, while in the standard
solution, it was 5 pA cm~2. The corrosion rate values (veorr) Were then calculated
using Faraday’s law based on the measured j o values (Table IV).

These results demonstrate that the presence of corrosion products increases
the corrosion rate, which is consistent with the findings from the LPR and EIS
measurements. This increased corrosion rate is attributed to the acidic environment
generated by akaganeite (f-FeO(OH)) and iron (II) chloride present in the
corrosion products, according to Reaction (4).

While the absolute corrosion rate values vary somewhat depending on the
method used (LPR, EIS or LSV), all methods consistently indicated a higher steel
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corrosion rate in the solution containing dissolved corrosion products compared to
the standard solution.

-0.3 2 -0.3
. - Standard solution with corrosion product
- Standard solution 0.44
-0.4 4 :
= >
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Fig. 12. Results of testing steel by the Tafel method in: a) the standard solution and
b) the solution obtained by dissolving corrosion products in the standard solution.

TABLE IV. The results of the LSV test

Solution Jeorr / LA cm2 Veors / mm year!

Standard 5 0.058

Standard + corrosion products 11 0.128
CONCLUSION

In conclusion, the evidence suggests that the observed corrosion within the
automobile was likely initiated before its short-term use. Visual inspection ruled
out a spillage as a cause, while XRD and FTIR analyses identified akageneite
(f-FeO(OH)) and iron (II) chloride within the corrosion products, indicating a
chloride-rich environment. The presence of akaganeite, a known indicator of active
corrosion, suggests that the steel components were exposed to humidity and
chlorides, possibly during storage. Furthermore, the epoxy coating’s improper
crosslinking, as revealed by FTIR, would have compromised its protective capab-
ilities, allowing corrosive agents to reach the metal surface. Electrochemical
measurements confirmed these findings, demonstrating a higher corrosion rate in
solutions containing the identified corrosion products. This study highlights the
importance of proper material selection, storage conditions, and coating applic-
ation techniques in preventing premature corrosion in automotive components,
ultimately extending the lifespan and reliability of vehicles.

Preprint note. This article has its preprint version on the preprint server, available on
http://dx.doi.org/10.2139/ssrn.4981934
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U3BOJI

HCITMTHUBAILE Y3POKA KOPO3UJE Y OIITEREHA YHYTPAIIBLHUX METATHHUX
KOMIIOHEHATA AYTOMOBHJIA

JOBAHKA H. IEJUR!, BOPE B: JETIUR', BOJAHA M. PAIOJKOBUR', AHBEJIA P. CHMOBUR!,
IVIbA II. MAPYHKHR', BPAHUMUP 3. JYTOBUR? n AIEKCAHJIPA C. [IOITIOBUR?
"Ynusepsutem y Beoipagy, HHCTIUTy T 3a XeMujy, TeXHOIOIUjy u meianypiujy, Eoetowesa 12, Beoipag,
‘Uncmuinyin exnuukux nayxa Cpiicke akagemuje Hayxa u ymeianocimu, Knes Muxaunosa 35, Beoipag u
3Ynueepsumei y Beoipagy, Texnonowxo—memanypuiku paxyniuei, Kapneiujesa 4, Geoipag

Y pamy cy ucnuraHe pasMmepe KOpO3Wje M OCHOBHHM y3pouu omrtehema yHyTpalImbHUX
METaJTHUX KOMIIOHEHTH ayToMoOusa To3HaTe Mapke, KOjU je Y BIACHHUIUTBY KOMIaHHje 3a
W3HajM/bHBame ayToModuna y Cpduju U koju je 6uo y ynorpedu rofuHy JaHa. YHYTpPaIIHOCT
ayTomMo0u/a, TanalMpPUH3U U TeNUX Ha oIy ayToMoOu/Ia, Cy OuyBaHH, O3 Tparosa omrehema,
a Takohe HHMje YTBpPHEHO NMPUCYCTBO HEKe KODO3UBHE XeMHKaldje. PacTBop Hactao mocie
UCIIMpama JIeJI0Ba TEMHXa Y3€TOr ca Moja ayToMoOH/a Ce MOHalao HeyTpaaHo. Kopo3uBHO
NOHAIlake aHAIW3WPAHHUX y30paka oppeheHO je KOopUIThemeM CIEeKTPOCKOIHje eneKTpo-
XeMHjCKe MMIlefilaHlMje, JIMHeapHe I0japu3allioHe OTIOPHOCTH M JIMHEapHe BOJTaMeTpHje.
Pesyntati aHanuse MeTonama peHAreHcke audpakudje (XRD) u uHdpaupBeHe CHeKTpo-
ckonuje ca PypujeoBom Tpanchopmanujom (FTIR) noxasanu cy fa mpousBoau KOpo3uje y3eTH
ca KOpPOAMPaHMX YeIUYHUX Jenosa cagpxke akaraHeut (S-FeO(OH)) u reoxhe(I1l)-xmopug.
FTIR aHanM3a OpraHCcke MNpeBlake OTKPWIA je Ja je NPUMEmBEHa ENOKCHOHA MpeBiaka
HEeJJ0OBOJbHO YMPEXKEHa, LITO je YUHU MPOIyCHOM 3a BJIary U XnopugHe joxne. Enexrpoxemujcka
Mepena KOpo3Hje Ha YelIuKy CIMYHOT XeMHjCKOT cacTaBa ca YeJIMKOM KopuuTheHHUM 3a u3pamy
ayromoduia cy nokasana nosehady OpsvHy KOpO3Hje Yy pacTBOpY KOjU CafipKHU pPacTBODEHE
npousBofie Koposuje y nopehemwy ca pedepeHTHUM pacTBopoM. OBa yOp3aHa Koposuja IpH-
NHUCyje Ce KUCEJIOCTH aKkaraHneuTa U reoxbhe(1l)-xnopupa, Koju Cy HaCTalu yClles U3N0KEeHOCTH
IiesIoBa BO3WJIa BJIAXKHOM U XJIOPUAKMMa DOraToM OKpYXKemwy.

(ITpumibeHo 27. MapTa, peBugupaHo 17. anpuna, npuxsaheno 10. jyna 2025)
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Effect of pyrolysis temperature and time of Robusta coffee husk on
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Abstract: The utilization and recycling of biochar from coffee husks is a global
issue, as 1.8 Mt of coffee husks were produced in 2023. The mechanism of coffee
husk pyrolysis and the factors influencing pyrolysis temperature and time on the
properties of biochar were studied. Coffee husks were pyrolyzed at 350, 450 and
550 °C and held for 30, 45 and 60 min to form biochar, the physicochemical
properties of biochar were characterized by thermogravimetric analysis, X-ray
diffraction, surface morphology and Fourier-transform infrared spectroscopy.
The pyrolysis of coffee husks occurs due to dehydration, decomposition and
carbonization reactions. Pyrolysis temperature and time directly affect the yield
of biochar, pH, fixed carbon, volatile matter, ash, nitrogen, phosphorus and
potassium contents. Furthermore, pyrolysis temperature has a greater influence on
the properties of biochar than pyrolysis time. The high potassium content of
biochar can significantly replace conventional potash fertilizers. Therefore, bio-
char plays a dual role as a liming agent and can be used as a soil additive.

Keywords: pyrolysis mechanism; biochar properties; nitrogen content; phosp-
horus content; potassium content; soil additive.

INTRODUCTION

Over five billion tons of agricultural by-products are generated annually.!
However, these agrarian by-product utilization options account for a small part
because they are costly, laborious and time-consuming.2-3 In the Central Highlands
of Vietnam, agricultural by-products are often landfilled, stored on soil and direct
combustion after the end of the harvest season.* These irreparable environmental
effects, such as increased emissions of CHy, N7O, CO», loss of nutrients and soil
fertility and soil and groundwater pollution, affect human health and cause global
warming.2-> The conversion of agricultural by-products such as coffee husks into

* Corresponding author. E-mail: huong93mta@gmail.com
https://doi.org/10.2298/JSC241002005N

1401
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biochar as soil improvement additives provides nutrients to plants such as trace
and macroelements, helps plants photosynthesize and increases the sugar content
of fruits.6-8 In addition, biochar is a carbon-rich material, which increases soil
carbon storage, is biodegradable, some heavy metals convert to less toxic forms,
eliminates pathogens, increases cation exchange capacity, increase pH, reduce
compaction and increase soil water holding capacity.2.9-12

Biomass from agricultural, industrial, food and forestry waste produces bio-
char.13 This biochar is produced by pyrolysis of biomass under temperature con-
ditions from 350 to 600 °C and an oxygen-deficient environment.!4.15 The pro-
ducts of the biomass pyrolysis process, in addition to biochar, also include bio-oil and
gas.!5 In 2023, Vietnamese coffee will be harvested at 29.2 million 60-kg bags,
while world coffee will be 168.2 million 60-kg bags, meaning that Vietnamese coffee
accounts for 17 % of global production, and is the second largest coffee producer
in the world.! Since coffee husks account for about 18 % of the weight of fresh
coffee cherries, more than 1.8 Mt of husks will be produced worldwide in 2023.1718

This by-product is currently less reused as a raw material for the biochar
production process. Biochar characteristics depend on factors that affect the quant-
ity and quality of charcoal production, namely temperature and pyrolysis time.!°
Various studies have compared the efficiency of biochar generated at low and high
temperatures for soil reclamation.20-21 However, the effects of coffee husk pyrol-
ysis on temperature and time are still unclear. Furthermore, the pyrolysis mechan-
ism of coffee husks has been little studied in previous studies due to the complex
reactions and mechanisms.!3-22 Determining the structure of biochar is also very
important to clarify coal's physical and chemical properties.!4

This research focuses on determining the biochar structure through TGA,
XRD, FE-SEM and FTIR techniques and evaluating the physicochemical properties
of biomass and biochar derived from coffee husks at different temperatures and
pyrolysis times. Moreover, the mechanism of pyrolysis of coffee husks is also pro-
posed.

EXPERIMENTAL
Reagents

o-Phenanthroline monohydrate (C,,HgN,.H,0, > 99.5 %, Merck, Germany). Sulfuric acid
(H,SOy4, = 95 %) and ethanol (C,H5;OH, > 99.8 %) from Fisher, UK. Nessler reagent, 2,4-
-dinitrophenol (C¢gH4N,Os, > 99 %) from Alpha Chemika, India. Hydrochloric acid (HCI, 37 %),
potassium dichromate (K,Cr,07, > 99.8 %), phosphoric acid (H;PO4, > 85 %), nitric acid
(HNOj concentrate, > 65 %), iron (II) sulfate heptahydrate (FeSO,4.7H,0, > 99 %), ammonium
iron (II) sulfate hexahydrate (FeSO4(NH,4),S04.6H,0, > 99.5 %), sodium hydroxide (NaOH,
> 96 %), boric acid (H3;BO;, > 99.5 %), methyl blue (C37H,7N3Na,09S53, > 98.5 %), methyl red

(C5H15N30,, > 95 %), ammonia solution (NH4OH, 27 %) from Xilong, China. 0.1 mol/L HCI
standard tube (Cemaco, Vietnam) and ultrapure water (Milli-Q Reference, Millipore, France).
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Equipment

Analytical weighing (Shimadzu Auw220d, Japan), drying cabinet (HN101, China), sift
(hole size 0.22 mm), kiln (SX2-5-12, China), ball mill (Retsch PM100, USA), pH measuring
equipment (Mettler Toledo S220K, China), distillation equipment UDK 139 (Velp, Italy), UV—
—Vis measuring equipment (Shimadzu 19001, Japan), flame photometer (FP6400, China).

TGA analysis using the Netzsch TG 209F1 Libra thermal analyzer (Netzsch Instrument
Corp., Germany) in a nitrogen medium with a heating rate of 10 °C/min from a temperature of
30 °C to a final temperature of 800 °C with samples weighing about 5 mg to determine the thermal
decomposition properties of coffee husks. Then, the first-order derivative of the TG function,
the DTG curve, is used to determine the mass loss in the temperature range.

X-ray diffraction analysis is performed to detect all mineral phases and chemical structures
present in biochar. Powdered biochar samples were fed into glass dishes and analyzed on the
D8-Advance instrument (Bruker, Germany) with CuKa radiation (wavelength about 1.5418 A),
measurement range 26 from 10 to 70°, with a jump of 0.03°. Mineral phases are determined by
comparing and contrasting distances d with the ICDD standard database system.

The surface morphology of biochar samples was measured using a FE-SEM scanning
electron microscope device (JSM-IT800, Japan). Samples were dried at 70 °C in an oven before
SEM measurements.

Coffee husks, crushed biochar with KBr, pellets, then FTIR measurement on the Tensor 11
instrument (Bruker, Germany), wavelength range 400 to 4000 cm™!, with a resolution of 1.4263
cm! with 16 scans.

Raw material preparation and biochar production

Coffee husks of the Robusta variety (Fig. 1) are collected from households in Ea Tan
commune, Krong Nang district, Dak Lak province. The sampling location is 13.10° N, 108.30° E,
and transported to the experimental site, the Institute of New Technology. After being separated
from the ripe coffee cherries, the coffee husks were dried on a tarpaulin for 5 days, avoiding
direct sunlight. Then, the coffee husks were manually removed from impurities such as dry
branches and filtered through a 3 mm sieve to remove soil. Oven-dried coffee husks were done
at 70 °C for 8 h. The samples were stored in sealed plastic containers at room temperature.

Coffee bean

— s
Pyrolysis Grinder 5

Coffee tree Coffee husk Biochar Biochar powder

Fig. 1. The process of biochar formation.

Biochar from seed husks is said to work well with soil when pyrolysis is at temperatures
not more than 550 °C, so this study selected temperatures of 350, 450 and 550 °C to conduct??
Nine types of biochar are produced from coffee husks with three pyrolysis temperatures (350,
450 and 550 °C) and pyrolysis time (30, 45 and 60 min). Before pyrolysis, coffee husks are
dried at a temperature of 70 °C. In each pyrolysis process under an anoxygenic atmosphere,
approximately 160 g of biomass mass was used. The final pyrolysis temperatures reached 350,
450 or 550 °C with a constant heating rate of 10 °C/min. The biochar samples were held for 30,
45 or 60 min at a final temperature, and then allowed to cool to room temperature. After that,
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the biochar samples are crushed by a ball mill for 1 h at 300 rpm. After grinding the marbles,
the samples are sieved through a 0.22 mm grid and dried at 70 °C for low humidity before
analysis. The particle size of coffee husks is essential in the resulting biochar properties and
affects the concentration of volatiles during pyrolysis.22** To address concerns related to par-
ticle size, the biochar in this study had a particle size no larger than 0.22 mm to increase
uniformity in analysis.

Characteristic assessment of properties of biochar

Biochar from coffee husks is characterized by pH, moisture content, performance, volatile
solids content, ash, fixed carbon, calcification value, organic carbon, total nitrogen, phosphorus
and potassium.

The pH of biochar is determined according to ISO 10390:2021 by pH measuring equip-
ment in water at 1:5 volume ratio immediately after shaking the sample for 1 h.

The moisture content of the biochar is obtained by drying about 5 g of the sample (rec-
ording the weighing mass before drying, m,) in the drying cabinet at 70 °C to constant weight, and
then weighing the mass after drying (1) to calculate the result according to:

100(mg —my)
nyg
Volatile solids, ash, and fixed carbon are defined according to ASTM D1762-84 (2021).

Biochar samples are placed in a covered crucible in a furnace at 950 °C for 6 min. Mass loss is

associated with volatile material (DBH). That biochar is returned to the kiln at 750 °C for 6 h.
The material remaining after burning is ash. The fixed carbon content is determined as:

Fixed carbon(%) =100 — DBH — Ash 2)

Humidity(%) = 1

The biochar calcification value is determined by acid-base titration using Eq. (3).25 Weigh
0.5 g of biochar and 20 mL of shake for 2 h, then titrate with 0.1 mol/L HCI to the endpoint
with pH 2.0. To ensure that the pH of biochar is stable at 2.0 after 12 h of equilibrium, the pH
is measured again and adjusted with the above HCI solution if necessary. The volume of acid
used and the pH value are recorded:

Calcification value = Total volume of HCI reaches stable value / pH range 3)

The total nitrogen content is determined by the Kjeldahl decomposition and distillation
method in 3 stages: conversion of nitrogen compounds in the sample into ammonium by H,SO4
and catalyst (K,SO4 and Se, stage 1), followed by distillation of ammonium by 40 % NaOH
solution (stage 2), collect NH; (stage 3) with a solution of boric acid.2¢ Stage 1: weigh about 2
g of sample, add 1 g of catalyst (ratio of K,SO,4 and Se to mass is 100:1), gradually increase the
temperature to 200 °C, keep 200 °C for 120 min, continue to increase the temperature to 350 °C
for about 60 min (until the white smoke is gone, the sample solution is clear), cool, add 50 mL
of water, boil 10 min, add water until the volume of solution is 200 mL (solution A). Stage 2:
distillation of 30 mL of solution A using distillation equipment UDK 139 yields solution B. The
installation mode of UDK 139 equipment is 50 mL H,O, 50 mL NaOH 40 %, and 5 min. Sol-
ution B dissolves with 25 mL of 5 % boric acid. 25 mL of 5 % boric acid contains 0.5 mL of
methyl blue—methyl-red color indicator. Ammonium was determined in the mixture using Nes-
sler’s reagent. The final stage: titrate solution B with HCI, 0.2 M. The nitrogen content is cal-
culated by the Eq. (4). In particular, Vi, and ¥ are the volume of 0.2 M HCl used for titration
of the test sample and the white sample (mL), and m is the mass of analyzed biochar (g):
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N(%) = 0.2802(Viest — Vo)
m

“4)

The phosphorus content is determined by Eq. (5) according to the molybdenum blue
method measured by UV—Vis.2” About 200 mL of 2 % citric acid solution contains 2 g of
sample, shake for 60 min, filter through green tape filter paper, and obtain solution A. Take 20
mL of solution A, 1 mL H,SO,4, 1 mL H,0, boil slightly for about 30 min, add 10 mL of thick
HNO;, boil slightly until almost empty, cool, add 10 mL of water, boil 5 min, add water so that
the volume reaches 50 mL (solution B). Measure optical absorption at a wavelength of 720 nm
on a UV—Vis measuring device by preparing a solution before measuring as follows: the mixture
has 5 mL of solution B, 5 mL of water, 2 drops of indicator a-dinitrophenol, drip drops of 10 %
NH4OH until the solution turns yellow, then drip a few drops of 10 % HCI for all yellow, add
8 mL of molybdenum blue mixture, add water until the solution has a volume of 50 mL. Cons-
truct a calibration representing the correlation between photo-adsorption and standard phos-
phorus solution concentration, where Abs is the optical adsorption, m is the mass of analyzed
biochar (g):

0.5(0.5114A4bs —0.0054)
m

P(%)= ®)

The potassium content is determined by a flame photometer with an extraction solvent of
0.05 N HC1.?® The potassium content is calculated by the Eq. (6). In particular, K| and K, are
the potassium concentration in the sample and the white sample (mg/L), respectively, and m is
the mass of biochar analyzed (g):

K -K,
k(o= 4217681(1)1 ©

Statistical analysis

The data is analyzed for variance analysis (ANOVA) to find significant differences
between factors such as pyrolysis temperature, pyrolysis time and their interaction. The test
result reaches the F' probability level of 0.05. All data is used using Origin (software Origin,
version 9.85, OriginLab Corporation, Northampton, MA, USA) for data analysis and graphing.
The acronym T350-30 means that coffee husks are pyrolysis at 350 °C, and when it reaches 350
°C, they calcine for 30 min.

RESULTS AND DISCUSSION
Influence of pyrolysis temperature and time on biochar performance

The resulting biochar yield is calculated as the ratio between the volume of
biochar obtained and biomass. The biochar yield decreased with increasing pyro-
lysis temperature (Fig. 2a). This is explained by the fact that as the temperature
increases, moisture loss occurs, and large amounts of volatile organic compounds
are released, resulting in a decrease in the volume of biochar formed.2-2% The 300—
—450 °C coal formation process produces an immense amount of coal biomass,
consistent with the results of DTG spectroscopy and the other research.30 The
increase in pyrolysis time on the same low pyrolysis temperature (at 350 and 450 °C)
also reduces the biochar yield (Fig. 2a) since the higher temperature leads to more
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cracking reactions occurring that change the internal structure and surface of
biochar, similar to Hu and Das’s reports.22-31

wh
“n

n
2
pH

Biochar veild/ %
-
e

T T T T T ) . v T T
30 35 40 45 50 55 60 30 35 40 -I‘S 5‘0 5‘5 60
Pyrolysis time/ min Pyrolysis time’ min

Fig. 2. a) Biochar performance obtained at different temperatures and pyrolysis times;
b) pH of biochar at different temperatures and pyrolysis times.

Influence of pyrolysis temperature and time on the pH of biochar

The increased pyrolysis temperature and time cause the pH of biochar to
increase. Overall, the pH value of biochar is higher than 9 (Fig. 2b). This is exp-
lained by the relative concentration of non-pyrolyzed inorganic elements already
present in the original coffee husk, the cations in the ash are enriched, the loss of
acid functional groups, and the formation of oxides, hydroxides, alkalis such as
Ca—Mg-bearing K, Na, carbonate mineral phases and reduced concentration of
functional groups on acidic surfaces.8-31:32 Compared to the pH of coffee husks
(pH 6.5), pyrolysis increases the pH in water, and the pH value increases to 3.5
units of biomass when pyrolysis is at 550 °C (Fig. 2b). The pH value of biochar
increases with increasing pyrolysis temperature, which has been reported with
biochar from rice straw and sawdust.!9-33 Among biochar, the highest pH value
was recorded in pyrolysis coffee husks at 550 °C for 60 min, and pH was 10.1.

To produce biochar with pH 10, a 57 % increase in pyrolysis temperature
(from 350 to 550 °C) is necessary. However, doubling the time (from 30 to 60 min)
at the same pyrolysis temperature of 350 or 450 °C) still cannot produce biochar
with a pH of around 10. This shows that the pyrolysis temperature has a more
significant influence on the pH of biochar than the pyrolysis time.

Influence of pyrolysis temperature and time on the content of elements (N, P, K)
of biochar

The pyrolysis temperature and time values of coffee husks are directly pro-
portional to the content of phosphorus, and potassium and inversely proportional
to the nitrogen content of biochar (Fig. S-1 of the Supplementary material to this
paper). Sometimes, the temperature and duration of pyrolysis increases, and the
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nitrogen content decreases. This result is consistent with the research of Das and
Pariyar.2:14 This is explained by the volatility of nitrogen during pyrolysis, which
causes nitrogen loss-14 When using biochar to fertilize crops, additional fertilizers,
especially nitrogen, should be applied to avoid nitrogen fixation in the soil and
maintain soil fertility. However, N fixation can be a beneficial mechanism to
minimize N,O emissions and reduce the amount of N leached from soil.34 Notably,
all types of biochar contain significant amounts of phosphorus (Fig. S-1). This may
be due to the interaction process between organic compounds and PO43-, pro-
ducing a precipitate of phosphorus oxide.2 The high potassium content in coffee
husks (Fig. S-1) can significantly replace the conventional source K, which serves
as a slow-release fertilizer K, indicating these biochars’ high agronomic value.!2
The high K content in biochar (Fig. S-1) is mainly because carbonates and oxides
of K are more soluble in water than carbonates and oxides of Mg and Ca.2 Biochar
pyrolysis occurs at low temperatures and acid dissolves faster, also nutrients such
as K and P are less soluble in acid.? Nitrogen, phosphorus, and potassium help
biochar play a role in adding minerals to soil and plants.

Influence of temperature and pyrolysis time on the physical properties of biochar

The higher the temperature and pyrolysis time of coffee husks, the higher the
fixed carbon and ash content while reducing biochar’s volatile content (Fig. S-2 of
the Supplementary material). In addition, Fig. S-2 shows high fixed carbon content
in biochar samples (85.67 %) and high volatile matter content in coffee husk
samples (80.66 %). Coffee husks and biochar have different moisture contents.

Fig. S-2 shows apparent differences in ash content between biochar samples.
The ash content in biochar ranges from 12.68 to 22.51 %. The high ash content in
biochar from coffee husks can be attributed to the high content of K (4.29 %) in
biomass (Fig. S-2) to protect the composition of organic substances and the struc-
ture of biochar during pyrolysis.3> High ash content is associated with KHCO3,
verified by XRD analysis (Fig. S-2). The fixed carbon content is inversely pro-
portional to the ash content (Fig. S-2). However, all are below 9 % (Fig. S-2),
sufficient for determining the content of volatiles, ash, and fixed carbon.3¢ The
moisture content in the samples can be thought to be the free water content, the
amount of desiccant water present in the cell wall, and linked to hydroxyl groups. !4
That characteristic makes biochar from coffee husks a potential material to inc-
rease the neutralization ability of the soil to overcome the acidity of the soil.

Coffee husks have a high volatile matter content (80.66 %), which makes
pyrolysis occur faster (Fig. S-2), similar to Yousef’s report when studying mangoes.36
The volatile content of biochar decreases when the pyrolysis temperature increases
from 450 to 550 °C (Fig. S-2). This is explained by the increase in aromatization,
water evaporation, low molecular weight hydrocarbons and increased hydroxide
and carbonate content, the presence of lignin that can resist thermal decomposition
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at temperatures of 450 °C, but not at temperatures as high as 550 °C.37 The magnitude
of the volatile matter content in biochar is a vital attribute for evaluating the C and
N-cycle bioavailability of biochar in the soil ecosystem.

The ability to neutralize acidity was assessed through the reduced calcification
value of biochar with increasing temperature and pyrolysis time of coffee husks
(Fig. 3¢). That said, soil acidity is judged by calcification value and pH. In addition,
at any temperature, the pyrolysis of coffee husks has a higher calcification value
than other types of biochar, which is related to the high concentration of minerals
present in biochar, especially KHCO3 found in XRD spectroscopy (Fig. S-2).38
Therefore, the calcification value of biochar is mainly adjusted by the ash content
of coal, chemical composition (especially basic cations), and pH of biochar. This
characteristic should be considered when applying biochar to the soil to adjust soil
acidity.

Spectral characteristics

The TGA technique has been used to determine coffee husks’ decomposition
temperature and evaluate coffee husks’ kinetics and other reactions over a wide
temperature range of 0-800 °C (Fig. 3b). The TG curve clearly shows these phases
(Fig. 3b, black). The DTG curve of coffee husks is used to determine the main
composition of biomass during thermal decomposition (Fig. 3b, red).

The thermal decomposition process of coffee husks is divided into three main
stages: dehydration, decomposition and coalization. The dehydration stage and
low weight volatiles from room temperature to 190 °C. Water evaporation causes
disruption of bonds and the formation of hydroperoxide groups, -COOH and —CO.22
The initial 6.92 % weight loss was attributed to the moisture content of the coffee
husk sample, as noted rice husk.3® The stage of decomposition of hemicellulose,
cellulose, and a small fraction of high lignin is from 190 to 450 °C, forming into
biochar, bio-oil and gas. The most prominent degradation peak of coffee husks is
307.3 °C. Coffee husks cannot be used for synthetic applications as they are high
thermal strength material, and they will decompose when the processing tempe-
rature is more significant than 190 °C. This situation is common in food waste such
as mango peels, bagasse, bean husks and corn stalks.!5:36 Above 450 °C, thermal
decomposition occurs more slowly due to the slow decomposition of lignin and
carbon-containing solids. The heating rate increases, resulting in a shift of the TG
curve to a temperature of 800 °C due to better heat transfer to the inside of the
coffee husk. Fig. 3b shows that hemicellulose, cellulose and lignin have decom-
position temperature ranges corresponding to 3 characteristic peaks at 204, 307
and 529 °C, consistent with the Chin-Pampillo report.22 In summary, the thermal
decomposition mechanism is necessary to determine the change in biochar’s phys-
icochemical properties and its application.
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Fig. 3. a) FE-SEM of biochar samples (3000x magnification); b) TG and DTG analysis of
coffee husks; ¢) XRD patterns of biochar; d) FTIR spectrum of coffee husks and biochar types
from coffee husks at different temperatures and times.

XRD of biochar samples from coffee husks at different temperatures and pyro-
lysis times to determine the mineral composition in crystalline form in biochar
(Fig. 3c). Peaks at 26 40.6445° are thought to be the presence of KCI. The presence
of SiO; is also found from peaks at 260 49.2262 and 60.6585° in XRD spectrum.
The peak of SiO, is more substantial at the pyrolysis husk at 450-550 °C and for
45-60 min (Fig. 3c). Biochar at three pyrolysis temperatures containing KHCO3,
SiO, and KCI was also observed: report on weeds and on rice straw.2:3 The
sharpness and peak intensity of the peaks increased slightly as the temperature and
pyrolysis time increased, indicating that the crystalline mineral content evenly inc-
reased in biochar. At pyrolysis temperatures above 450 °C and pyrolysis times
above 45 min stronger peaks appeared, indicating that part of the cellulose’s crystal
structure has been lost, similar to the different report.40 Peak magnitude at 26
24.1345, 29.8655 and 31.1424° shows the relative accumulation of KHCOj3 in
biochar from coffee husks (Fig. 3¢). The formation of KHCO3 is facilitated by the
reaction of K and COj; released during the thermal decomposition of hemicellulose
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and cellulose. The increased KHCO3 content can also be explained by the high
carbon content in coffee husks’ biochar.

FE-SEM results show that coffee husks and biochar have rough surfaces and
most of them have irregular shapes (Fig. 3a). The more you increase the pyrolysis
temperature and the pyrolysis time, the biochar surface becomes smoother, the
number of pores increases, the pore size increases and has a somewhat honeycomb-
-like structure, so the biochar has greater porosity (Fig. 3a). At a pyrolysis temper-
ature of 450 °C and a pyrolysis time of 60 min, biochar has a more porous structure,
rougher surface, and larger pore size. The pores on the biochar surface help micro-
organisms grow and the porosity of biochar helps increase water retention.#! This
is explained by the evaporation of water and volatile substances.42

FTIR spectroscopy of biomass and biochar obtained at different temperatures
and pyrolysis times is shown in Fig. 3d. Table S-I of the Supplementary material
presents the characteristics of the functional groups. Fig. 3d shows the peak charac-
teristics of coffee husks’ firm, medium and weak decomposition before and after
pyrolysis at 350, 450 and 550 °C for 30, 45 and 60 min. With increasing temperature
and pyrolysis time, the base content of the functional group in the aromatic ring
increases, while the content of groups present in acids (~OH of phenol and C=0)
decreases. Organic groups exist, even at high pyrolysis temperatures and long
pyrolysis times, which may be associated with high ash content. Ash acts as a heat-
-resistant component, which can protect organic compounds against decompo-
sition and hinder the formation of aromatic compounds as the temperature and
pyrolysis time increase.2>

CONCLUSION

Robusta coffee husks are the raw materials used to make 9 types of biochar,
using temperature and pyrolysis time control processes. Increasing temperature
and pyrolysis time reduce biochar generation performance, volatiles, surface
functional groups, nitrogen content and increased pH, ash content, fixed carbon,
organic carbon, phosphorus and potassium. Moreover, the pyrolysis temperature
dramatically affects the pyrolysis time on the above characteristics of biochar. Bio-
chars are characterized by high calcification value, which makes them a potential
material for regulating soil acidity. This biochar serves as a source of P and K for
plants. The more the temperature and pyrolysis time increase, the more stable and
precise the phase structure of KHCO3. With increasing temperature and pyrolysis
time, the base content of the functional group in the aromatic ring increases, while
the content of groups present in acids (~OH of phenol and C=0) decreases. Thus,
biochar plays a dual role as a liming agent and a source of nutrients for the soil to
grow crops. Biochar is made at 450 °C for 60 min for the best energy-saving and
environmentally friendly nutritional content.
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HU3BOnI
YTUIAJ TEMIIEPATYPE U BPEMEHA ITHPOJIN3E JbYCKE KA®E POBYCTA HA ITPUHOC
N KAPAKTEPHCTHUKE ITPOU3BOJA

THI THU HUONG NGUYEN, NGOC TOAN VU, HONG MINH LE n HONG SON NGUYEN

Department of Chemical and Radiological Toxicology Technology Research, Institute of New Technology,
Hanoi, Vietnam

Kopumheme u perukiaxa duoyrmpa U3 Jbycku Kade je riodanrHo nuTame, C 003UPOM Ha TO
Ia je 2023. rooune mpousBeneHo 1,8 MUIHOHA TOHA JBYCKH Kade. [IpoyyaBaHH cy MeXaHHU3aM
NUPOJIU3e Jbycke Kade U PaKkTopH Kao LITO Cy TEMIIEpaTypa U BpeMe IUPOJIU3E KOjU YyTHYY Ha
cBojcTBa dmoyrmea. Jbycke on kade cy nuponusonaHe Ha 350, 450 u 550 °C u gpxane 30, 45 u
60 min Ha faTOj TEMNepaTypH, fa du ce ¢popMUpao duoyramk, a HPU3NUKO—XEMHUjCKa CBOjCTBA
Ouoyrba Cy OkapaKkTeprucaHa TEpMOTpaBUMETPHjCKOM aHaIM30M, PEHATEHCKOM AU(MPaKIMjoM,
HUCIUTHBAakEM MOPQOJIOTHje MOBPUIMHE W MH(PALPBEHOM CIeKTpocKkonujomM ca dypujeoBom
TpaHchopmanujoM. ITuponusa pycku kade HacTaje ycien peakudja oexuapaluje, pasiarama
u kapdoHusanyje. TemnepaTypa U BpeMe NUPOIN3€e AUPEKTHO YTUUY Ha IPUHOC dUoyIka, pH,
(pUKCHM YITbEHUK, UCNIAp/bMBE MaTepHje, Memneo, as3or, Gocdop u cagpxaj kanujyma. Ocum
TOra, TeMIlepaTypa MUpo/ix3e uma Behu yTuliaj Ha CBOjcTBa OHMOYI/ba HETO BPEME MHUPOJIM3E.
Bucok cagpxaj Kaaujyma y OHOyT/by MOXE y BEJIMKOj MEPH Jla CITYXKH KaoO 3aMEHa 38 KOHBEH-
IJMOHAJHA kanujymosa hydpusa. 360r Tora, buoyram urpa JBOCTPYKY YJIOTY Kao ,liming" areHc,
U MOXKe Ce KOPUCTUTH Kao AojjaTak 3eMJBUILTY.

(ITpumrseno 2. oxTodpa, pesupupano 10. okrodpa 2024, npuxsaheno 10. janyapa 2025)
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Fig. S-2. The average physicochemical characteristics of coffee husks and biochar from coffee
husks at different pyrolysis temperatures and times

Table S-I. Functional groups in the FTIR spectrum

Wavelength, cm™! Functional groups

3400-3700 Vibrations of -OH bonds from H20, phenol, and organic acids.*

2850-2950 Vibrations of the stretched C-H bond of aliphatic CHy.***’

1700-1750 Vibrations of C=C bonds of aromatic and olefinic rings.**4

1600-1650 Vibrations of C=C bonds of lignin and hemicellulose.**’
Vibrations of C=0 bonds of amide (I), ketones and chinons.***

1500-1590 Oscillation of the asymmetric COO- bond.*®

1400-1460 C-H change of CH3 group.?’

1200-1270 Phenolic -OH group.?*

1000-1110 Symmetric elongation of C-O-C in ester groups of cellulose,

hemicellulose, and methoxyl groups of lignin.**°
460-990 Vibration of Si-O bond.*
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Abstract: The complex molecular structures of synthetic dyes are not easily removed
from water, so it is essential to treat dye pollutants before they enter the aquatic
environments. In this study, cost-effective industrial waste silica fume (SF) was
used as an adsorbent to investigate the adsorption of methylene blue (MB) and
basic blue 41 (BB-41). The structure of the silica fume adsorbent was character-
ized using the FESEM technique, which confirmed that SF has a porous struct-
ure. The adsorption of these cationic dyes was examined using kinetics models
(pseudo-first-order and pseudo-second-order) and isotherm models (Langmuir,
Temkin, Dubinin—Radushkevich and Freundlich), and the results obtained were
compared. Based on the findings, the adsorption process of MB and BB-41 on
SF followed pseudo-second-order kinetics. The adsorption of MB and BB-41 on
SF followed Freundlich isotherm model. According to Langmuir isotherm data,
the maximum adsorption capacity for BB-41 and MB was found to be 41.95 and
189.31 mg/g, respectively.

Keywords: isotherm; wastewater; dye removal; water treatment; industrial waste.

INTRODUCTION

Chemicals enter water through different industries, such as petrochemical,
plastic, textile and cosmetic products. Millions of tons of dyes have been used for
the colouring materials. Dyes and pigments have complex structures and high
stability, making them difficult to remove from wastewater.! The toxicity of dyes
threatens human health. Long-term contact with these dyes causes bleeding and
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1416 MORTAZAVI, SILLANPAA and BOSE

damage to vital organs. Therefore, it is necessary to find some efficient methods
to treat wastewater polluted by dyes.2

Methylene blue (MB) is not considered a toxic dye, but long-term inhalation
can lead to symptoms such as breathing problems, vomiting, diarrhea and nausea.
MB is commonly used for dyeing cloth, wood, and silk.2-3 Basic blue-41 (BB-41)
is a stable mono-azo dye used in various applications from the textile industry to
dyeing wool and acrylic materials. BB-41 has the potential to cause permanent
damage to vital organs of humans and animals.4

Several methods are used to remove pollutants from wastewater, such as elect-
rochemical degradation,> membrane,® adsorption’-3 and reverse osmosis.” 10 Elec-
trochemical degradation breaks down pollutants into simpler, less harmful com-
pounds using an electric current.> The membrane filtration method removes pol-
lutants using a membrane.® The reverse osmosis (RO) is a process which uses
pressure to push water through a semipermeable membrane, separating and rem-
oving contaminants from the water.”

Adsorption is a process in which molecules of a substance, such as dye, adhere
to the surface of another material, which can be a solid or a liquid.!! This mechanism
is also an effective method for removing textile dyes from wastewater. Various waste
materials have been investigated to remove pollutants from wastewater, such as
orange and lemon peels,!?2 coconut shell,!3 palm-date stones,!4 ash,!5 almond
shells, !0 pistachio shell,* Walnut shell,!7 eggshell!3 and steal slug.!?

In the adsorption process, the determination of the rate limiting step of adsorp-
tion is one of the most important parameters. The kinetic studies are conducted to
investigate the variables affecting the reaction rate.20 The equilibrium isotherms
of adsorption describe the interaction between the adsorbent and the adsorbate.2!

The silica fume, a by-product of industrial waste with high purity and perme-
ability, small particle size, high specific surface area, and low specific weight was
used to eliminate MB and BB-41. Despite its low cost and easy accessibility, the
previous researchers did not investigate the adsorption of cationic dyes using this
adsorbent. In this research, we analysed the kinetics and equilibrium isotherms of
the adsorption of MB and the BB-41 on SF from an aqueous solution to compare
the optimal conditions for the adsorption of MB and BB-41 onto SF. The summary
of the present study is illustrated in Fig. 1.

EXPERIMENTAL

The materials used in the study include BB-41 and MB as the synthetic dyes with specific
empirical formulas and molecular weights (maximum adsorption wavelength is 610 nm for BB-
-41 and 665 nm for MB).

The pure SF was obtained from Lorestan Ferroalloy Company, passed through a 60-mesh
sieve, and stored. The specific surface area of SF was 18 m?/g. The chemical composition and
surface characteristics (determined by X-ray fluorescence) are presented in Error! Reference
source not found.I. The maximum wavelength of the colours was determined using a
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spectrophotometer (PC 1650-UV, Shimadzu, Japan). Field emission scanning electron
microscopy (FESEM, JSM 6400, JEOL, Japan) was used to identify the structure of SF. Error!
Reference source not found. shows the FESEM image of SF, and it indicates that this industrial
waste has a spherical and porous structure.

Isotherm 00—

Adsorbent  Adsorbent properties

&

Silica Fume (SF)

Fig. 1. Schematic of the present study in summary.

TABLE I. Chemical composition and Surface properties of SF

. Specific surface  Densit Pore diameter
Si0, (wt. %) K,0 (wt. %) Al,O3 (wt. %) P m?/g kg/m3y um

96.12 0.4 0.82 18 213 13

Fig. 2. FESEM structure of SF.

The 50 mg/L solution was diluted with distilled water to various concentrations in a batch
system. The experiments were conducted using 0.1 to 0.5 g of adsorbent and 100 ml of solution
at room temperature. The adsorption of MB and BB-41 solutions was studied using SF in the
pH range of 2—11 for one hour at a speed of 300 rpm. The solution was then centrifuged and the
adsorption capacity was determined using a spectrophotometer. The adsorption capacity of ¢ (mg/g)
is calculates as follows:22
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The adsorption capacity of MB and BB-41, g, is determined by measuring the initial and
final concentrations of the dyes in the aqueous solution, Cj and Cy, and calculating the adsorp-
tion capacity based on the volume of the aqueous solution, ¥, and the amount of SF used, M.

The Langmuir isotherm is the simplest and most common method for expressing the equil-
ibrium of adsorption.z3

The Langmuir equation is:

C. et

9e qmaxKL 9max
In the equation, ¢, represent the amount of substance absorbed by SF (mg/g), C, is the
equilibrium concentration (mg/1), ¢ynax 1 the maximum possible adsorption capacity of MB or
BB-41 (mg/g) and K| is a constant value (1/mg).
The desirability of the adsorption process is evaluated using the dimensionless parameter
Ry, known as the separation factor:

2

1

= 3
1+ K1 Cy @)

Ry

According to the value of Ry, one of the following conditions may occur:2*

e Irreversible adsorption occurs when R is zero,

¢ Favourable adsorption occurs when Ry is between 0 and 1 and

e R = 1 suggests a linear adsorption (C, is initial adsorbent (mg/1)).2?

The Temkin isotherm consider interactions between adsorbates and adsorbents material,
while ignoring low and high concentrations. This model assumes a multi-layer adsorption pro-
cess. The Temkin isotherm is represented by the following equation:26

RT
=—InKmvC 4
qe b[‘M TM%e ( )

In this equation b1y (J/mol) is related to the heat of 0.05 adsorption, R (8.314 J/(mol K)) is
the universal gas constant, 7 is absolute temperature (K), and K1y (L/mg) is Temkin model
constant.

The Dubinin—Radushkevich isotherm considers the pore structure of the adsorbent for het-
erogeneous surfaces. This isotherm model is used to for physical or chemical adsorption. The
Dubinin—-Radushkevich equation is:2’

: 2
de = 4m,DRE KpreDr (5

Where ¢, pr is the maximum adsorption capacity of the Dubinin-Radushkevich model,
Kpp is constant (mol?/kJ?), and epg (kJ mol!) is calculated by the following equation:

EDPR = RTln(l + L) (6)
Ce
The Freundlich isotherm model is a mathematical relationship based on empirical obser-
vations, designed to describe non-ideal and reversible adsorption. Like the Langmuir isotherm,
this model is used to quantitatively determine equilibrium and heterogeneous adsorption systems.
Freundlich’s linear equation is:28
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logg. =logK; +%log C, @)

The pseudo-first-order kinetic model presents the adsorption rate of a soluble substance
from the environment. This kinetic model is for the physical adsorption of the solute on the
adsorbent. It indicates a weak interaction between the dissolved ions and the adsorbent. The
pseudo-first-order kinetic model is expressed as follows: !4

In(g. —q,) =Ing, — Kjt ®

The adsorption capacity at time ¢, ¢,, and at equilibrium time, ¢., are determined and comp-
ared. The pseudo-first-order kinetic model rate constant, K, describes the rate of adsorption
and is calculated based on the data obtained. The pseudo-second-order model is based on the
solid phase. Unlike other models, this model describes the adsorption behaviour in the entire
adsorption range and shows that chemical adsorption is the slowest step and controls adsorption
processes. The equation of the model is expressed as follows:?

t 1 t

= 2+—
9 Kxgé g

K5 is the apparent rate constant (g/(mg min)) which is a complex function of concentration. The
width from the origin and the slope of the #/g, line in terms of ¢, respectively, are obtained by
the constant values of the speed and the amount of equilibrium adsorption predicted by the
pseudo-second-order kinetic model.

RESULTS AND DISCUSSION

Error! Reference source not found. illustrates the impact of pH on the
adsorption capacity of MB and BB-41 using SF. As the pH increased from 2 to 11,
the adsorption capacity increased from 7.69 to 15.73 mg/g for MB and from 8.76
to 16.64 mg/g for BB-41. It is evident that at higher pH levels, the electrostatic
force of the attraction between the dye and the adsorbent increases, resulting in the
increase in adsorption capacity. The maximum adsorption capacity was observed
at pH 10 for both MB and BB-41.

&)

18 = BB-41_mM
% 16
E' 14
5-
S 12
=9
S 10
g s
£ 6
Z a4

2

0

2 3 5 8 9 10 11 Fig 3. Effect of pH on MB and BB-41 ads-
pH orption using SF (pH 2 to 11 at 25 °C).
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To evaluate the effect of contact time on the adsorption capacity of MB and
BB-41 onto SF, a series of experiments were conducted over a period of 20 to 90
min (Error! Reference source not found.). The results showed that the
equilibrium was achieved within 30 min for MB and 20 min for BB-41.

26

W BB-41 mMB

25

24 -

23

22

Adsorption Capacity (mg/g)

21

Fig. 4. Effect of contact time of MB and BB-41
5 10 15 20 30 40 60 90  on adsorption process using SF (at pH 10 and
Contact Time (min) 25°C).

20 -

Error! Reference source not found. demonstrates the effect of
concentrations of MB and BB-41 on the adsorption capacity using SF at pH 10.
The adsorption capacity increased with the rise in the concentrations of MB and
BB-41, from 20 to 100 mg/L.

S0
45
40 -
35
30
25
20
15
10

S

0

L BB-41 W MB

Adsorption Capacity (mg/g)

Fig. 5. Effect of initial concentration of MB and
20 40 60 80 100 BB-41 on adsorption process using SF (at pH 10
Initial Concentration (mg/L) and 25 OC).

Isotherm study

The isotherm equations were examined in order to investigate the balance of
BB-41 and MB dye removal process. According to Error! Reference source not
found., the adsorption process of MB on SF follows the Freundlich isotherm. The
maximum adsorption capacity of the Langmuir monolayer was obtained 189.31
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mg/g. The adsorption process of BB-41 on SF was also fitted to the Freundlich
isotherm.

The Langmuir isotherm analysis revealed that the separation factor Ry for both
MB and BB-41 was found to be in the range of 0 to 1, suggesting that the ads-
orption process was favourable. The maximum adsorption capacity of the Lang-
muir monolayer for BB-41 was calculated to be 108.95 mg/g.

TABLE II. Parameters of isotherm models for removal of MB and BB-41 on SF

Model BB-41 MB
Langmuir
Gmax / Mg g1 108.9482 189.3101
K; /L mg’! 0.3075 0.0970
Ry 0.0752 0.1467
R? 0.9588 0.8473
Temkin
bt 134.6605 117.3272
Ar/Lg! 4.6603 2.4972
R 0.9672 0.9773
Dubinin—Radushkevich
gs/ mg g! 432213 44.3289
£/ mol? kJ! 7.9814x10° 3.7931 x 10°
E /kJ mol! 0.025 0.004
R? 0.9227 0.9443
Freundlich
Kr 24.4589 16.3956
N 1.3059 1.1304
R2 0.9906 0.9909
Kinetics study

Pseudo-first-order and pseudo-second-order kinetic equations were investig-
ated for the adsorption of BB-41 and MB on SF.
As it is shown in Error! Reference source not found., the adsorption of BB-

41

on SF follows

pseudo-

-second-order kinetics (R? = 0.9977). Similarly, the adsorption process of MB on
SF also follows the pseudo-second-order kinetic model (R = 0.9991).

TABLE III. Parameters of kinetic models for the adsorption of BB-41 and MB on SF

Pseudo-first order kinetic model

Pseudo-second order kinetic models

Dye

K g./mg g’ R? K,/mgglmin! ¢./mgg! R?
BB-41 0377.0 0.0452 0.6099 0.0588 23.8884  0.9977
MB 0.0491 0.0345 0.3385 0.0417 22.5750  0.9991
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CONCLUSION

In this study, SF industrial waste was evaluated for its ability to remove cat-
ionic dyes BB-41 and MB from aqueous solutions in a batch adsorption process.
The kinetics and the isotherm of MB and BB-41 adsorption on SF were compared.
The results indicated that the adsorption kinetics for both dyes followed the pseudo-
-second order model, and the isotherm data were well-described by the Freundlich
model. Based on the findings, FESEM images of SF revealed a spherical and porous
structure for this industrial waste. Additionally, due to its non-toxic nature, access-
ibility, low cost and high adsorption capacity, SF can serve as a cost-effective ads-
orbent for eliminating coloured pollutants from wastewater. Expand the research
by chemically or physically modifying SF to improve its adsorption capacity for
other contaminants such as heavy metals and pharmaceuticals, allowing for a broader
range of applications. To fully manage its potential, the following strategic actions
are recommended:

e The future development of silica fume applications should align with
circular economy principles. Efforts must focus on ensuring that silica fume is
sourced sustainably, potentially through partnerships with industries that produce
this byproduct.

e The comprehensive evaluations, including life cycle assessments, toxicity
assessments, and ecological impact studies, are essential to ensure compliance with
environmental regulations and to build public trust in this technology.

e The future research should prioritize the exploration of eco-friendly modi-
fication techniques for silica fume that enhance its adsorption capacity. Engaging
local communities in projects involving silica fume for wastewater treatment can
enhance industrial acceptance of its benefits.

Some further investigations are needed into the regeneration of silica fume
after its use in dye removal processes. The exploring methods to effectively restore
its adsorptive capabilities can significantly enhance the economic feasibility of silica.
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CuHTeTHUKe Doje CII0KEHUX MOJIEKYJICKUX CTPYKTypa TELIKO Ce yK/Iamajy U3 Bofe, 300T uera
je HeoImxogHO TpeTHpaTH 3arahusade Hoja IMpe HUXOBOT yIacka y BoIeHe eKocucTeMe. Y 0BOj CTy-
IUjH, Kao ancopdeHc kopuirheH je eKOHOMMYAH WHAYCTPUjCKU OTHan Mukpocunuka (SF) pamu
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WCTIUTHBAKbA a[COPIIIHje MeTHIeHCKor wiaBor (MB) u basic blue-41 (BB-41). CtpykTypa ancop-
OeHca o MUKpOCHIHKe OKapakTepucaHa je TexHukom FESEM, kojom je motepheno na SF uma
NIOPO3HY CTPYKTYpY. AfCOpILMja OBUX KaTjOHCKUX Doja MUCIIUTHUBAHA jeé MPUMEHOM KMHETHYKHX
Mmogena (Iceyno-IpBor pea v Iceyno-Apyror pefa) U u30TepMckux mogena (Langmuir, Temkin,
Dubinin—Radushkevich u Freundlich), a nodujenu pesynraru cy mehycobno ynopehenu. Ha ocHo-
By pesyiTaTa, mpouec agcopnuvje MB u BB-41 na SF cneguo je KWHETHKY IICeyno-Apyror pena.
Apncoprinija MB u BB-41 Ha SF npartwno ce OpojHIIUXOBUM U30TEPMCKUM MognenoM. [Ipema
nonaurma JIeHrMHpoBe H30TepMe, MAKCHMATHU KaraluTeT afcoprniyje 3a BB-41 u MetuneHckor
iasor je usHocuo 41,95 mg ¢!, ogxocro 189,31 mg g,
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14.

15.

16.

17.

(Tpumseno 12. genembpa 2024, peuaupano 3. dedpyapa, mpuxsahero 27. anpuia 2025)
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