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Syntheses and computational analyses of selected macrolide
derivatives derived from clarithromycin A

BILJANA B. ARSIC!2*, GARETH A. MORRIS?, ABDOLREZA HASSANZADEHZ24,
OLGA P. JOVANOVIC!, JILL BARBER? and [DJORDJE GLISIN|!

!University of Nis, Faculty of Sciences and Mathematics, Department of Chemistry,
Visegradska 33, Nis, Serbia, *Division of Pharmacy and Optometry, School of Health
Sciences, University of Manchester, Manchester, United Kingdom, 3Department of Chemistry,
University of Manchester, Manchester M13 9PL, United Kingdom and *Pharmaceutics
Research Center, Institute of Pharmaceutical Sciences, Kerman University of Medical
Sciences, Kerman, Iran

(Received 4 November, revised 17 November 2025, accepted 6 April 2026)

Abstract: This study presents the synthesis and experimental and computational
analysis of novel macrolide derivatives obtained from clarithromycin A, with the
aim of exploring their potential to address the growing problem of antimicrobial
resistance. The compounds synthesized include 2'-O-acetyl-clarithromycin A, its
phosphoramidite derivative, and the corresponding phosphonyl derivative. Special
attention was paid to the optimization of phosphitylation conditions due to the
inherent instability of phosphoramidite compounds. The purity of the phospho-
ramidite derivative was successfully confirmed using diffusion-ordered NMR
spectroscopy (DOSY). Comprehensive conformational analyses were carried out
using molecular modeling techniques, followed by molecular docking and MM-
GBSA calculations with a target protein from Escherichia coli to evaluate the
relative binding affinities of clarithromycin A and its derivatives. The results
indicate that the phosphoramidite and phosphonyl derivatives exhibit comparable
binding affinities relative to the parent antibiotic. In addition, complex mass
spectrometric fragmentation patterns of the phosphorus-containing derivatives
were analyzed and rationalized using the MS Fragmenter computational tool.

Keywords: macrolide antibiotics; DOSY; synthesis; phosphoramidites; molecular
docking.
INTRODUCTION

Rising antimicrobial resistance is a huge threat to human health.! A recent
example is the hospital-acquired and ventilator-associated life-threatening pneu-
monia caused by Acinetobacter.? There are numerous initiatives to overcome the

* Corresponding author. E-mail: biljana.arsic@pmf.edu.rs
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442 ARSIC et al,

resistance problem, and one of them is a new antibiotic class (representatives
SPR719 and its prodrug SPR720, gyrase B inhibitors) with a novel mechanism of
action.3 The prodrug SPR720 (fobrepodacin) is a phosphate derivative (Fig. 1),
which encourages the synthesis of other phosphate derivatives. We are here inter-
ested in the synthesis of their precursors — phosphoramidites.

\>—NH

NZF NH %NH

SPR719

CHs Fig. 1. Structures of SPR719 and its prodrug,
SPR720 SPR720.

Phosphoramidite compounds are made in one of two ways, using the reagents
2-cyanoethyl diisopropylchlorophosphoramidite or 2-cyanoethyl N,N,N',N'-tetra-
isopropylphosphorodiamidite. Successful phosphitylation of modified nucleosides
at the 3" position with 2-cyanoethyl N,N,N,N-tetraisopropylphosphorodiamidite in
the presence of N,N-diisopropylamine tetrazolide in acetonitrile gave synthetic
blocks in significant yields (52-86 %).4 In the case of 2-cyanoethyl diisopropyl-
chlorophosphoramidite, a mild base must be used, and the reaction time varied
between 1-5 h.5 Therefore, triethylamine has also been used as a base giving high
yield of the synthesized compound (95 %).© DMAP has also been used to catalyse
phosphorylations.” Cyanoethyl protection can be easily removed by piperidine in
anhydrous acetonitrile, followed by addition of potassium carbonate solution in
methanol8:9 or by concentrated ammonia. 10

The aim of the current work was to synthesize acetyl and phosphoramidite
derivatives of clarithromycin A (usually known as clarithromycin), Fig. 2.

DOSY NMR was used in the case of the phosphoramidite derivative of acetyl
clarithromycin A to show the purity of the synthesized compound.!! Conformat-
ional analysis for the macrolide antibiotics (Fig. 3) gives insight into their possible
biological conformations. Molecular docking was performed for clarithromycin A
and compounds 1-3 with the target protein from Escherichia coli, and the relative
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MACROLIDES DERIVED FROM CLARITHROMYCIN A 443

affinity of the investigated compounds was further explored using molecular
mechanics/generalized Born surface area (MM/GBSA).

Fig. 2. Scheme for the synthesis of compounds 1-3.

The complicated mass fragmentation patterns observed for 2’-O-acetyl-4”-O-
-(2-cyanoethyldiisopropylphosphoramidite)-clarithromycin A (2) and 4”-O-phos-
phonyl-clarithromycin A (3) with ES™ were analysed using the computational tool
MS Fragmenter 2023.1.1 (ACD/Labs, Canada) and are explained here in detail.

EXPERIMENTAL
Instrumentation

NMR spectrometers. NMR spectra were recorded using a Bruker Avance-300 spectro-
meter (7.05 T, Bruker, Billerica, MA, USA) equipped with a 5 mm single-axis Z-gradient four-
-nucleus probe, operating at 300 MHz for 'H, 75 MHz for '3C and 121 MHz for 3'P. The spec-
trometer was operated using the XWIN NMR system software. Chemical shifts () are reported
in ppm, with peak positions relative to Me4Si (0 ppm) as internal reference for 'H and 13C.

A Varian Unity 500 NMR spectrometer (Varian Inc., Palo Alto, CA, USA) was operated
with an 11.74 T Oxford Instruments magnet. In this field, the 'H resonated at 500 MHz. A 5
mm pulse field gradient (PFG) probe was used. The temperature was controlled using the Varian
VT unit with a precision of 0.1 °C.

Mass spectrometer. Electrospray ionisation-mass spectra (ESI-MS) were acquired on a
Micromass Platform mass spectrometer (Waters Corporation, Milford, MA, USA), and data
were analysed using the program PLATFORM with a Masslynx data system. The sample (10

Available online at: https://www.shd.org.rs/JSCS/
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444 ARSIC et al.

pL) was injected using a Hewlett Packard auto-sampler, and the machine was operated at a cone
value of 30 eV, at 80 °C.

Fig. 3. Structure of: a) 2’-O-acetyl-clarithromycin A (1); b) 2’-O-acetyl-4”-O-(2-cyanoethyl-
diisopropylphosphoramidite)-clarithromycin A (2); ¢) 4”-O-phosphoryl-clarithromycin A.

Melting point apparatus. All melting points were determined using a Bibby SMP-10
(Stuart Scientific, Staffordshire, UK) melting point apparatus and were reported uncorrected.
The samples were placed in a capillary tube and inserted in the melting point apparatus and
were heated at a rate of 1 °C min! until the compound melted.

Two-dimensional NMR spectroscopy

HMQC and HMBC. Heteronuclear multiple bond connectivity (HMBC) and heteronuclear
multiple quantum coherence (HMQC) spectra were acquired on the Varian Unity 500 spectro-
meter. An HMBC spectrum gives a two-dimensional spectrum, with 13C chemical shifts on one
axis and 'H chemical shifts on the other, correlating spins coupled through multiple bonds;
HMOQC correlates !3C and 'H through one-bond couplings.

DOSY. High resolution diffusion-ordered spectroscopy (DOSY) data were acquired using
the ONESHOT DOSY pulse sequence. Twelve spectra were acquired, with gradient pulse dur-
ations of 2.9 ms and nominal gradient amplitudes ranging from 6 to 63 G cm’! in equal steps of
gradient squared. The free induction decay deconvolution for line shape enhancement
(FIDDLE) algorithm!? was used to correct line shapes using TSP as a reference standard. DOSY
spectra were constructed after baseline correction by taking the first echo spectrum and distri-
buting the intensities of the individual signals in the second dimension according to their res-
pective diffusion coefficients.!3:14

Available online at: https://www.shd.org.rs/JSCS/
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MACROLIDES DERIVED FROM CLARITHROMYCIN A 445

Synthetic procedures

20-Acetyl-clarithromycin A (1). The compound 2’-O-acetyl-clarithromycin A (1) was
synthesized according to previously published procedure.!> A solution of clarithromycin A
(0.0972 g, 0.13 mmol) and triethylamine (0.16 mmol) in dichloromethane was cooled in an ice-
-water bath. Acetic anhydride (0.27 mmol) was added to the solution, the bath was removed,
and the reaction was stirred for 5.5 h at room temperature. The reaction was monitored using
TLC, with mobile phase dichloromethane:ethyl acetate:ethanol = 5:5:2, and the plate was
sprayed with the mixture p-anisaldehyde:ethanol:conc. sulfuric acid = 1:9:1. A solution of 0.5
M NaH,PO, was added to the reaction mixture and the aqueous layer was separated. The aque-
ous phase was extracted three times with chloroform. The combined organic extracts were dried
(MgS0,) and concentrated under reduced pressure to give crude product which was recrystal-
lized from acetonitrile, affording 0.0704 g (yield 68.6 %).

220-Acetyl-4"-O-(2-cyanoethyldiisopropylphosphoramidite)-clarithromycin A (2). Method
A: 2’-O-acetyl-clarithromycin A (1, 0.1074 g, 0.14 mmol) was dissolved in dry dichloromethane
(dried over thermally treated Al,O3) in an atmosphere of dry nitrogen. Then 60.7 pL (0.28
mmol) of 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (p = 1.061 g mL-!") was added,
followed by 94.8 uL of N-ethyldiisopropylamine (p = 0.742 g mL-!, 0.56 mmol). Then 0.0024
¢ (0.02 mmol) 4-dimethylaminopyridine was added and the reaction mixture was stirred. The
reaction was monitored using TLC every 15 min during 2 h, with mobile phase dichlorometh-
ane:ethyl acetate:ethanol = 5:5:2, and the plate was sprayed with the mixture p-anisalde-
hyde:ethanol:conc. sulfuric acid = 1:9:1. The reaction was left with stirring overnight at room
temperature. Then a few drops of absolute ethanol were added, followed by aqueous saturated
NaHCOs3, and the extraction was performed with dichloromethane. The organic layer was dried
over anhydrous sodium sulfate. A crude product was obtained after vacuum evaporation and
kept at —21 °C. MS (ES*) (m/z): [M+K]* 1028. Mass spectrum (ES*) is available in the
Supplementary material to this paper (Fig. S-2). NMR spectra (\H, HMBC, HMQC) recorded
at 500 MHz for the crude product are not shown.

Method B: 2’-O-acetyl-clarithromycin A (1, 0.1000 g, 0.13 mmol) was dissolved in dry
dichloromethane in an atmosphere of dry nitrogen. Then, using an automated pipette, 141.4 uL.
2-cyanoethyl N,N-diisopropylchlorophosphoramidite (p = 1.061 g mL"!, 0.65 mmol) was added,
and 176.6 pL of N-ethyldiisopropylamine (p = 0.742 g mL-!, 1.04 mmol). The reaction mixture
was monitored using TLC every 15 min during 2 h, with mobile phase dichloromethane:ethyl
acetate:ethanol = 5:5:2, and the plate was sprayed with the mixture p-anisaldehyde:etha-
nol:conc. sulfuric acid = 1:9:1. The reaction was left overnight stirring. MS (ES*) (m/z): M*
989. Mass spectrum (ES™) is available in the Supplementary material (Fig. S-3).

4720-Phosphonyl-clarithromycin A (3). 2’-O-Acetyl-4”-O-(2-cyanoethyldiisopropyl-
phosphoramidite)-clarithromycin A (2, 0.5165 g, 0.52 mmol) was dissolved in 15 mL acetone,
10 mL methanol and 5 mL water. The mixture was left at room temperature overnight, then a
saturated solution of potassium carbonate was added. Afterwards, the reaction mixture was
extracted with methylene chloride three times and then dried over anhydrous sodium sulphate.
Filtration was performed, and evaporation with a vacuum evaporator, giving 0.1465 g 4”-O-
phosphonyl-clarithromycin A (3, yield 34.7 %). MS (ES*) (m/z): [M-63]" 748. Mass spectrum
(ES*) is available in the Supplementary material (Fig. S-4).

Conformational analysis

Unconstrained conformational search. SMILES string from PubChem was used for the
generation of 3D structure of clarithromycin A. A 3D structure of 2’-O-acetyl derivative of
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446 ARSIC et al.

clarithromycin A was constructed using 2D Sketcher (Beta) option. Their unconstrained con-
formational analyses were performed using MacroModel under the Schrodinger Suite 2025-4
and with Maestro 14.6 as the interface. Chloroform was used as the solvent. The minimizations
were first performed with charges from the force field (AMBER*),16 the cut-off was extended,
the minimization method was truncated Newton conjugate gradient (TNCG), and the maximum
number of iterations was set to 10,000, with the gradient convergence, and its threshold of 0.05.
AMBER* force field was used previously for this type of macrocycle as the results of the con-
formational analysis showed good agreement with NMR data.!” Conformational search tor-
sional sampling was Monte Carlo multiple minimum (MCMM) with automatic setup during the
calculation, and torsion sampling options were set to intermediate. The maximum number of
steps was 10,000, with 100 steps per rotatable bond. The number of structures to be saved for
each search was 100, energy window for saving structures was 21 kJ/mol, and the maximum
atom deviation cut-off was 0.5 A. In the case of 2’-O-acetyl-4”-O-(2-cyanoethyldiisopropyl-
phosphoramidite)-clarithromycin A (2), minimization and unconstrained conformational search
were performed in Macromodel using MMFFs force field and chloroform as solvent, with the
previously found parameters for the minimization and unconstrained conformational analysis
of clarithromycin A and 2’-O-acetyl derivative of clarithromycin A. AMBER* force field does
not contain the parameters for phosphorus containing compounds like from this study, so
MMFFs was chosen as a force field as it provides good agreement with the experimental data
on this type of compounds.!8 MMFFs force field was used in the minimization and the con-
formational analysis of 4”-O-phosphoryl-clarithromycin A as well.

Constrained conformational search. Constrained conformational search was performed on
clarithromycin A and macrolides 1-3 starting from the global minima of the unconstrained
search of the investigated compounds and using the same parameters as for unconstrained con-
formational search with the distance constraints (H4—H11, H5-H18 and H15-H16 was con-
strained to 2.5+0.3 A).

Molecular docking

The molecular docking studies with selected compounds (clarithromycin A (6-O-methyl
erythromycin A), compounds 1-3) were performed using protein chain from Escherichia coli
as a target interacting with co-crystalized erythromycin A (entry 4V7U! from Protein Data
Bank) in folded-out conformation. They were achieved at the binding site of erythromycin A in
E. coli. Protein chain was prepared for docking using the Protein Preparation and Refinement
tool of Schrodinger Suite 2025-4. The previously optimized structures of clarithromycin A and
compounds 1-3 in MacroModel through constrained conformational search were ligands in the
molecular docking studies. Molecular docking was performed with Glide under Schrodinger
Suite 2025-4.

MM-GBSA studies

MM-GBSA studies were conducted on docking complexes of ligands (clarithromycin A,
compounds 1-3) and the target-protein chain from E. coli using Prime under Schrodinger Suite
2025-4. Solvation model was VSGB and used force field was OPLS 4.

Rules-based fragment prediction for mass spectrometry

MS Fragmenter?? was used for the prediction of mass spectral fragmentation of 2’-O-ace-
tyl-4”-O-(2-cyanoethyldiisopropylphosphoramidite)-clarithromycin A (2) and 4”-O-phospho-
nyl-clarithromycin A (3). The compounds 2 and 3 were drawn, and then ionization polarity and
fragmentation options were selected.
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MACROLIDES DERIVED FROM CLARITHROMYCIN A 447

RESULTS AND DISCUSSION

Synthesis of the phosphoramidite derivative of 2 “O-acetyl-clarithromycin A

There are many published syntheses2! of acetyl derivatives of macrolide anti-
biotics (such as 2'-O-acetyl-(10E)-10,11-ene-11-deoxy-clarithromycin), but there
are no available data on the synthesis of the phosphoramidite derivatives. Phos-
phoramidites are unstable, and preferably stored under an inert atmosphere at —20
°C to minimize oxidation and hydrolysis.22 Although stored at —21 °C prior to
NMR analysis, the phosphoramidite derivative of 2’-O-acetyl-clarithromycin A
showed several signals in the 3!P-NMR spectrum. A simple experiment with
water, 2-cyanoethyl N,N-diisopropylchlorophosphoramidite and N-ethyldiisopro-
pylamine showed that the reagent is not so easily degradable (31P §15.4 ppm) and
that there are numerous products with various chemical shifts (Fig. S-5 in the
Supplementary material). The most intense can be observed at & 3.4 ppm (3!P). 2’-
-O-Acetyl clarithromycin A did not show any reaction towards phosphoramidite
derivative in 1 day when there was no catalyst in the system. After 1 day when
2-cyanoethyl N,N-diisopropylchlorophosphoramidite was in 5-fold excess, the
desired product appeared (3!P §7 ppm) (Fig. S-6 in the Supplementary material).
The same result was achieved with: 1) DMAP (4-dimethylaminopyridine) as a cat-
alyst (Fig. S-7 in the Supplementary material), 2) on heating on 40 °C under reflux
(Fig. S-8 in the Supplementary material), 3) in ratio of 2-cyanoethyl N,N-diiso-
propylchlorophosphoramidite and the substrate of 0.95:1, and the ratio of base to
the reagent of 2:1 and 4) iodine as a catalyst. N-ethyldiisopropylamine causes some
slight changes in 2-cyanoethyl N,N-diisopropylchlorophosphoramidite, particul-
arly if the reaction requires longer time, so other bases are preferred. The synthesis
of 4”-0O-phosphonyl-clarithromycin A (3) was easily achieved.

DOSY NMR analysis of the purity of the synthesized compound.:2 ~O-acetyl-4 -
-O-(2-cyanoethyldiisopropylphosphoramidite)-clarithromycin A (2)

Diffusion-ordered NMR spectroscopy (DOSY) is a method for distinguishing
between the NMR signals of (macro)molecules of different molecular weights
present in solution at millimolar concentrations.?3 The number of components
identifiable in solution is limited only by resolution.24.25

The purity of the synthesized compound, 2'-O-acetyl-4""-O-(2-cyanoethyl-
diisopropylphosphoramidite)-clarithromycin A using DMAP as a catalyst was
checked using DOSY NMR at 500 MHz. The recorded spectrum revealed several
compounds with different diffusion coefficients (Fig. 4), however, most of the
signals with different diffusion coefficients belong to solvent and reagents used. A
line of signal at diffusion coefficient (3-4x10-10 m2 s1) shows chemical shifts
characteristic of macrolides,26 suggesting the presence of a single compound with,
crucially, no degradation products, such as cladinose.
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Fig. 4. DOSY NMR spectrum at 500 MHz of 2’-O-acetyl-4”-O-(2-cyanoethyldiisopropyl-
phosphoramidite)-clarithromycin A (2).

Conformational analysis

Unconstrained conformational analysis of clarithromycin A, 2’-O-acetyl-clar-
ithromycin A (1) and 2’-O-acetyl-4”-O-(2-cyanoethyldiisopropylphosphoramid-
ite)-clarithromycin A (2) gave as global minima folded-out!7:27 structures (H4—
~H11 (2.90 A), H5-H18 (2.36 A) and H15-H16 (2.94 A) in the case of clarithro-
mycin A; H4-H11 (2.88 A), H5-H18 (2.36 A) and H15-H16 (2.95 A) in the case
of 2’-O-acetyl-clarithromycin A (1); H4-H11 (3.03 A), H5-HI18 (2.44 A), H15-
~H16 (2.91 A) in the case of 2’-O-acetyl-4”-O-(2-cyanoethyldiisopropylphos-
phoramidite)-clarithromycin A (2)). A longer distance H15-H16 than 2.8 A in the
case of clarithromycin A, 2’-O-acetyl-clarithromycin A (1) and 2’-O-acetyl-4”-O-
-(2-cyanoethyldiisopropylphosphoramidite)-clarithromycin A (2) is not so sig-
nificant, owing to the possibility of free rotation of methyl groups, which obviously
does not require a high amount of energy. Conformational analysis of 4”-O-phos-
phoryl-clarithromycin A did not give a folded-out structure of the global minimum
(H4-H11 (5.18 A), H5-H18 (2.94 A) and H15-H16 (5.79 A)). The analysis of the
conformational landscapes, low-energy conformers, and relative populations of
clarithromycin A and macrolide antibiotics (1-3) reflects the known conform-
ational diversity of macrolides (Table I).

Our previously published work on erythromycin A and clarithromycin A
(6-O-methyl erythromycin A) shows that their active conformations, when bound
weakly to bacterial (E. coli) ribosomes, are folded-out conformations.!” Obtained
clarithromycin A conformations with the lowest energy-global minima in water
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both using Macromodel and SYBYL!7 showed folded-out structure. Uncons-
trained conformational search on clarithromycin A and compounds 1 and 2 in
chloroform showed folded-out conformation with negligible longer H4-H11 dis-
tance from 2.8 A. However, compound 3 showed completely different conform-
ation. Since biologically active conformation of clarithromycin A is folded-out, all
four compounds (clarithromycin A and compounds 1-3) were put for constrained
conformational search, and obtained global minima were used in further comput-
ational studies.

TABLE I. Global minima energies and their number of times, and the population of folded-out
in the first ten lowest energy conformations as results of the unconstrained conformational
search, as well as global minima energies and their number of times as results of constrained
conformational search

Unconstrained conformational search ConsFramed
conformational search
Global minimum Population of  Global minimum
Compound folded-out in
Energy Number of the firstten  Energy Number of
kJ/mol times  lowest energy  kJ/mol times
conformations
Clarithromycin A 85.78 13 4/10 130.57 19
2’-O-Acetyl-clarithro- 26.17 23 6/10 76.26 10
mycin A (1)
2’-0-Acetyl-4”-0-(2-cya- 464.99 2 3/10 521.97 15
noethyldiisopropylphos-
phoramidite)-clarithro-
mycin A (2)
4”-0O-Phosphonyl-clar- 493.64 8 0/10 516.28 29
ithromycin A (3)
Molecular docking

Macrolide antibiotics inhibit bacterial protein synthesis by reversibly binding
to the 50S subunit of the bacterial ribosome. This binding blocks the ribosomal
exit tunnel near the peptidyl transferase center, thereby preventing elongation of
the growing peptide chain.28

Due to the reason that there is no available crystal structure of clarithromycin
A with the ribosomal bacterial proteins, the crystal structure of erythromycin A
with E. coli ribosome was used for the molecular docking study (PDB ID:
4V7U).19 Clarithromycin A (6-O-methyl erythromycin A) is a semi-synthetic
macrolide derived from erythromycin A.

Erythromycin A shows folded out conformation in the bound state in the
crystal structure with ribosome of E. coli: H4-H11 (2.42 A), H5-H18 (2.65 A) and
H15-H16 (3.12 A). It established interactions with amino-acids residues Ala 89,
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Lys 90, Gly 91 and Arg 92. These data were used for the molecular studies with
clarithromycin A and compounds 1-3.

Molecular docking studies on clarithromycin A and compounds 1-3 show
quite different Glide scores (Table II). Compounds 2 and 3 showed better inhib-
ition compared to clarithromycin A.

TABLE II. Glide scores from molecular docking and AG_bind energies from MM-GBSA
studies for the investigated compounds

Glide score  AG_bind energy

Compound KJ/mol KJ/mol
Clarithromycin A —0.13 —83.30
2'-0O-Acetyl-clarithromycin A (1) 0.33 -34.52
2'-0O-Acetyl-4”-O-(2-cyanoethyldiisopropylphosphor- -2.13 -82.01
amidite)-clarithromycin A (2)

4”-O-Phosphonyl-clarithromycin A (3) —0.96 —74.81
MM-GBSA studies

MM-GBSA estimates the binding free energy of a ligand—protein complex in
a more physically realistic way than simple docking scores. It includes terms for
molecular mechanics energies and solvent effects via an implicit solvation model.
Because of this, MM-GBSA is often more accurate at ranking ligands by binding
affinity, especially for lead optimization or for smaller sets of compounds selected
after docking.29-30A common strategy is to use docking to generate possible bind-
ing poses quickly, then apply MM-GBSA to rescore these poses with a more real-
istic energy model. This helps refine rankings and improve discrimination between
strong and weak binders.3!

Obtained docking complexes of protein chain from E. coli and investigated
compounds (clarithromycin A and 1-3) were used in MM-GBSA studies. Clarit-
hromycin A and compound 2 were shown to possess similar binding affinities, and
less activity was shown by compound 3, and particularly compound 1 (Table II).

Rules-based fragment prediction for mass spectrometry

Electrospray ionization of 2’-O-acetyl-4”-O-(2-cyanoethyldiisopropylphos-
phoramidite)-clarithromycin A (2) was performed under two different sets of con-
ditions. In the first case (electrospray), one additional peak was observed which
has m/z equal to 200.2 (Fig. 5a), and which was predicted with MS Fragmenter. In
the second case (default conditions), MS Fragmenter successfully predicted the
existence of peaks with following m/z values that were found in experimental ES™
mass spectra of 2: 102, 219, 614, 790, 877, 920, 921, 930, 947, 962 (Fig. 5b).

The fragments at m/z equal to 776, 771, 750, 748, 734 and 198 in the ES* mass
spectrum of 4”-O-phosphonyl-clarithromycin A (3) were predicted using MS
Fragmenter (Fig. 6).
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Fig. 5. Fragments of compound 2 predicted using MS Fragmenter: a) a fragment only seen
under milder conditions of electrospray ionization; b) fragments seen in mass spectra under
default conditions.
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Fig. 6. Fragments in the ES* mass spectrum of 4”-O-phosphonyl-clarithromycin A (3)
predicted using MS Fragmenter.

CONCLUSION

In this work, clarithromycin A was successfully modified through the intro-
duction of acetyl, phosphoramidite and phosphonyl functional groups, yielding
structurally well-characterized macrolide derivatives. The synthesis of the phos-
phoramidite derivative is particularly significant, given the scarcity of literature data
and the challenges associated with its chemical instability. The application of
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DOSY NMR spectroscopy proved to be a powerful method for confirming the
purity of this complex macrolide derivative. Computational conformational anal-
yses revealed that clarithromycin A and its acetyl and phosphoramidite derivatives
predominantly adopt folded-out conformations consistent with the biologically
active form known to bind bacterial ribosomes, whereas the phosphonyl derivative
displayed a markedly different conformational preference. Molecular docking and
MM-GBSA studies further demonstrate that derivatives containing phosphorus-
-based substituents retain binding affinity toward the ribosomal target when com-
pared to clarithromycin A. Overall, the results highlight chemical modification of
macrolide antibiotics as a promising strategy for the development of new com-
pounds with potentially improved pharmacological properties. This study provides
a solid foundation for further biological evaluation and supports the future design
of novel macrolide-based prodrugs and derivatives aimed at combating antimic-
robial resistance.

SUPPLEMENTARY MATERIAL
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n3BO[J

CHUHTE3E U KOMITJYTEPCKE AHAJIU3E OOABPAHHUX MAKPOJIMOHUX JEPHBATA
JOBUJEHUX U3 KIAPUTPOMHUIIUHA A

BUJ/bAHA b. APCUR'?, GARETH A. MORRIS?, ABDOLREZA HASSANZADEH?*, OJITA I1. JOBAHOBUR',

JILL BARBER? u [hOPBE INIMIIHH|!

"Ynusepsumem y Huwiy, [Tpupogho—maimematmuuxy Gaxyniieid, ledapmman 3a xemujy, Buweipagexa 33,
Huuw, *Division of Pharmacy and Optometry, School of Health Sciences, University of Manchester, Man-
chester, United Kingdom, *Department of Chemistry, University of Manchester, Manchester M13 9PL, United
Kingdom u *Pharmaceutics Research Center, Institute of Pharmaceutical Sciences, Kerman University of
Medical Sciences, Kerman, Iran:

Y pany cy nprKasaHe CUHTEe3€ U eKCIEPUMEHTAIHE U KOMIjyTepCKe aHaIu3€e HOBUX MakK-
PONMOHUX AepUBaTa JOOMjEHHX W3 KIAPUTPOMHIMHA A, ca IWBEM HCIUTHBAaWka HHUXOBOT
MOTeHIHjaia Y TpeBa3uIakewny mpodaemMa aHTUMUKPOOHe pe3nucteHuuje. CHHTETHCAHHU Cy 2'-
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-O-aueTun-KIapUTPOMULIMH A, meroB dbochopaMUIUTHH OepuBaT U onrosapajyhu docdo-
HWwIHKU JepuBat. [locedHa makma mocBeheHa je ontumusanuju yciosa docdopunanuje, ¢
003upoM Ha HecTadbumHocT pochopamunurta. Yucroha pochopamunuTHor fepusara norsphexa
je mpumenom DOSY NMR cnekrpockonuje. Mi3BefeHe cy meTasbHe KOH(OpPMaLMOHE aHaIu3e
KopuurhemeM MOJIEKYJICKOT MOJeIUpama, Kao U MOJIEeKyJICKO JokoBake  MM-GBSA npopauyyHu
ca uwbsHUM TIpoTewHOM 13 Escherichia coli, kako ou ce mpoueHno adUHUTET Be3WBarba CHHTE-
THCAHUX jenumerna. Pesyntatu nokasyjy na gocdopaMunuTHd U GOChHOHWIHHE JeprUBaTU UMAjy
yrnopenus adHHUTET Be3WBawka y OJHOCY Ha KiIapuTpoMuuuH A. IlopatHo, dparmeHTaudja y
MaceHoj CIEKTPOMETPHjU aHaAW3MpaHa je U palMOHanu3oBaHa NpumeHom MS Fragmenter
codTBeEpa.

(ITpumibeHo 4. HoBemOpa, peBunupano 17. HoBemdpa 2025, mpuxsaheHo 6. anpuna 2026)
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Syntheses and computational analyses of selected macrolide
derivatives derived from clarithromycin A
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2~0-acetyl-clarithromycin A (1). m.p. 249-251 °C; 1H NMR (CDCI3) & 4.75 (dd,
CHOAC), 3.37 (s, 3H, C-3""OCH3), 3.01 (s, 3H, C-6 OCH3), 2.26 (s, 6H, N(CH3)2), 2.05 (s,
3H, OCOCH3), 1.14 (s, 3H, C-12 CH3); 13C NMR (CDCI3) & 175.7 (C-1), 170 (OCOCHS3),
71.8 (C- 27); MS (ES+) (m/z): [M+H]+ 790. The melting point was in accordance with the
previously published value.! NMR spectra (1H and 13C) of the compound are available in the
Supplementary Material (Figure S-1).

* Corresponding author. E-mail: biljana.arsic@pmf.edu.rs
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Fig. S-1. a) The '"H NMR spectrum of 2'-O-acetyl-clarithromycin A (1).
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b)

Fig. S-1. b) 3C NMR spectrum of 2’-O-acetyl-clarithromycin A (1).
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Fig. S-2. Mass spectrum (ES+) of 2"-O-acetyl-4"-O-
(2-cyanoethyldiisopropylphosphoramidite)-clarithromycin A (2).
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Fig. S-3. Mass spectrum (ES+) of 2’-O-acetyl-4""-O-(2-
cyanoethyldiisopropylphosphoramidite)-clarithromycin A (2).
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Fig. S-4. Mass spectrum (ES+) of 4""-O-phosphonyl-clarithromycin A (3).

Fig. S-5. 3P NMR spectrum of the mixture 2-cyanoethyl N, N-
diisopropylchlorophosphoramidite, N-ethyldiisopropylamine and water.
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Fig. S-6. 3'P NMR spectrum of the reaction mixture after 1 day when 2-cyanoethyl N, N-
diisopropylchlorophosphoramidite was in 5 fold excess.
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Fig. S-7. *'P NMR spectrum of a reaction mixture with DMAP (4-dimethylaminopyridine) as
a catalyst.
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Fig. S-8. 3P NMR spectrum of the reaction mixture on heating at 40 °C under reflux.
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Abstract: Cervical cancer remains a major cause of morbidity and mortality
worldwide, driven primarily by persistent infection with high-risk HPV types.
Natural phloroglucinol derivatives from Rhodomyrtus tomentosa have demonst-
rated anti-cervical cancer potential; however, their apoptosis-related mechanisms
remain insufficiently characterized. In this work, selected phloroglucinol deriv-
atives were evaluated as potential inhibitors of the anti-apoptotic Bcl-2 protein
(PDB: 6GL38) through an integrated in silico pipeline that combines molecular
docking, 100 ns molecular dynamics simulations, MM/GBSA binding free-energy
estimation, ADMET profiling, and DFT-based electronic analysis. Docking pri-
oritized CPD1 as the most favorable ligand (—37.36 kJ/mol), outperforming Bel-
zutifan (-25.73 kJ/mol) and engaging the conserved binding pocket. MD traject-
ories supported stable complex formation across 100 ns. MM/GBSA further
indicated stronger binding for CPD1 (ATOTAL =-138.78+15.4 kJ/mol) relative
to Belzutifan (—63.72+14.31 kJ/mol), primarily due to more favorable gas-phase
interactions, while maintaining a comparable solvation term. ADMET predict-
ions suggested similar solubility but higher intestinal absorption for CPDI1,
alongside a hERG 1I alert that warrants cardiotoxicity-oriented optimization.
DFT descriptors were consistent with the enhanced electrophilic character of
CPDI. Collectively, CPD1 is computationally prioritized as a candidate scaffold
for follow-up experimental validation and structure-guided refinement.

Keywords: anti-apoptosis; Bcl-2; cervical cancer; molecular modelling; phloro-
glucinol derivatives; Rhodomyrtus tomentosa.

INTRODUCTION

Cervical cancer is indeed the fourth most common cancer in women globally,
causing significant mortality, especially in low-and-middle-income countries, with
over 660,000 cases and 350,000 deaths reported in 2022.1 A persistent infection
with certain types of high-risk human papillomavirus (HPV) is the primary cause
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of virtually all cervical cancers, though most HPV infections clear up on their own;
it's the long-lasting ones, especially HPV 16 and 18, that can lead to abnormal cell
changes and eventually cancer if undetected.? Current cervical cancer treatments
focus on surgery, radiation, chemotherapy, targeted therapy and immunotherapy,
often combined based on cancer stage and type, with radiochemotherapy standard
for advanced localized disease and chemo plus targeted drugs/immunotherapy for
metastatic cases, plus clinical trials exploring new agents like sodomiden.3 None-
theless, current treatment methods still face challenges, including a high risk of
recurrence, unintended damage to surrounding tissues, and the emergence of drug
resistance.4 Therefore, there is an urgent need to research better options like natural
compounds, nanoparticles, and targeted immunotherapies, which aim for higher
efficacy with fewer side effects to improve patient outcomes.

In recent years, the application of traditional Chinese medicine (TCM) in
cervical cancer treatment has focused on its use as a complementary therapy to
standard treatments. Research indicates that TCM helps to improve immune func-
tion, reduce the side effects of conventional treatments, and enhance patients’ quality
of life and survival rates.5-¢ Among these, phloroglucinol, a natural polyphenolic
compound found in plants and marine brown algae, is being investigated in labor-
atory and preclinical studies for its potential anti-cancer effects, including its
effects against cervical cancer cells.” The anti-cancer mechanism of phloroglucinol
is multifaceted, primarily involving the induction of apoptosis and the inhibition
of key cancer-related signaling pathways.89 Bcl-2 protein is indeed the original,
founding member of the Bcl-2 protein family, a critical anti-apoptotic protein that
prevents programmed cell death (apoptosis) by regulating the mitochondria. Its
discovery in lymphomas established the concept of defective apoptosis in cancer.
It works by inhibiting pro-apoptotic members, preventing the release of cyto-
chrome c, and thereby maintaining cell survival, playing a key role in development
but also contributing to cancer when overexpressed.!0:11 Inhibiting anti-apoptotic
members of the Bcl-2 family can reinstate normal apoptotic signaling, helping to
counteract the resistance that cervical cancer cells often develop against conven-
tional chemotherapy and radiotherapy.

Advancements in computational chemistry and bioinformatics are revolut-
ionizing drug discovery, materials science, and personalized medicine by enabling
faster and more accurate molecular modeling, virtual screening, genomic analysis,
and the design of novel therapeutics. These fields allow the prediction of molecular
properties, identification of disease markers, and optimization of drug formulations,
thereby moving research from complex data to clinically relevant solutions.!2 The
plant Rhodomyrtus tomentosa is widely utilized in traditional Vietnamese culture,
where it is known as ’sim”. Roots and other parts are rich in bioactive compounds,
traditionally used across Asia to treat diarrhea, stomach issues, burns, inflam-
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mation and even as a hemostatic agent. Scientific studies have explored its antiox-
idant, anti-inflammatory and antibacterial properties, particularly highlighting
compounds like rhodomyrtone for potential drug development.13 A previous study
on this species led to the isolation of several phloroglucinol derivatives with anti-
-cervical cancer activity against HeLa cell.!4 Despite these advances, the mechan-
isms of action of their bioactivity, particularly within apoptosis-regulatory path-
ways, remain underexplored. Therefore, an integrated computational approach was
employed to assess both the interaction profiles and the mechanistic feasibility of
the selected phloroglucinol derivatives. This study incorporated molecular docking,
molecular dynamics simulations, MM/GBSA analyses, ADMET evaluation and
DFT-derived electronic parameters. Together, these results support the computat-
ional prioritization of candidates for further laboratory testing and structure-guided
refinement in a cervical cancer-relevant context.

EXPERIMENTAL
Structural preparation of selected ligands
These selected phloroglucinol derivatives, including tomentodione S (CPD1), rhodomyrtosone
1 (CPD2), rhodomyrtone (CPD3) and rhodomyrtosone B (CPD4), have molecular formulas of
C28H3OO65 C28H3OO6s C26H34O6 and C26H34O6, with molecular Weights 0f4622042, 4622042,
442.2355 and 442.2355 Da, respectively. Belzutifan, possessing a molecular formula of
C17HoF3NO,4S and a molecular weight of 383.0439 Da, was chosen as a reference compound

(Fig. 1).

C D E
Fig. 1. Structure of the selected ligands: A) CPD1, B) CPD2, C) CPD3, D) CPD4 and
E) Belzutifan.

Molecular docking study

Three-dimensional structures of the selected ligands were generated in BIOVIA Discovery
Studio Visualizer and exported in PDB format. Before docking, polar hydrogens were incorp-
orated, Gasteiger partial charges were assigned, and all rotatable bonds were left unconstrained
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to allow complete conformational freedom. The experimental structure of Bcl-2 (PDB ID:
6GL8) was obtained from the RCSB Protein Data Bank.!> Docking calculations were carried
out using AutoDock Tools,'® employing a grid box with 60 points along each Cartesian axis
and a grid spacing of 0.375 A. The grid was positioned over the active site of the 6GLS structure,
centered at x = 9.866 A, y = 0.590 A and z = 16.717 A. Conformational exploration was con-
ducted using the Lamarckian genetic algorithm, facilitating the identification of low-energy ori-
entations and favorable interaction patterns. Ten independent GA—LS runs (ga_run = 10) were
executed per ligand, with a population size of 150, a maximum of 2,500,000 energy evaluations,
and 27,000 generations; Solis—Wets local search was enabled (300 iterations). Clustering of
solutions used an RMS tolerance of 2.0 A. AutoDock searches used stochastic initialization; the
random seed handling followed the docking parameter files (seed = pid time). For each
compound, the top-scoring pose was further inspected in Discovery Studio Client 2024 and
compared to the docked configuration of Belzutifan on the same Bcl-2 template to evaluate
correspondence in binding orientation and interaction characteristics.!”

Molecular dynamics simulation

Molecular dynamics simulations were carried out on the top docking conformation of the
ligand bound to the Bcl-2 protein (PDB ID: 6GLS8) using GROMACS 2024.4 with the
CHARMM36 force field applied under physiological conditions.!'® Before initiating the simul-
ations, the protein structure was corrected in Swiss-PdbViewer, where missing atoms and
unresolved residues were rebuilt to ensure structural completeness.!® Ligand parameters com-
patible with the selected force field were produced via SwissParam.2? The prepared complex
was then positioned in a triclinic water box filled with SPC molecules, and the system’s ionic
strength was adjusted to 0.15 M NaCl to approximate physiological conditions. An initial
energy minimization of 50,000 steps was performed to eliminate steric clashes and stabilize the
system. Subsequent equilibration followed a two-stage routine: a 200 ps NVT phase to stabilize
temperature, and a 200 ps NPT phase to equilibrate pressure, both maintained at 300 K and 1
bar. Temperature control was applied with the V-rescale thermostat (7 = 0.1 ps), using two
coupling groups with reference temperatures of 300 K. Pressure coupling during NPT employed
the Berendsen barostat (isotropic coupling; z, = 2.0 ps, reference pressure = 1.0 bar, compres-
sibility = 4.5x107 bar’!), while the production phase used the Parrinello-Rahman barostat
(isotropic; 7, = 2.0 ps, reference pressure = 1.0 bar, compressibility = 4.5x 107 bar''). Production
runs were executed as a single 100 ns simulation with a 2 fs time step; trajectory snapshots were
recorded at 10 ns intervals for downstream analysis. Initial velocities were generated in the NVT
stage from a Maxwell-Boltzmann distribution at 300 K with time-dependent seeding (gen_seed =
—1). Electrostatics were treated with PME under the Verlet cutoff scheme (rlist = 1.2 nm;
rcoulomb = 1.2 nm), and covalent bonds involving hydrogens were constrained with LINCS (h-
-bonds). Trajectory processing was performed using Grace to extract structural descriptors, root
mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg),
number of hydrogen bonds, and solvent-accessible surface area (S4SA4). Structural alignment in
UCSF Chimera 1.13.3 was applied to compare representative conformations sampled along the
trajectory and to assess overall complex stability. To investigate interaction durability, the lig-
and positions at the start (0 ns) and end (100 ns) of the simulation were superimposed within
the binding pocket, allowing for the assessment of the persistence of hydrogen bonding, hyd-
rophobic contacts, and van der Waals interactions throughout the 100 ns simulation.?!
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Binding free energy calculation using MMGBSA

A binding free energy calculation for the CPD1-6GL8 and Belzutifan-6GL8 complexes
was carried out using the gmx_MMPBSA protocol with the CHARMM36 force field.?? The
MMGBSA evaluation was performed as trajectory post-processing based on the same force-
field description used in the molecular dynamics simulations, ensuring parameter consistency
across the workflow. The electrostatic component of solvation was estimated through a general-
ized Born implicit-solvent model, while the nonpolar term was obtained from SASA measure-
ments. Energy decomposition was based on snapshots extracted from the molecular dynamics
trajectories between 20 and 100 ns, resulting in an 80 ns analysis interval. A total of 125 frames,
selected at uniform 80 ps intervals, were used to ensure representative sampling of complex
behaviour. This ensemble-averaged approach enabled a direct comparison of the binding ener-
getics of the two ligands, providing insight into differences in affinity and the dynamic stability
of each complex over the examined simulation.

ADMET prediction

Evaluation of absorption, distribution, metabolism, excretion and toxicity (ADMET) para-
meters represents a core element of preclinical screening, as it facilitates early identification of
pharmacokinetic constraints and potential safety liabilities. Such an appraisal can mitigate attrit-
ion during advanced development stages and enhance the prioritization of candidates exhibiting
more favourable therapeutic promise. In this study, the pkCSM framework was applied to estimate
the ADMET profiles of CPD1 and Belzutifan computationally. The pkCSM approach derives
predictions from graph-based molecular signatures, thereby enabling a systematic assessment
of key biopharmaceutical and toxicological properties of the investigated compounds.?
Quantum DFT analysis

Structural minimization of CPD1 and belzutifan was conducted using the ORCA quantum
chemistry suite (ver. 6.1.0). Initial geometries were prepared using Avogadro, while molecular
orbital visualisation and related electronic analyses were completed with IboView (v20211019).24-26
Density functional theory computations employed the B3LYP exchange—correlation functional
together with the 6-31G(d,p) basis set to yield internally consistent electronic wavefunctions.
Based on the converged, fully optimized geometries, quantum-chemical descriptors were derived,
comprising the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energies, the HOMO-LUMO separation (AE), chemical potential (u), electron-
negativity (y), global hardness (), softness (¢) and electrophilicity index (). Interpretation of
these quantities followed the Koopmans’ theorem approximation to characterise electronic
structure and to support inference regarding the intrinsic reactivity of the studied molecules.?”-28

RESULTS AND DISCUSSION

Molecular docking analysis

Molecular docking constitutes a computational strategy for modelling the
association between a low-molecular-weight ligand and a macromolecular target,
such as a protein, to estimate the preferred binding orientation and the corresponding
interaction strength. This approach supports a mechanistic interpretation of molec-
ular recognition and is widely applied in structure-based drug discovery to relate
binding propensity to biological response. Docking protocols typically integrate
conformational and positional sampling algorithms to explore candidate binding
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modes, followed by scoring functions that approximate the energetic favourability
of each configuration. The highest-ranked solutions represent putative stable com-
plexes with comparatively low estimated free energy and enhanced structural com-
plementarity.2® Before docking the selected ligands into the Bcl-2 structure (PDB
ID: 6GLS), the reliability of the docking workflow was examined through a re-
-docking exercise using the ligand co-resolved in the crystallographic complex
(Fig. 2). The optimal re-docked pose reproduced the experimentally reported binding
orientation within the predefined binding region with an RMSD of 0.7540 A, indi-
cating that the grid definition and search settings were appropriate for describing
the 6GLS8 pocket. In standard docking practice, successful recovery of the co-crys-
tallized pose with a RMSD below 2 A is generally interpreted as evidence of accep-
table protocol performance and pose predictability.30 Following this validation
step, all ligand poses were scored and ranked according to predicted binding energy,
where more negative values reflect a stronger estimated binding preference.

Fig. 2. The superimposition of the docked and native lig-
ands within 6GLS8 protein for validation of the molecular
docking protocol (yellow = native, violet = docked).

As reported in Table I, docking scores and residue-level contacts were exam-
ined for four candidate ligands (CPD1-CPD4) within a pocket repeatedly defined
by Phel04, Tyr108, Aspl11, Phell2, GInl18, Leul37, Alal49 and Phel53. Bel-
zutifan was included as the reference compound under the same scoring scheme.
Across the evaluated complexes, the contact pattern indicated an aromatic—ali-
phatic cavity dominated by Phe/Tyr side chains, complemented by polar residues
(Asplll, GInl18 and Glul36) that may contribute to directional stabilization
through hydrogen bonding. Predicted binding energies ranged from —37.36 to
—25.73 kJ/mol, supporting a clear affinity ranking of CPD1 > CPD2 > CPD3 >
CPD4 > Belzutifan. The interaction inventory comprised hydrogen bonding, van
der Waals contacts, and hydrophobic interactions, as annotated for each ligand—
—target complex. Collectively, these non-covalent forces are expected to promote
complex integrity through: i) directional hydrogen-bond constraints that stabilize
specific geometries via alignment with electronegative centers, ii) hydrophobic
clustering that limits solvent accessibility and favors compact packing within the
binding cavity and ii7) short-range van der Waals complementarity that contributes
incremental stabilization while fine-tuning association energetics and kinetic per-
sistence.31,32
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TABLE I. The interactions between the docked ligands and the protein 6GLS

Docked Binding  Hydrogen bond Van der Waals Hydrophobic
ligand energy, kJ/mol interaction interaction interaction
CPD1 -37.36 - Phel04, Tyr108, Aspl11,  Phell2, Metl15,

Glul14, GIn118, Leul37, Leull9, Vall33
Alal49, Phel53

CPD2 -33.14 Glul36 Phel04, Tyr108, Glul14, Asplll, Phell2,
GInl118, Leul37, Alal49 Metl15, Leull19,
Vall33
CPD3 —32.38  GInl18, Glul36 Phel04, Phel12, Leul19, Metl15, Vall33,
Argl29, Thr132, Alal49, Leul37
Phel53
CPD4 -30.42 - Phel04, Tyr108, Aspll1l, Phel12, Metl115,

GInl118, Leul19, Vall33, Alal49, Phel53
Leul37, Glul52, Vall156

Belzutifan -25.73 - Tyr108, Vall33, Glul36, Phel04, Aspl11,
Leul37, Alal49, Glul52, Phel12, Metl 15,
Phel53 GInl118, Leul19

CPD1 produced the most favorable docking energy (—37.36 kJ/mol) and
engaged the complete canonical residue set (Phel04, Tyr108, Aspl11, Phel12,
GInl118, Leul37, Alal49, Phel53). No hydrogen bond was annotated; instead,
stabilization was characterized by extensive van der Waals complementarity (Phe104,
Tyr108, Asplll, Glul14, GInl18, Leul37, Alal49, Phel53) together with hyd-
rophobic contacts involving Phel112, Met115, Leul 19 and Val133, consistent with
tight packing inside the pocket (Fig. 3A).

CPD2 displayed the second-highest affinity (—33.14 kJ/mol) while retaining
most core contacts (Phe104, Tyr108, Aspl11, Phel12, GInl118, Leul37, Alal49).
A hydrogen bond to Glul36 was recorded, accompanied by van der Waals inter-
actions with Phe104, Tyr108, Glul14, GIn118, Leul37 and Ala149 and additional
hydrophobic contributions from Aspl11, Phell2, Metl15, Leull9 and Vall33.
The absence of Phel53 among the listed active-site contacts suggests a slightly
reduced engagement of the distal aromatic boundary relative to CPD1.

CPD3 yielded an intermediate docking score (—32.38 kJ/mol) and contacted
Phel04, Phel12, GIn118, Leul37, Ala149 and Phel53. Two hydrogen bonds were
assigned (GIn118 and Glul136), and the van der Waals network extended toward
Leul19, Argl29 and Thr132 in addition to Phe104, Phel12, Ala149 and Phel53,
indicating a pose with measurable polar anchoring yet a shifted contact distri-
bution. Hydrophobic interactions were primarily associated with Met115, Val133
and Leul37.

CPD4 exhibited a lower predicted affinity (-30.42 kJ/mol) despite preservat-
ion of the canonical active-site residues (Phel04, Tyr108, Asplll, Phell2,
GInl118, Leul37, Alal49, Phel53). No hydrogen bond was annotated. Van der
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Waals contacts included the core residues and additional interactions with Leul 19,
Vall133, Glul52 and Vall56. At the same time, hydrophobic contributions invol-
ved Phel12, Met115, Alal49 and Phel53, suggesting that nonpolar and dispersive
terms dominated binding stabilization without explicit polar locking.

LEU
A137

B

Fig. 3. Molecular docking model and 2D interaction diagram of CPD1 (A) and
Belzutifan (B) with 6GLS8 protein.

Belzutifan showed the weakest docking energy (-25.73 kJ/mol) while main-
taining contact with the conserved pocket residues (Phel04, Tyr108, Asplll,
Phel12, GInl118, Leul37, Alal49, Phel53). The interaction map lacked hydrogen
bonding and was defined by van der Waals contacts (Tyr108, Vall33, Glul36,
Leul37, Alal49, Glul52, Phel53) plus hydrophobic interactions (Phel04,
Aspll1, Phell12, Metl15, GIn118, Leul 19) (Fig. 3B).
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Overall, CPD1 emerged as the highest-priority ligand in the docking series,
exhibiting the most favorable binding energy (—37.36 kJ/mol) and extensive eng-
agement of the conserved binding pocket (Phel04, Tyr108, Aspll1l, Phell2,
GInl118, Leul37, Alal49 and Phel53). The predicted pose was stabilized predom-
inantly by dense van der Waals complementarity with the core residues and additional
hydrophobic packing involving Phel12, Met115, Leul19 and Vall33, indicating
tight accommodation within the aromatic—aliphatic cavity. On this basis, CPD1
was selected as the highest-priority candidate for subsequent molecular dynamics
simulations to evaluate the time-dependent persistence of its pose and the stability
of its principal contact network under protein flexibility and solvent effects.

Molecular dynamics simulation

Drug-likeness screening, molecular docking, and molecular dynamics simul-
ations form a complementary in silico pipeline for structure-based drug discovery.
Drug-like filters narrow chemical space, docking rapidly proposes and ranks bind-
ing poses, and molecular dynamics provides time-resolved trajectories that capture
conformational fluctuations and intermolecular interactions by integrating clas-
sical equations of motion on a potential-energy surface. In this context, molecular
dynamics extends docking by testing pose stability in a dynamic, solvated envi-
ronment, evaluating persistence of key contact and hydrogen-bond networks and
supporting more reliable energetic characterization for hit validation and lead opti-
mization.33 Therefore, the evaluation systematically investigated RMSD, RMSF,
Rg, Hbonds and SASA metrics to determine the stability, flexibility and solvent
exposure of the CPD1-6GL8 and Belzutifan-6GL8 complexes throughout the sim-
ulation. Because one 100 ns production trajectory was analyzed for each complex,
these MD metrics should be interpreted as qualitative descriptors of trajectory
behavior rather than statistically averaged results from replicate simulations. Con-
sequently, the total energy and potential energy values for the CPD1-6GLS8 complex
were found to be —227.913 and —282.916 kJ/mol, respectively. For the Belzutifan—
—6GLS8 complex, the total energy and potential energy values were measured at
—227.574 and —-282.502 kJ/mol, respectively. The simulation system maintained
equilibrium at a temperature of 300 K.

The RMSD describes the extent of structural displacement relative to a refer-
ence after optimal superposition and is routinely used to monitor equilibration and
global stability during molecular dynamics simulations.34 In the present trajectories,
both complexes exhibited an early accommodation phase followed by confinement
within a narrow RMSD band, without sustained divergence across the 0—100 ns
interval. The CPD1-6GLS profile fluctuated predominantly around the 0.18-0.24
nm region, with intermittent excursions approaching 0.25 nm, whereas the Belzut-
ifan—6GL8 profile occupied a similar interval but displayed more frequent high-
-RMSD episodes (reaching 0.25-0.26 nm), particularly in the late-stage segment
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(Fig. 4A). The close overlap of both traces and the absence of progressive drift
support preservation of the overall protein conformation under both ligand-bound
conditions. To quantify late-stage equilibration, plateau RMSD values were defined
as the time-averaged RMSD over the final 30 ns of the trajectories (70—100 ns).
The plateau RMSD was 0.204+0.014 nm for CPD1-6GLS8 and 0.217+0.013 nm for
Belzutifan—6GL8, where the standard deviation reflects fluctuations within this
plateau window of a single trajectory.
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Fig. 4. Results of MD simulation for the bindings of CPD1 (blue) and Belzutifan (red) with
6GLS8 protein. A) RMSD, B) RMSF, C) Rg, D) Hbonds and E) SASA.
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The RMSF quantifies residue-level mobility around the time-averaged posit-
ion, thereby identifying locally flexible segments and relatively rigid cores. Within
the Gly7—-Gly203 interval, the RMSF profiles of both the CPD1-6GL8 and Belzut-
ifan—6GL8 complexes are low in amplitude and nearly superimposable, indicating
a structurally stable N-terminal region beyond the highly mobile initial residues.
After the sharp fluctuation at the beginning of the sequence, RMSF values rapidly
decrease and remain consistently low throughout this interval, generally around
0.04-0.06 nm, and rarely exceed 0.07—0.08 nm (Fig. 4B). No pronounced flexibility
peaks or ligand-dependent deviations are observed in this region, suggesting that
ligand binding has minimal impact on local dynamics within Gly7-Gly203, which
behaves as a relatively rigid structural core in both simulations.

Rg reflects the mass-weighted spatial distribution of atoms around the center
of mass and serves as a measure of global compactness. Both systems demonstrated
an early relaxation from the 1.46 nm region toward 1.44 nm, followed by sustained
oscillations within a constrained interval. The CPD1-6GLS8 trajectory remained
approximately within 1.42—1.46 nm, while Belzutifan—6GL8 generally occupied
1.42-1.47 nm and included a rare transient expansion close to 1.48 nm (Fig. 4C).
A mild upward shift for Belzutifan—6GLS8 during 70-95 ns was evident relative to
CPD1-6GL3, consistent with slightly reduced compactness in the reference-bound
state during that period.

Intermolecular hydrogen bonds provide directional constraints that can enhance
binding specificity and contribute to dynamic stability, although hydrophobic and
dispersive interactions frequently supply substantial stabilization in ligand—protein
complexes.35 The CPD1-6GL8 complex exhibited hydrogen-bond counts span-
ning 0-3, with the trajectory most commonly occupying 0-2 bonds and a short-lived
event reaching three near the early-mid portion of the simulation (Fig. 4D). Belzut-
ifan—6GL38 fluctuated mainly between 0 and 2 hydrogen bonds, with extended int-
ervals dominated by a single bond and intermittent two-bond events. The comp-
arative pattern indicates that CPD1 maintained a slightly broader polar-contact rep-
ertoire, while a more consistently sparse hydrogen-bond regime characterized Bel-
zutifan.

The SASA reports the degree of solvent exposure and can reflect changes in
global packing and surface rearrangements during molecular dynamics. Both sys-
tems displayed bounded SASA fluctuations across the entire trajectory (80-92
nm?2), without a monotonic drift suggestive of unfolding (Fig. 4E). A modest sepat-
ation emerged after 70 ns, where CPD1-6GLS tended toward higher SASA values
and larger excursions, while Belzutifan—6GL8 showed a comparatively lower env-
elope over the same interval, indicating subtle differences in solvent exposure des-
pite broadly stable global architecture.

Collectively, RMSD and Rg traces support sustained structural integrity for
both ligand-bound states across 100 ns, with CPD1-6GLS exhibiting slightly tighter
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late-stage confinement in global measures and a marginally richer hydrogen-
-bonding pattern. The RMSF distribution indicates that ligand-dependent effects
were localized rather than systemic, consistent with stable binding accompanied
by limited loop reorganization. When considered alongside the stronger docking
score previously obtained for CPD1, the MD readouts provide convergent support
for prioritization of CPD1 as the more favorable 6GLS8 binder under the simulated
conditions.

Free binding energy (MMGBSA) analysis

Molecular mechanics/generalized Born surface area (MM/GBSA) is a com-
monly applied approach in computational biochemistry and drug design for
approximating the binding free energy of a ligand—macromolecule complex. The
method integrates molecular mechanics energy terms with an implicit-solvent
treatment, where the generalized Born model represents electrostatic solvation and
a solvent-accessible surface area term accounts for nonpolar contributions. By
post-processing molecular dynamics trajectories rather than relying on fully exp-
licit solvent-free energy protocols, MMGBSA provides a comparatively efficient
route to ranking binding affinities while retaining physically interpretable energy
components.

Binding free energies for the CPD1-6GLS8 and Belzutifan—-6GL8 complexes
were assessed using the MM/GBSA approach. In this analysis, the reported binding
term represents an enthalpy-dominated estimate because configurational entropy
was not included; nevertheless, such treatment remains appropriate for comparat-
ive ranking between closely related protein—ligand systems. The mean values and
corresponding standard deviations describe the interplay between gas-phase stabil-
ization, arising from van der Waals and electrostatic interactions, and the opposing
(or compensating) influence of solvation, captured by polar and nonpolar solvent
contributions, thereby enabling mechanistic interpretation through energy-comp-
onent decomposition. Both systems display a favourable association, as indicated
by negative total binding energies. Configurational entropy change (—7AS) was
intentionally not included in the present MM/GBSA post-processing; therefore,
the reported ATOTAL values should be interpreted as enthalpy change-dominated
(AH-like) estimates rather than full binding free energy changes (AG). As detailed
in Table II, CPD1-6GLS8 shows a markedly more favorable mean ATOTAL of
—138.78+15.4 kJ/mol relative to Belzutifan—6GLS8 (—63.72+14.31 kJ/mol), corres-
ponding to an advantage of 75.06 kJ/mol for CPD1. This separation is primarily
attributed to stronger gas-phase interactions for CPD1, with AGGAS reaching
—258.49438.79 klJ/mol, compared with —183.47+41.59 kJ/mol for Belzutifan.
Within the gas-phase term, electrostatics contribute substantially to the difference:
AEEL is more stabilizing for CPD1 (-101.92+39.83 kJ/mol) than for Belzutifan
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(-52.01+35.77 kJ/mol). Van der Waals interactions remain favourable for both lig-
ands and further support CPD1 binding (AVDWAAALS =-156.57+14.85 kJ/mol
versus —131.46+16.44 kJ/mol). In contrast, the overall solvation contribution is
identical in mean magnitude for both complexes (AGSOLV = 119.754+27.91 kJ/mol
for CPD1 and 119.75+34.18 kJ/mol for Belzutifan). This equality reflects rounding
at the reported precision, because AGSOLYV is obtained as AEGB + AESURF and
the component means differ slightly between systems but yield the same rounded
sum. Consistently, the polar solvation term is comparable (AEGB = 141.88+28.53
kJ/mol for CPDI1; 138.91+35.10 kJ/mol for Belzutifan), whereas the nonpolar
component is slightly more favorable for CPD1 (AESURF = -22.13+1.84 kJ/mol)
than for Belzutifan (—19.16+2.3 kJ/mol). Variability in the total binding estimate
remains similar between systems, with standard deviations of 15.40 and 14.31
kJ/mol for CPD1 and Belzutifan, respectively, indicating a consistent energetic pre-
ference for CPD1, primarily driven by stronger gas-phase stabilization, particularly
electrostatic complementarity.

TABLE II. Changes in free energy of binding obtained using MM/GBSA calculations

Average, kJ/mol Standard deviation

Energy component - -
CPD1-6GL8 Belzutifin-6GL8  CPD1-6GL8 Belzutifan-6GLS8

AVDWAAALS -156.57 —131.46 14.85 16.44
AEEL -101.92 -52.01 39.83 35.77
AEGB 141.88 138.91 28.53 35.10
AESURF —22.13 —-19.16 1.84 2.30
AGGAS —258.49 —183.47 38.79 41.59
AGSOLV 119.75 119.75 27.91 34.18
ATOTAL —138.78 —63.72 15.40 14.31

ADMET prediction analysis

In silico ADMET profiling was conducted to characterize the predicted phar-
macokinetic behavior and safety-relevant alerts of CPD1 in comparison with the
reference compound Belzutifan, with descriptors organized into absorption, distri-
bution, metabolism, excretion and toxicity domains. This side-by-side evaluation
provides an integrated basis for identifying potential liabilities and prioritizing
candidates within an in silico modeling framework focused on selected phloroglu-
cinol derivatives from R. tomentosa and their prospective utility against cervical
cancer.3¢ The predicted ADMET parameters for CPD1 and Belzutifan are sum-
arized in Table III.

Regarding absorption, both molecules exhibit closely matched predicted aque-
ous solubility, with water solubility (mol/L) log values of —4.749 for CPD1 and
—4.733 for Belzutifan, indicating comparably limited dissolution under the applied
model. Membrane permeability, however, differentiates the profiles: Belzutifan
presents higher Caco-2 permeability (log (Papp/10~6 cm s~1) = 1.282) than CPD1
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(1.109), whereas CPD1 shows stronger predicted human intestinal absorption
(98.254 %) relative to Belzutifan (92.996 %). Skin permeability estimates remain
similar, with log Kp values of —2.736 for CPD1 and —2.784 for Belzutifan. Trans-
porter-related annotations further distinguish the compounds, as CPD1 is predicted
to be a P-glycoprotein substrate, whereas Belzutifan is not. Both compounds are
flagged as P-glycoprotein I inhibitors; however, only CPD1 is expected to inhibit
P-glycoprotein I1.

TABLE III. Predicted ADMET properties of CPD1 and Belzutifan

ADMET property CPDI1 Belzutifan
Log (Water solubility in mol/L) —4.749 —4.733
Caco2 permeability log (Papp/10© cm s71) 1.109 1.282
Intestinal absorption (Human), % 98.254 92.996
Skin permeability (log Kp) -2.736 -2.784
P-glycoprotein substrate Yes No
P-glycoprotein I inhibitor Yes Yes
P-glycoprotein II inhibitor Yes No
Log (VDss in L/kg) —0.152 0.684
Fraction unbound (human), Fu 0.035 0.014
BBB permeability (log BB) 0.192 —-1.105
CNS permeability (log PS) -2.605 -3.167
CYP2D6 substrate No No
CYP3A4 substrate Yes Yes
CYP1A2 inhibitor No Yes
CYP2C19 inhibitor Yes Yes
CYP2C9 inhibitor Yes Yes
CYP2D6 inhibitor No No
CYP3A4 inhibitor No No
Log (Total clearance in mL/(min kg)) 0.212 0.291
Renal OCT?2 substrate No No
AMES toxicity No No
Log (Max. tolerated dose (human) in mg/(kg day)) —-0.049 0.291
hERG I inhibitor No No
hERG II inhibitor Yes No
Oral rat acute toxicity (LD50), mol/kg 2.543 2.775
Log (Oral rat chronic toxicity (LOAEL), mg/(kg_bw day)) 1.618 0.892
Hepatotoxicity No Yes
Skin sensation No No
Log (Tetrahymena pyriformis toxicity in pg/L) 0.292 0.419
Log (Minnow toxicity in mM) -0.89 1.344

Distribution descriptors indicate divergent systemic disposition tendencies. A
lower predicted steady-state volume of distribution is observed for CPD1 (log
VDss/L kg1) =—0.152) compared with Belzutifan (0.684), consistent with a more
constrained distributional extent for CPD1 within this output. The predicted
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unbound fraction in human plasma is higher for CPD1 (Fu = 0.035) than for
Belzutifan (0.014), suggesting greater free-drug availability for CPD1 according
to the model. Central exposure indices also differ: BBB permeability is positive
for CPD1 (log BB = 0.192) but strongly negative for Belzutifan (—1.105), and CNS
permeability follows the same directionality, with CPD1 showing less negative log
PS (-2.605) than Belzutifan (-3.167), indicating comparatively higher predicted
central penetration for CPD1. Because BBB penetration is not a therapeutic
requirement for cervical cancer, the positive BBB permeability prediction for
CPD1 is discussed primarily as a distribution/safety consideration rather than a
clinical advantage.

Metabolism-related predictions highlight shared and distinct CYP interaction
patterns. Neither compound is categorized as a CYP2D6 substrate, while both are
predicted CYP3A4 substrates. Inhibitory flags overlap for CYP2C19 and CYP2C9,
which are positive for both CPD1 and Belzutifan. A key divergence is seen for
CYPI1A2 inhibition, which is negative for CPD1 but positive for Belzutifan. No
inhibition is predicted for CYP2D6 or CYP3 A4 in either compound under the same
settings.

Excretion estimates indicate a modestly higher predicted total clearance for
Belzutifan (0.291) compared to CPD1 (0.212). Renal OCT?2 substrate status is neg-
ative for both ligands, indicating no OCT2-associated renal transport designation
in the present output.

Toxicity endpoints reveal both shared reassurance signals and notable compound-
-specific alerts. AMES toxicity and hERG I inhibition are negative for both CPD1
and Belzutifan. In contrast, hERG II inhibition is predicted for CPD1 but not for
Belzutifan, indicating a differential cardiac liability flag in this dataset. The pre-
dicted hERG II inhibition flag for CPDI1 is an in silico alert (pkCSM-based) and
should not be interpreted as confirmed cardiotoxicity; experimental electrophys-
iology assays would be required to validate this risk. Hepatotoxicity is expected to
be negative for CPD1 and positive for Belzutifan, representing a prominent separ-
ation in safety-relevant alerts. Quantitative indices further differentiate tolerability
and toxicity: the log of maximum tolerated dose (human) is —0.049 for CPD1 and
0.291 for Belzutifan; oral rat acute toxicity (LD50) is 2.543 mol/kg for CPDI1 and
2.775 mol/kg for Belzutifan; log of oral rat chronic toxicity (LOAEL) is higher for
CPD1 (1.618) than for Belzutifan (0.892). Skin sensitization is negative for both.
Ecotoxicity-associated descriptors indicate higher log of predicted Tetrahymena
pyriformis toxicity for Belzutifan (0.419) than CPD1 (0.292), while log of minnow
toxicity differs markedly, with CPD1 at —0.89 and Belzutifan at 1.344.

Overall, the ADMET output indicates broadly similar solubility and dermal
permeability for CPD1 and Belzutifan, while suggesting higher intestinal absorption
for CPD1, despite its lower Caco-2 permeability. Distributional behavior differs
substantially, with CPD1 exhibiting lower VDss yet higher predicted unbound
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fraction and less restricted BBB/CNS permeability compared with Belzutifan.
Metabolic interaction potential overlaps through CYP3A4 substrate status and
CYP2C19/CYP2C9 inhibition, whereas a CYP1A2 inhibition flag is restricted to
Belzutifan. Safety-related predictions indicate an absence of hepatotoxicity for
CPD1, alongside a hepatotoxicity alert for Belzutifan. A hERG II inhibition flag
emerges for CPD1, but not for Belzutifan. These distinctions provide a mechanistic
basis for prioritization and risk awareness in subsequent computational and expe-
rimental validation of phloroglucinol-derived candidates targeting cervical cancer-
-relevant pathways.

Quantum chemistry computation using the DFT method

DFT is indeed crucial for natural compounds and drug design, as it helps
predict molecular structures, properties, binding affinities to targets, reaction path-
ways and simulate interactions. This speeds up the discovery of new medicines
from nature by understanding how molecules work and fit together, optimizing
lead compounds and reducing experimental costs.3” DFT calculations were thus
performed, following the classical modeling workflow, to characterize the electro-
nic structure and infer reactivity-associated features of CPDI1 relative to the refer-
ence compound, Belzutifan. The computed set included EHOMO (eV), ELUMO
(eV), AE (eV), u (eV), x (eV), n (eV), ¢ (eV-!) and w (eV), collectively describing
frontier-orbital energetics, resistance to charge redistribution and electrophilic
behavior, Table IV. Within this context, EHOMO relates to electron-donating pro-
pensity, whereas ELUMO reflects electron-accepting capacity; the AE between
these orbitals serves as an indicator of electronic stability versus chemical res-
ponsiveness.38

TABLE IV. DFT calculations for CPD1 and Belzutifan; EHOMO: energy of highest occupied
molecular orbitals; ELUMO: energy of lowest unoccupied molecular orbitals; AE: energy gap;
u: chemical potential; y: electronegativity; #: hardness; o: softness; w: electrophilicity index
Molecule EHOMO/eV ELUMO/eV AE/eV ul/eV x/eV n/eV o/eV! w/eV

CPD1 —7.7313 —4.7815 2.9498 —6.2564 6.2564 1.4749 0.6780 13.2696
Belzutifan —9.9400 1.3289 11.2689 —4.3056 4.3056 5.6345 0.1775 1.6450

For CPD1, EHOMO is —7.7313 eV, higher than the value obtained for Belzut-
ifan (-9.9400 eV), supporting a comparatively greater tendency toward electron
donation under the applied computational conditions (Table IV). A pronounced
divergence is observed for ELUMO, where CPDI1 retains a negative value (—4.7815
eV) while Belzutifan exhibits a positive ELUMO of 1.3289 eV, consistent with a
substantially lower-lying acceptor orbital for CPD1. In accordance with these fron-
tier-orbital positions, CPD1 presents a markedly smaller AE of 2.9498 eV relative
to Belzutifan (11.2689 eV). This pattern aligns with enhanced electronic polar-
izability and higher potential chemical responsiveness for CPD1, whereas the

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

(CC) 2026 Serbian Chemical Society.



IN SILICO MODEL OF PHLOROGLUCINOL CERVICAL CANCER 473

wider gap in Belzutifan is consistent with greater stabilization of frontier orbitals.
Global descriptors further reinforce these differences. Electronegativity y is higher
for CPD1 (6.2564 eV) than for Belzutifan (4.3056 eV), accompanied by a more
negative chemical potential u for CPD1 (-6.2564 eV) compared with Belzutifan
(—4.3056 eV), reflecting the expected inverse correspondence between u and y
within this descriptor set. Hardness 7 is substantially lower for CPD1 (1.4749 eV)
than for Belzutifan (5.6345 eV). The reciprocal softness o is consequently higher for
CPD1 (0.6780 eV-!) than for Belzutifan (0.1775 eV-1), indicating reduced resist-
ance to electron-density deformation for CPD1 (Fig. 5). Finally, the electrophilicity
index w is markedly elevated for CPD1 (13.2696 eV) relative to Belzutifan (1.6450
eV), indicating a stronger electrophilic character for CPD1 in the present DFT
dataset.

LUMO
LUMO

-4.7815 eV

f

2.9498 eV

1.3289 ¢V

}
11.2689 eV
1

-9.9400 eV

Energy (eV)
HOMO - LUMO
Energy gap

Energy gap

-1.7313 eV

Energy (eV)
HOMO - LUMO

HOMO

N . '
HOMO |
A
b

Fig. 5. HOMO and LUMO surface diagrams of: CPD1 (A) and Belzutifan (B).

Frontier-orbital and global reactivity indices primarily reflect intrinsic electronic
responsiveness and should not be interpreted as stand-alone predictors of anticancer
activity. Here, the smaller AE and higher w of CPD1 are viewed as facilitating
polarization and charge redistribution upon complexation, which aligns with the
more favorable gas-phase contribution, especially AEEL, observed in the MM/GBSA
decomposition. This electronic context complements the docking/MD observation
that CPD1 is stabilized largely by dispersive and hydrophobic packing within the
6GL8 cavity, while experimental validation remains necessary to link electronic
descriptors to biological response. A formal correlation analysis between DFT des-
criptors and binding energies was not performed in the present dataset; accordingly,
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any linkage between electronic indices and binding behavior is discussed as a qual-
itative rationale rather than a demonstrated relationship.

CONCLUSION

This work integrated molecular docking, molecular dynamics, MM/GBSA,
ADMET prediction, and DFT descriptors to evaluate phloroglucinol derivatives
from R. tomentosa against the 6GLS target in a cervical cancer-relevant context.
CPDI1 consistently ranked highest, showing the best docking score (—37.36 kJ/mol)
versus Belzutifan (—25.73 kJ/mol) with extensive engagement of the conserved
pocket, and stable MD behavior over 100 ns. MM/GBSA supported stronger binding
for CPD1 (ATOTAL =-138.78+15.4 kJ/mol) than Belzutifan (—63.72+14.31 kJ/mol),
driven by more favorable gas-phase interactions (AGGAS = —258.49+38.79 vs.
—183.47+41.59 kJ/mol) while AGSOLYV remained equal (119.75 kJ/mol). ADMET
outputs indicated similar solubility but higher intestinal absorption for CPDI,
alongside distinct safety/transport alerts (hepatotoxicity negative yet hERG II posi-
tive for CPD1; hepatotoxicity positive yet hERG II negative for Belzutifan). DFT
further characterized CPD1 by a smaller AE (2.9498 vs. 11.2689 e¢V) and higher w
(13.2696 vs. 1.6450 eV), supporting greater electrophilic character, which is inter-
preted as an electronic-property context for binding energetics rather than a direct
surrogate for biological potency, and is presented as supportive electronic context
in the absence of correlation analysis.

Despite the utility of computational screening for triaging candidates, exper-
imental confirmation remains essential to establish the translational robustness of
findings. A further limitation of this study is that Belzutifan, although used here as
a reference compound under the same computational protocol, is not a canonical
Bcl-2 inhibitor. Therefore, comparisons against Belzutifan should be interpreted
cautiously and not as equivalent to benchmarking against a target-validated Bcl-2
inhibitor. No in vitro or in vivo validation is available within the present dataset,
limiting inference beyond the predicted binding and property space. Future work
should prioritize biochemical target-engagement assays, cell-based efficacy testing
in cervical cancer models, and safety-oriented profiling that addresses electrophys-
iology-relevant endpoints, hepatic liability and absorption, distribution, metab-
olism and excretion (ADME) behavior. Additional limitations include the absence
of an explicit entropic term in MM/GBSA and the lack of dedicated evaluation of
off-target or unintended covalent mechanisms. If subsequent experimental studies
corroborate potency and an acceptable safety margin, progression toward more
advanced preclinical characterization would be justified, with the current comput-
ational results providing a mechanistic foundation to guide rational follow-up and
lead optimization.
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n3BOJ

IN SILICO MOJEJIOBALE OJABPAHHUX ®JIOPOITIYHHMHOJICKUX JEPUBATA U3
Rhodomyrtus tomentosa: MEXAHUCTUYKH YBU] Y BbUXOB ITOTEHIIUJAJI ITIPOTUB
KAPIUHHOMA T'PJINhA MATEPUIIE

HUNG DUC NGUYEN
Thai Nguyen University of Education, 24000 Thai Nguyen, Vietnam

KapuuHom rpnuha marepuue ocraje jeman o Bopehux y3poka odosieBama U CMPTHOCTH
Ha I7100aJIHOM HUBOY, a TPUMapHH NOKpeTay je Mep3ucTeHTHa WHeKHja BUCOKO-PH3UIHUM
tunosuma HPV. ITpuponuu GaoporTynuHONCKH gepuBati U3 Rhodomyrtus tomentosa mokasanu
Cy NOTeHLMjal NIPOTHUB kapUuHOMa rpiavha maTepulle, ail BUXOBU MEXaHU3MHU [TOBE3aHHU Ca
arnoITO30M U Jla/be Cy HEJJOBO/bHO PasjallilbeHd. Y 0BOM pamy, ofadpaHu ¢ioporTyLUHOICKH
IepUBaTU MPOLEHEHH Cy Kao MOTEHUHjaTHH HHXUOUTOPU aHTH-aNoNTOTCKOT poTerHa Bcl-2
(PDB: 6GL8) npuMeHOM WHTErpHcaHor in silico mpucTyna Koju odyxBaTta MOJIEKY/ICKH JOKHHT,
100 ns momnekyncky nuHamuky, MM/GBSA mpoueny cnobonHe eHepruje BesuBawa, ADMET
npodunucame 1 DFT aHanmu3y eIeKTPOHCKUX CBOjCcTaBa. JJOKUHT pe3ymiTaTH cy u3psojunu CPD1
Kao HajroBOsbHHjU urang (—37,36 kJ/mol), Somu on Sensyrudana (—25,73 kJ/mol), y3 cTadu-
JIHO yK/Ianawe y KOH3epBHpaHH Be3yjyhu unen. Tpajexktopuje MD cumynauuja noppxane cy
crabunao popmupame komiiekca Tokom 100 ns. MM/GBSA ananusa BogaTHO je ykasana Ha
jaue BesuBame CPD1 (ATOTAL = -138,78%15,4 kJ/mol) y omnocy Ha Oensytudan
(-63,72114,31 kJ/mol), npe cBera ycien MOBOBHUjUX UHTEPAKIHja y TacHOj dasH, y3 3amp-
JKaBame yIIOpeAnBOr conBaTauuoHor gornpuHoca. ADMET npensubama ykasana cy Ha CIMYHY
PacTBOP/BUBOCT, ald M Behy MHTecTHHANHYy ancoprnudjy CPD1, kao u mpucycrso hERG II
CUrHajIa KOjHU 3aXTeBa Aajby ONTHMHU3ALHU)Y Y KOHTEKCTY KapAUOTOKCHYHOCTH. Jodujenu DFT
TDEeCKpUITOPH Cy Y CKJIafly ca IojayaHuM enekTpouiHuM kapaktepom CPD1. Y uennnu, CPD1
jé pauyHapCKH HOeHTH(UKOBAH Kao ITPUOPUTETHH CKeJIeT 3a Jjaby eKCIIepUMEHTaIHy BaslH-
Ialujy U CTPYKTypaHO BOheHy ONTUMHU3ALIH]Y.

(ITpumsseno 13. peuemdpa 2025, pesusupano 26. dedpyapa, npuxsaheno 23. mapta 2026)
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Abstract: Crystal violet is a cationic dye that poses serious environmental risks
when accumulated in aquatic ecosystems due to its high toxicity to living org-
anisms. Therefore, effective treatment methods are required to remove this dye
from wastewater. In this study, a chitosan (Cs)-based bioadsorbent membrane,
cross-linked with vanillin (V) and modified with gelatin (G), was developed to
adsorb crystal violet dye. The chitosan/vanillin membrane was mixed with gel-
atin at various concentrations of 0.5 (CsVG1), 0.75 (CsVG2) and 1 % (CsVG3).
The adsorption process was examined as a function of pH, contact time, initial
dye concentration and temperature. Physicochemical characterization of the
membranes included porosity, swelling degree, water absorption, FTIR and SEM
analysis. The results showed that the optimal parameters for dye adsorption were
pH 6, contact time of 80 min, and temperature of 298 K, resulting in 88 % dye
removal. The adsorption kinetics followed a pseudo-second-order model and the
Freundlich model best described the adsorption isotherm. The thermodynamic
analysis demonstrated that the adsorption process was spontaneous and exother-
mic. Thus, the CsVG membrane has the potential to serve as an effective
alternative for removing crystal violet from textile industrial wastewater.

Keywords: biopolymers; bioadsorbent; adsorption membrane; dye removal.

INTRODUCTION

Industrial waste containing synthetic dyes poses substantial risks to environ-
mental integrity and public health. Dyes in water can reduce light penetration and
lower dissolved oxygen levels, disrupting the photosynthesis of aquatic organisms.
Furthermore, these dyes have the potential to cause carcinogenic and mutagenic
consequences in aquatic creatures and humans.! It is estimated that approximately
800,000 t of dyes are produced each year, of which about 20 % are discharged into
water bodies at the final stage of industrial processes.2 One type of synthetic dye
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that is widely used is cationic dyes, such as crystal violet. The chemical com-
position of these dyes is characterized by a complex, highly stable aromatic
structure, which renders them difficult to degrade naturally.3 Crystal violet can
significantly reduce the amount of light that passes through and alter the
appearance of water, even at low concentrations.# Given these challenges, recent
research highlights the importance of developing practical, environmentally
friendly ways to remove these dangerous compounds.

Various waste treatment methods have been developed, such as adsorption,
flocculation, membrane filtration, photocatalysis and ion exchange.5-¢ Among
these technologies, adsorption is a viable approach for dye waste treatment owing
to its high efficacy, cost-effectiveness and operational simplicity. The choice of
adsorbent material significantly influences the adsorption process; however, tradit-
ional adsorbents, such as commercial activated carbon, have drawbacks including
elevated production and regeneration costs, limited selectivity, and reduced reus-
ability.

To improve the efficiency of the adsorption process, bio-based materials are a
promising alternative because they are simple, effective and utilize renewable
resources. The increasing demand for environmentally friendly processing techno-
logies has encouraged the use of natural biopolymers as efficient adsorbents.
Recent studies show that biopolymers such as cellulose, chitin and chitosan are
gaining attention for dye adsorption applications due to their abundance, afford-
ability and customizable properties, including surface area, pore size and volume,
ease of modification and environmental sustainability.” The review also confirms
that chitosan is a superior candidate material as a membrane base for effective dye
removal in wastewater treatment.

Chitosan is a biopolymer produced by the deacetylation of chitin extracted
from marine crustaceans, formed from basic structural units of amino glucose and
N-acetyl amino glucose connected by f-1,4-glycosidic bonds.® Chitosan-based
adsorbents are effective for dye adsorption owing to their high surface area, numer-
ous functional groups and good biocompatibility. Chitosan contains numerous
amino and hydroxyl groups, which are crucial for its interaction with dyes.%10
Chitosan’s solubility in acidic solutions and its limited mechanical strength neces-
sitate physical and chemical modifications to improve stability and adsorption
efficiency.!! Vanillin is a phenolic aldehyde that can serve as a natural cross-link-
ing agent due to its non-toxic properties and its ability to enhance the mechanical
properties of chitosan membranes, thereby offering a safer alternative to synthetic
cross-linking agents such as glutaraldehyde.!! Gelatin is a mixture of peptides and
proteins produced from the controlled hydrolysis of collagen. Gelatin has a high
adsorption capacity due to the presence of hydroxyl, carboxyl and amino groups
along its molecular chain,!2 thereby increasing the number of active sites on the
membrane for dye adsorption.
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In this study, vanillin-crosslinked chitosan membranes were synthesized via a
Schiff base modification reaction on chitosan, then combined with gelatin to
increase the number of active sites on the membrane surface during dye removal
from aqueous solutions. The chitosan/vanillin/gelatin (CsVG) membrane was
characterized to determine its physicochemical properties using swelling degree
tests, Fourier transform infrared spectroscopy (FTIR), scanning electron micro-
scopy (SEM) and X-ray diffraction (XRD). Crystal violet was used as a model
toxic cationic dye to assess the adsorption capacity of the CsVG membrane. The
adsorption mechanism, isotherm model, kinetics and thermodynamic parameters
were also analyzed to understand the interaction process between the dye and the
membrane. The novelty of this research is that there are no reports in the literature
describing the use of modified chitosan, vanillin and gelatin biopolymers as ads-
orbent membranes for the removal of crystal violet dye. The development of CsVG
membranes as adsorbent membranes is expected to be a promising technology for
effective, environmentally friendly dye removal from wastewater.

EXPERIMENTAL
Materials

The materials used in this study were chitosan (MW = 40,000 g/mol, DD = 88.5 %, Cv.
Bio Chitosan Indonesia), CH;COOH (MW = 131.11 g/mol, Merck), NaOH (MW = 40 g/mol,
Merck), vanillin (MW = 152.15 g/mol, Merck), gelatin (Merck), crystal violet (C,5H3(,CiNj3,
BM=407.98 g/mol, Merck), HCI, (37 %, Merck) and distilled water.

Synthesis of chitosan membrane

1.5 g of chitosan was dissolved in 100 mL of 1 % acetic acid. The solution was stirred
continuously for 24 h at room temperature. The resulting chitosan solution was poured into a
Petri dish and dried at 40-50 °C. The chitosan membrane was immersed in 1 M NaOH, washed
with distilled water and then dried.

Synthesis of chitosan/vanillin/gelatin (CsVG) membrane

Chitosan (1.5 g) was dissolved in 60 mL of 1 % acetic acid solution with stirring for 24 h
at room temperature. Separately, vanillin (0.5 g) was dissolved in 100 mL of 1 % acetic acid
and stirred for 2 h at 50 °C. The gelatin solution was prepared by dissolving gelatin in 100 mL
of distilled water at 50 °C with agitation for 2 h, at concentrations of 0.5 (CsVG1), 0.75
(CsV@G2) and 1 % (CsVG3). The chitosan solution was subsequently combined with 20 mL of
vanillin solution and agitated for 4 h at 60 °C to facilitate cross-linking reactions. Next, the
gelatin solution was added to the chitosan—vanillin mixture, and stirring was continued for 24 h
until a homogeneous solution was formed. The resulting solution was then poured into Petri
dishes and dried at 50 °C until a membrane was formed. The preparation process of the CsVG
membrane is illustrated in Fig. 1.

Characterization of membrane

All CS, CS/Van, and Cs/Van/Gel (CsVG) membranes were characterized using various
analytical techniques. Fourier-transform infrared (FTIR) spectra were recorded in the range of
4000-400 cm! at a resolution of 1 cm! resolution with 25 scans per measurement using a
Shimadzu FTIR spectrometer to identify changes in functional groups and the formation of new
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bonds. The crystal structure was analyzed using X-ray diffraction (XRD) using a Rigaku Mini-
flex 600 instrument with CuKa radiation over a 26 range of 3—70° scanning angle with a step
size of 0.02° and a scan rate of 1° min. Dye concentrations were analyzed using a UV—Vis
spectrophotometer (Shimadzu UV-1280, serial No. A120660) at the maximum wavelength of
each dye. Surface morphology images were obtained using a scanning electron microscope
(SEM, Thermo Scientific Quattro S).

o]
. -
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24h
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Crystal Violet Adsorption

Fig. 1. Schematic diagram illustrating the preparation and dye adsorption processes of a
Cs/Van/Gel membrane.

Point of zero charge (pzc)

The pHpzc of the membrane was determined through the pH shift method. 50 mL of a 0.1
M NaCl solution was prepared for the experiment. The pH of the solution was adjusted to range
from 2 to 12 using 0.1 mol NaOH and 0.1 mol HCI. Each solution received 0.05 g of membrane
and was allowed to stabilize for 24 h. The final pH value was recorded. The pHpzc value was
determined by plotting ApH against pH; and identifying the point at which ApH equaled zero.
ApH can be calculatedas:

ApH = pH; —pH; (M
where pH; is and pHy are initial and final pH, respectively.!3
Physical characteristics of membranes
The membrane porosity was determined by the gravimetric method at room temperature
and neutral pH. The membrane's initial weight was measured, and it was then immersed in water
for 24 h. The immersed membrane was removed from the water, excess water was removed by

draining on tissue paper, and it was weighed again. For each membrane, the test was repeated
three times, and the porosity value was calculated using Eq (2)

Porosity = 100w —1d

VimPw @
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where wy is the dry membrane mass (g), w,, is the wet membrane mass after being immersed in

distilled water for 24 h (g), V,, is the membrane volume (cm?3) and p,, is the density of water (1
/cm?3). 14

g/cm?).

To determine the degree of swelling in water, the membrane was measured for its initial
and final diameters after immersion in water for 24 h. The test was conducted three times. The
swelling ratio was calculated using Eq. (3), where /,, is the wet membrane diameter after immer-
sion (cm) and /; is the dry membrane diameter (cm):15

Swelling = 1001l 3)
ly
Water absorption was calculated from the dry membrane weight and the membrane weight
after 5 h of soaking. Every hour, the membrane was dried and then weighed. Eq. (4) shows the
relationship between the wet membrane and the dry membrane mass used to determine the water
uptake value:!©
Wy — Wd

Water uptake =100——— 4)
Wd

Dye adsorption study

The adsorption test was based on the work by Farasati Far.!” To make a 1000 mg/L stock
solution of crystal violet, 1 g of dye was dissolved in 1 L of distilled water until fully dissolved.
The initial test was conducted using 50 mL of a 5 mg/L dye solution, with a contact time of 2
hours, a solution temperature of 25 °C, and a pH ranging from 4.0 to 8.0 adjusted by adding
HC1 (0.01 M) and NaOH (0.01 M). The dye solution and membrane were placed in an Erlen-
meyer flask and stirred with a shaker at 150 rpm. After that, 5 mL of the dye solution was taken,
and its absorbance was measured at 591 nm. The test continued with different settings, including
contact time (20, 60, 80, 100 and 120 min), initial dye concentration (3, 5, 7, 9 and 12 mg/L)
and temperature (25, 35 and 45 °C). We systematically tested these parameters to determine the
optimal conditions for crystal violet adsorption. The dye removal efficiency was determined
using Eqgs. (5) and (6):

G—¢

g=—-V ©®)

Ci
RE%=1005—"% (6)
G
Re% is the removal efficiency, ¢; and ¢, (mg/L) are the initial and final concentrations or
equilibrium concentrations of the cationic dye crystal violet, V' is the solution volume (L), and
w is the mass of adsorbent (g).
Adsorption kinetics

The adsorption kinetics of the crystal violet dye were analyzed to understand the rate and
mechanism of adsorption. The kinetic study was conducted using two commonly used models:
first-order and second-order.

Pseudo-first order kinetics

This analysis is based on the principle that the adsorption rate is directly proportional to
the difference between the maximum adsorption capacity and the amount of dye adsorbed at a
given time. Linear and non-linear forms of the pseudo-first-order model were used.'8
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Pseudo-second-order kinetics

The pseudo-second-order kinetic model indicates that the adsorption process is influenced
by intricate interactions, such as chemical bonding or the involvement of adsorption sites, sug-
gesting a slow equilibrium system, particularly at elevated concentrations of the substance.!’
The linear and non-linear forms of the pseudo-second-order model were used.

Adsorption isotherm

An adsorption isotherm is an adsorption phenomenon that occurs at a constant tempe-
rature. The adsorption isotherm was studied using the Langmuir?® and the Freundlich?! models.
Thermodynamics of adsorption

The effect of temperature on dye adsorption was investigated to evaluate the thermodyn-
amics of adsorption. Thermodynamic parameters such as Gibbs energy change (AG), enthalpy
change (AH) and entropy change (AS) can be calculated to provide a comprehensive under-
standing of the adsorption process.2? Analysis of thermodynamic parameters is useful for ana-
lyzing the nature of adsorption interactions and the stability of the complexes formed.3

RESULTS AND DISCUSSION
Preparation of Cs/Van/Gel (CsVG) membrane

The polymer chain of chitosan, a cationic polysaccharide, has a high density
of hydroxyl and amino groups.!9 A positively charged ammonium group (-NH3™)
was created by protonating the amino groups in chitosan after it was dissolved in
acetic acid for this investigation. To enhance the membrane’s properties, it was
modified via vanillin cross-linking. The mechanism of the cross-linking reaction
between chitosan and vanillin involves two different stages. The first stage inv-
olves the aldehyde group of vanillin reacting with the amine group of chitosan to
form a Schiff base and an imine group. The imine group indicates that chitosan has
been successfully cross-linked with vanillin. The covalent bonds formed during
cross-linking can increase the membrane’s mechanical strength. During the second
stage, hydrogen bonds form between the hydroxyl group of vanillin and the hyd-
roxyl group of chitosan or gelatin, thereby enhancing hydrophilicity and fostering
a more organized structure.25 Gelatin is subsequently incorporated via mixing to
enhance the membrane’s active sites. The -NH3" group on protonated chitosan
interacts with the carboxylate group on gelatin, which is often negatively charged
in solution, thus generating electrostatic interactions.2® The functional groups on
chitosan and gelatin interact with the target chemicals, establishing hydrogen bonds.

Characterization studies

FTIR Analysis. The FTIR spectrum of the membrane shown in Fig. 2 confirms
that changes occur at various stages of modification. Based on Fig. 2, chitosan
shows peaks at 3358 (O—H stretching) and 3293 (primary N-H), 2878 (C-H
stretching with CH, symmetry), 1644 and 1589 (amine twin groups), 1378 (asym-
metric C-H from CH,) and 1028 cm~! (C-O-C). In the Cs/VAN membrane
spectrum, the peaks at 3354 and 3297 cm! shifted from the chitosan spectrum due
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to the formation of hydrogen bonds between the NH»> of chitosan and the OH of
vanillin.27 The peak at 1644 cm! in chitosan shifted to 1639 cm™!, indicating C=N
stretching vibrations, which indicate the formation of a Schiff base bond between
the vanillin aldehyde group and the chitosan amine group.28 The overlap of C=0
stretching vibrations originating from the secondary amide group in chitosan can
make C=N stretching difficult to identify in the FTIR spectrum.2® The broad peak
at 1588 cm™1, assigned to N—H bending vibrations of a secondary amine, becomes
weaker, indicating that some of the amine groups have been involved in the cross-
-linking process.30 In addition, a peak at 1503 cm™! is attributed to the benzene
ring of vanillin, and a peak at 827 cm~! corresponds to the bending vibration of
the phenolic hydroxyl group in vanillin. This is similar to the study by Zhang,3! in
which the addition of vanillin produced a new peak at a wavelength of 1633 cm™!
(C=N), a shift in the absorption peak of the benzene ring from 1584 to 1586 cm™1,
and a peak at 857 cm! indicating the phenolic -OH group.
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Fig. 2. FTIR spectra of Cs, Cs/VAN, G1 (Cs/Van/Gel 0.5 %), G2 (Cs/Van/Gel 0.75 %), G3
(Cs/Van/Gel 1 %) in different wavelength regions.

In the CsVG1, CsVG2, and CsVG3 membrane spectra, the OH and —NH
bands shifted to lower wavenumbers because these peaks indicate intermolecular
hydrogen bonds from the hydroxyl group and NH stretching from the amide group
in gelatin and chitosan. At the same time, the peak at a wavelength of 1637 cm™!
confirms the formation of imine bonds (C=N). The C-O and C-N group peaks
appear at 1024 cm1.

XRD Analysis. The XRD patterns of Cs, Cs/VAN and CsVG2 membranes are
shown in Fig. 3. Pure Cs exhibits two characteristic semi-crystalline peaks at 26
10.89 and 20.36°,32 which are related to the partial regularity of the polymer chain
due to intra- and intermolecular hydrogen bonds between the NH,; and OH
groups.33 The diffraction peak at about 20° became broader and less intense after
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cross-linking with vanillin. It also moved to 26 22.29°. This change shows that
chitosan and vanillin interact at the molecular level, altering the regularity of the
chitosan structure. The lower intensity indicates that crystallinity has decreased
because there are fewer free NH, groups.34

In the CsVG membrane, a new reflection appears at 26 16.99° and a peak shift
from 20.36 and 22.33° and in the Cs peak shift from 22.42 to 23.39°. The shift to
a higher angle indicates a decrease in d-spacing and the formation of a more com-
pact polymer network through interactions among chitosan, vanillin, and gelatin.

— CSVG2
—— Cs/VAN
—Cs

Intensity (a.u)

0 10 20 30 40 50 6 7 Fig 3. X-ray diffraction patterns of Cs,
20 Cs/VAN and CsVG2 membranes.

SEM Analysis. Scanning electron microscopy (SEM) images of the Cs,
Cs/VAN and CsVG membrane surfaces are shown in Fig. 4.

In Fig. 4a, SEM analysis of the chitosan membrane reveals an uneven, dense
surface morphology with no visible voids, indicating reduced permeability and
adsorption capacity. Fig. 4b illustrates the cross-sectional morphology of the Cs/
/VAN membrane surface, showing a smoother surface accompanied by the form-
ation of cavities. This may be due to cross-linking, which can significantly affect
the film’s internal microstructure, including cavities, adhesion, smoothness and
compactness. The uniformity of the pores is due to the formation of Schiff bases
and hydrogen-bond interactions arising from vanillin cross-links. In Fig. 4c, the
CsVG2 membrane with a gelatin concentration of 0.75 % exhibits a more consist-
ent and smoother surface than the chitosan and chitosan/vanillin membranes, and
it shows visible pores. This indicates good homogeneity among chitosan, gelatin
and vanillin. The addition of gelatin to the membrane produces a smoother surface
with a more homogeneous structure, thereby increasing water absorption.3> Res-
earch by Bakouri30 also shows that cross-sections of arginine-modified chitosan/
/gelatin films exhibit a similar dense internal structure, indicating a smooth, uni-
form cross-section. The more porous structure of the CsVG membrane results from
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electrostatic interactions between chitosan and gelatin, which form a sponge-like
structure that enhances the membrane's overall integrity.

Fig. 4. SEM images at 500x magnification of: a) Cs, b) Cs/VAN and c¢) CsVG2 membranes
after adsorption.

Point of zero charge. The point of zero charge (pHpzc) is the pH value at
which the surface charge of the adsorbent is neutral.13 At pH values below the
pHpzc, Fig. 5, the adsorbent surface is positively charged, whereas at pH values
above the pHpzc, it becomes negatively charged. This surface charge property
plays an important role in the adsorption process because it affects the interaction
between the adsorbent and the adsorbate. In this study, the cationic dye crystal

3 D
2
1 //"
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2 ——Cs
3 ~e—CsIVAN
4 . —o—CsVG2
5
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pHi Fig. 5. pHpzc graph in the pH range 2-12.
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violet (CV) was used, and it must be adsorbed at a high pH (pH > pHpzc) to achieve
maximum adsorption.37 Based on Fig. 5, the pHpzc values obtained were 5.8 for
the Cs membrane and 5.6 for the Cs/VAN and CsVG2 membranes.

Physical characterization of membrane

Porosity, swelling and water uptake are critical physicochemical parameters
in membranes, as they influence permeation, fouling, and polymer—water interac-
tions, which in turn determine adsorption capacity and kinetics. The results of the
physicochemical characterization of the membrane are presented in Fig. 6.
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Fig. 6. a) Porosity, b) swelling degree and c) water uptake for the pure membrane and
modified membranes.

To determine the effect of membrane modification with vanillin and gelatin,
membrane characteristics, including porosity, degree of swelling and water absorp-
tion, were measured, as shown in Fig. 6. Fig. 6 shows that porosity, degree of
swelling and water absorption increased linearly. The lowest values were obtained
for the pure chitosan membrane and the physicochemical properties of the mem-
brane increased with increasing modification levels. Among the tested variations,
the CsVG2 membrane (Cs/Van/Gel 0.75 %) exhibited the best physicochemical
characteristics.

Fig. 6a shows that the porosity of the pure chitosan membrane is 97.99 %,
whereas that of the CsVG2 membrane it increases to 141.86 %. This indicates that
increasing the gelatin concentration results in a more porous membrane structure.
The presence of carboxyl groups in gelatin increases porosity through electrostatic
interactions between chitosan and gelatin.3® This increase in porosity indicates that
the membrane has more empty spaces that can be filled with water, thereby inc-
reasing the internal surface area and available pore volume, which ultimately imp-
roves adsorption capacity.

The degree of swelling values in Fig. 6b indicate that the lowest swelling
occurs in the pure chitosan membrane, at 134.59 %. After adding the vanillin cross-
-linking agent to the Cs/VAN membrane, the degree of swelling increased to
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150.60 %. The addition of gelatin to the membrane significantly increased the
degree of swelling. In the CsVG1 membrane, the swelling value increased to
169.78 %, and in the CsVG2 membrane with a gelatin concentration of 0.75 %, it
reached 191.98 %. However, when the gelatin concentration was increased to 1 %
(CsVG3 membrane), the membrane’s swelling decreased to 180.01 %. The form-
ation of cross-links between chitosan and vanillin via the Schiff base reaction pro-
duces a more compact membrane structure, reducing the number of available hyd-
rophilic groups and thereby decreasing the membrane’s swelling value.39 How-
ever, in this study, the addition of vanillin still increased the degree of expansion.
This indicates that the number of remaining hydrophilic groups is still sufficient to
allow swelling, in line with the findings reported by Hu.40

The increase in the degree of swelling is also supported by the addition of
gelatin to the chitosan matrix because gelatin has carboxyl groups that are hydro-
philic and can increase the number of active groups on the membrane surface. A
denser polymer network formed by stronger interactions among chitosan, vanillin,
and gelatin can reduce swelling at higher gelatin concentrations. This tighter
structure makes the membrane less able to absorb and expand with water, as it has
less free space and fewer internal pores.

Along with the increase in porosity and degree of swelling, the percentage of
water absorption shown in Fig. 6¢ indicates that the CsVG2 membrane has the most
optimal physicochemical characteristics. A higher water-absorption capacity shows
that water molecules are more strongly attracted to the membrane surface, thereby
increasing the membrane’s hydrophilicity. This increased hydrophilicity is critical
for improving membrane performance, as it enhances its ability to absorb dyes.

Adsorption removal of crystal violet

Adsorption with variation in pH. The effect of pH on the adsorption capacity
of the Cs/Van/Gel membrane was assessed by adjusting the pH of the dye solution
from 4 to 8 at an initial concentration of 5 mg/L. This pH range was chosen because
it represents conditions that are practically relevant for dye adsorption applications.
Variations in pH are important because solution pH is a significant parameter that
affects adsorption, both by altering the adsorbent surface charge and the degree of
adsorbate ionization. As shown in Fig. 7, the percentage of dye removal increased
with increasing solution pH from 4, reached a maximum at pH 6, and then
decreased at higher pH values. Under strongly acidic conditions (pH < 4), chitosan
may partially dissolve because of excessive protonation of amino groups, leading
to structural swelling. Conversely, highly alkaline conditions can result in struc-
tural instability.

In acidic environments, the concentration of H' is significantly elevated, lead-
ing these ions to compete with positively charged crystal violet (CV) molecules
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for negatively charged active sites on the adsorbent’s surface. This condition red-
uces the number of sites available for CV molecules and decreases adsorption
efficiency. As pH increases, the number of H" decreases, and the adsorbent surface
tends to become negatively charged, thereby increasing electrostatic interactions
with positively charged CV molecules.#! However, when the pH is increased from
6 to 7 and 8, CV adsorption decreases. This suggests that, alongside electrostatic
forces in the acidic range, mechanisms such as m—m stacking and/or hydrogen

bonding are anticipated to become more prominent and potent at neutral or alkaline
42,43
pH.%%
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Fig. 7. Effect of pH on the CV adsorption
efficiency (%); initial dye concentration,

1 5 6 7 3

ol 5 mg/L, 25 °C, contact time 120 min.

At pH values above 6, adsorption efficiency decreases again, possibly due to
changes in surface charge or the formation of repulsive forces between the ads-
orbate and adsorbent. Crystal violet is a basic dye with a pK, value of 0.8.44
Because of its low pKj,, this molecule remains ionized across the experimental pH
range, behaving as a cationic dye under all pH conditions tested.

Adsorption with variation in time: kinetic studies. The removal of crystal
violet dye by chitosan membranes and modified CsVG membranes is shown in
Fig. 8. The adsorption capacity of the membrane increased until the 80th min,
which facilitated greater adsorption. Subsequently, the adsorption rate decreased
because most active sites were gradually filled, thereby inhibiting the diffusion of
crystal violet molecules to the membrane surface. The adsorption capacity of the
Cs membrane at 80 min was 35.86 %, and the maximum adsorption capacity of

90

80 |
70
oo |
g 50
gw 7'7////' —
3 30 ———
20
10
o I " ” % . o Fig. 8. Effect of contact time (min) on the
t(min) CV adsorption efficiency (%); initial dye
——Cs ——CsVAN —8-Gl —+—G2 —4—G3 concentration, 5 mg/L; pH 6.
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the CsVG2 membrane reached 85.57 %. Based on these data, the optimum ads-
orption time for crystal violet removal by this membrane system is 80 min.

The dye adsorption process was then analyzed using first-order and second-
-order pseudo-kinetic models. Adsorption kinetics provide information about the
adsorption rate, the mechanism of CV adsorption by the membrane, and help
determine the possible rate-controlling steps. The experimental data were analyzed
using first-order and second-order pseudo-kinetic equations via linear and non-
linear fitting. Kinetic parameters obtained from the analysis are summarized in
Table I.

TABLE I. Adsorption kinetics study

Form Plot Parameter Value
Pseudo-first-order

Linier Celqe VS. Ce ky / min-! 0.0011
g./mgg’! 2.3165

R 0.61
SSE 0.8653

Non-linear qevs. t ky / min”! 0.074
g./mg gl 1.4817
R, 0.9549
SSE 0.0835

Pseudo-second-order

Linier log ge vs log Ce ky / g mg! min'! 0.1852
g./mg g’! 2.3479
R, 0.9928
SSE 1.4788
Non-linear q,vs. t ky / g mg'! min’! 0.0809
g./mg gl 1.6173
R 0.9648

SSE 0.065

Based on the kinetic parameters obtained from linear and non-linear regres-
sion analyses, the adsorption process is better described by the pseudo-second-
-order model than by the pseudo-first-order model. The pseudo-second-order
model yielded higher coefficients of determination (R? of 0.9928 and 0.9648) than
the pseudo-first-order model. Due to potential changes in the error structure result-
ing from linearization, model suitability was primarily assessed using nonlinear
regression and SSE values. The pseudo-second-order model demonstrated a lower
SSE, signifying a better fit to the experimental data. The fit of the pseudo-second-
-order model to the experimental data showed that the adsorption rate was control-
led by the interaction between the active sites of the adsorbent and the dye mole-
cules, where the dye-binding process involved the exchange or sharing of electron
pairs between the active sites of the adsorbent and the cationic groups on the
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adsorbate.4> Other studies by Agbor Tabi#¢ and Ahmad and Ejaz*’ also showed
that crystal violet dye is adsorbed through chemisorption.

Adsorption with variation in initial concentration of adsorbates. The effect of
the initial dye concentration on adsorption was studied by varying the concen-
tration of crystal violet in the range of 3, 5, 7, 9 and 12 mg/L. Conversely, all other
adsorption variables were kept constant, namely pH 6.0 and an adsorption time of
80 min.

Based on the results shown in Fig. 9, increasing the initial dye concentration
gradually decreases the adsorption efficiency. At low crystal violet concentrations,
the number of dye molecules is relatively proportional to the number of active sites
available on the membrane surface, allowing CV molecules can be easily adsorbed
through various interaction mechanisms, such as hydrogen bonding, electrostatic
interactions, and n—m interactions between the CsVG membrane and the functional
groups of crystal violet. At higher crystal violet concentrations, the number of dye
molecules increases, but the number of available active sites remains limited. This
discrepancy between the number of dye molecules and the number of available
adsorption sites reduces the effectiveness of adsorption.48

80

70 B

0.\,\“.\

Adsorption (%)
a2 v oo
o o

w
=3

[
5]

w
'S
w

6 7 8 9 10 11
Concentration (mg/L)

12 Fig. 9. Effect of dye concentration on the
CV adsorption efficiency (pH 6.0;
——Cs ——CsIVAN Gl G2 ——G3 t =80 min).

The adsorption performance of crystal violet on CsVG membranes was
evaluated using adsorption isotherm studies with the Langmuir and Freundlich
models. The results of the isotherm studies were used to determine the qualitative
properties of the adsorbate—adsorbent systems. According to the Langmuir ads-
orption isotherm, adsorption occurs as a monolayer on a homogeneous surface. In
contrast, the Freundlich isotherm refers to the amount of adsorbate adsorbed per
unit mass of adsorbent in a heterogeneous system. The results of the CsVG mem-
brane isotherm study are shown in Table II.

The adsorption process can be determined by the highest regression coef-
ficient value (R?) based on the isotherm parameters and membrane regression coef-
ficients in Table II. The R? value for the Cs membrane in Langmuir is 0.9693 and
in Freundlich is 0.9873, while in the CsVG2 membrane (Cs/Van/Gel 0.75 %), the
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R? value in Langmuir is 0.9657 and in Freundlich is 0.9989. This finding suggests
that the crystal violet adsorption system on all adsorbents follows the Freundlich
isotherm model, as evidenced by an R? value exceeding the Langmuir model
threshold and approaching 1. The Freundlich isotherm model assumes adsorption
on a heterogeneous surface, leading to the formation of a multilayer. Additionally,
the phenomenon is attributed to physical adsorption through van der Waals or
weak interactions between crystal violet and the adsorbent surface.4?

TABLE II. Isotherm adsorption study

Langmuir Freundlich
Membrane
KL Omax / mg g'! R2 Kp/L mg'! n R2

Cs 2.6205 0.2683 0.9693 0.7796 2.1372 0.9873
Cs/VAN 8.5034 0.1633 0.8456 0.9880 1.4438 0.9896
CsVGl1 8.1766 0.1823 0.854 0.8958 1.4925 0.99
CsVG2 6.0827 0.3939 0.9657 0.6103 1.8758 0.9989
CsVG3 7.8247 0.1440 0.9528 1.0899 1.3976 0.99

Adsorption with variation in temperature: thermodynamic studies. The effect
of temperature on the adsorption process is shown in Fig. 10. The temperature
applied in this experiment were 298, 308, 318 and 328 K. The best results were
obtained with the CsVG2 membrane (Cs/Van/Gel 0.75 %), which achieved
adsorption percentages of 88.12 % at 298 K and 47.33 % at 328 K. The adsorption
efficiency of crystal violet decreased with increasing temperature.

2
=

Adsorption { %)
@

255 300 305 310 s 3w 325 3w Fig. 10. Effect of temperature on the
Tempesature (K) CV adsorption efficiency (pH 6.0; ¢ =
(5 e CSVAN —8—01 G2 =43 = 80 min: dye concentration, 3 mg/L).

The exothermic nature of the adsorption process is indicated by the decrease
in adsorption capacity with increasing temperature. Thermodynamic parameters
used to describe the adsorption process, such as AG, AH and AS, support this
observation. The slope and intercept of the van’t Hoff plot are used to obtain the
values of AH and AS. Table III presents the results of the thermodynamic para-
meter calculations.

According to Table III, as the temperature increases, the AG value indicates
that the adsorption process becomes more spontaneous. The negative AH value
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indicates that the adsorption process of crystal violet is exothermic. The AS value
yields good affinity between the CsVG2 membrane and crystal violet, thereby
reducing unpredictability at the solid/liquid interface during adsorption.

TABLE III. Thermodynamic parameters for CV adsorption

Membrane Temperature, K AG /Jmol! AH / kJ mol! AS /T mol'! K-!
Cs 298.15 201 -32.86 -111
308.15 —1489
318.15 -2684
328.15 -3490
CsVG2 298.15 —4229 —48.98 -150
308.15 -2429
318.15 -1001
328.15 -291

Interactions between CsVG membrane and the adsorbates

The adsorption mechanism depends on the functional groups and surface
porosity of the adsorbent and the adsorbate molecules. An estimate of the mech-
anism by which the membrane-bound active groups interact with crystal violet is
shown in Fig. 11.

C C=H,NOH H O OH
IIL/ LII CH;~

O O Mr‘“j—wr‘”““r"wrf i

“11 r>1|
IID/;: /ﬁi OH
HO NH, HO N HO

Ti-Tt stacking

------ Electrostatic Interaction

______ Hydrogen Bond
Hy- N-CH; g“‘—\\(”

OH OH

0
n()/%,o/% /%/t)u
110 LN HO NIl HO
CHy "0 nH,
ciy | |
b8 —
/N , OHH 0 0=—C C=—HN OHH O OH

o T BIE LRI

Fig. 11. Estimated adsorption mechanism.
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Possible interreaction mechanisms between the active sites on the surface of
the chitosan/vanillin/gelatin membrane and crystal violet include electrostatic
interactions, m—r interactions and hydrogen bonding. Electrostatic bonds occur
between the negative charge of the -COO™ group in gelatin and the positive group
(N™) in crystal violet. The hexagonal structure of vanillin and the benzene ring of
crystal violet can enhance adsorption by acting as electron donors and acceptors
via m—n stacking. In addition, H atoms from oxygen-containing functional groups
on the surface of the CsVG membrane can form hydrogen bonds with N atoms in
crystal violet.

Reusability study

Reusability and stability are important parameters in evaluating the perform-
ance of adsorbents for water treatment. Therefore, the Cs and CsVG2 membranes
were retested at the optimum pH for three consecutive adsorption cycles. Based on
Fig. 12, the initial use showed the highest adsorption efficiency. After three cycles,
the CsVG2 membrane still maintained a fairly high adsorption capacity, although
the efficiency of crystal violet (CV) adsorption decreased from 89 to 49 %. This
reduction in efficiency is probably caused by some CV molecules being strongly
bound to active sites via electrostatic interactions, m—m interactions or hydrogen
bonds. As a result, the number of available active sites is reduced. In addition, pore
blocking by residual dye molecules may occur, inhibiting the diffusion of ads-
orbates into the membrane structure. This decrease indicates that optimization of
the regeneration method is still needed to improve membrane reuse performance.

100
@ Initial use
acCycele 1
80
acCycle 2
= acCycle 3
< 60
£
B
2 a0
o
20
! o P Fig. 12. The cycles of reusability of the
Membrane membrane.
CONCLUSION

In this study, CsVG membranes were developed from chitosan crosslinked with
vanillin and modified with varying concentrations of gelatin (0.5, 0.75 and 1 %). The
modified membranes exhibited good adsorption of crystal violet, with the optimum
membrane (CsVG2) obtained at a gelatin concentration of 0.75 %. The addition of
vanillin and gelatin improved the physical characteristics of the membrane, such as
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porosity, swelling and water absorption, in comparison to the pure chitosan mem-
brane. The optimal parameters for dye adsorption were identified as pH 6, a contact
time of 80 min, an initial dye concentration of 3 mg/L and a temperature of 298 K,
yielding 88 % dye removal.

Adsorption kinetics conformed to a pseudo-second-order model, suggesting that
both the contact time and the concentration of the dye influenced the adsorption rate
and that chemical interactions occurred between the adsorbent and the adsorbate.
The isotherm best fits the Freundlich model, with an R? value of 0.9989 at 298 K.
The thermodynamic results showed that the adsorption process is exothermic (AH <
0) and spontaneous (AG < 0).

Overall, the results of this study indicate that the CsVG bioadsorbent membrane
has good physicochemical properties and the potential to be developed as an effect-
ive, environmentally friendly adsorbent for the removal of crystal violet dye from
wastewater. Further research is needed to evaluate the membrane’s regeneration and
reuse capabilities and to examine its application in more complex wastewater systems.
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H3BOJ

HN3PAJA XUTO3AHCKE MEMBPAHE MOJU®HNKOBAHE BAHUJIMHOM U XEJTATUHOM
3A AICOPITINJY BOJE KPUCTAJI-BUOJIET

KHABIBI KHABIBI, NABILA AMALIA IZAAZ AANISA u RETNO ARIADI LUSIANA

Department of Chemistry, Faculty of Sciences and Mathematics, University of Diponegoro, 50275 Semarang,
Central Java, Indonesia

Kpucran-suoner (CV) je kaTjoHcka Hoja koja mpencTaBba 030M/bHE PU3KKE MO KUBOTHY
CpefuHy Kaja ce akyMy/upa y BOJEHHM eKOCHCTeMHMa 300T CBOje BUCOKE TOKCHYHOCTH 3a
KMBe opraHusme. 36or Tora cy norpedHe edukacHe MeToJe TPeTMaHa 3a yklamame 0Be doje
W3 OTNafHUX Boja. Y 0BOj cTynuju, xuro3aHcka (Cs) duoancopdbent membpaHa, ympexeHa ca
BaHunHOM (V) 1 MmogudukoBaHa xenatuHoMm (G), pa3sujeHa je 3a arncopnuujy CV. Xuro3an/
/BaHWINH MeMOpaHa je MOMeIlaHa Ca JKeJaTHHOM y Pa3MTHYUTHM KOHIeHTpanujama, 0,5
(CsVG1), 0,75 (CsVG2) n 1 % (CsVG3). IIpouec agcopnuyje je ucnurtad y GyHkuuju pH, Bpe-
MeHa KOHTaKTa, T0UeTHe KOHIeHTpauuje doje U TemnepaType. MemOpaHa je okapakTepucaHa
MepemeM NOPO3HOCTH, cTeneHa dyOpema, ancopnuyje Boge, FTIR u SEM. PesynraTu cy noka-
3a/u fa Cy ONTHMAalIHM apaMeTpH 3a agcopnuujy doje dunu pH 6, Bpeme xoHTakTa 80 min u
temneparypa 298 K, mro je pesyntupano ykiamwameMm 88 % boje. Kuneruka agcopnuyje npa-
THJIA je MOoJieN iceyno-apyror peaa, a Freundlich moznen Hajbosbe je onucao usorepmy agcopri-
uuje. TepmoavHaMHYKa aHaIU3a je NoKasasa fia je MPoLec afcopiuuje 610 CoHTaH U er30Tep-
maH. Jaxne, CsVG memdpaHa Mma MoTeHUHjal fa NMOCIyXU Kao edUKacHa alTepHaTHBa 3a
yKJIabake KPUCTAIHO JbyOHUYacTe U3 TeKCTHITHUX UHAYCTPHjCKUX OTIMALHUX BOJA.

(ITpumrbeHo 9. jaHyapa, peBuaupaHo 27. jaHyapa, npuxsaheHo 9. anpuna 2026)
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Abstract: The study aimed to examine the use of nitric-acid-modified granular
activated carbon to treat the wastewater of a lead-acid battery recycling unit for
lead removal. The adsorbent was characterized using FTIR, SEM and XRD
analyses. Surface functional groups, surface morphology and crystallinity were
altered due to the modification. The batch adsorption study was conducted to
evaluate the effects of adsorbent dose, initial pH, and contact time on adsorption
performance for lead removal. Experiments were performed according to the
Taguchi design of experiment method and factors were optimized based on SNR
analysis to maximize the response. The ideal factor values were found to be pH
6, an adsorbent dose of 0.05 g, and a time of 240 min for the adsorption of lead
onto the adsorbent, with an adsorbent uptake capacity of 9.93 mg g!. According
to the ANOVA analysis, pH was found to be the most significant factor with an
F-value of 28.07. Isotherm and kinetic studies were also carried out to under-
stand the mechanism of adsorption. Adsorption was found to follow the Lang-
muir isotherm and the second order kinetic model.

Keywords: lead-acid battery; Taguchi optimization; adsorption; granular act-
ivated carbon; impregnation.

INTRODUCTION

Recycling of lead-acid batteries (LAB) is a crucial source of lead for storage
battery production and also protects the environment. However, the recycling
process generates wastewater with a pH of 1-1.5 and Pb concentrations ranging
from 2 to 300 mg L-1.! If this effluent is discharged untreated, it may adversely
affect soil fertility and groundwater quality. If it enters the food chain, Pb may
interfere with the functioning of major systems of the human body, such as the
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nervous system, digestive system, reproductive system, and urinary system by
affecting major organs.2 Conventionally, sodium carbonate is used to desulfurize
and neutralize the effluent, separating the lead in the form of sludge.3 According
to a 2011 market survey report by the Mineral Economics Division, Indian Bureau
of Mines, there were only 316 registered recyclers in India in 2010, including five
in the Chhattisgarh state. However, many backyard smelters dispose of effluent
without any treatment to increase profits. These smelters require an efficient and
inexpensive technique to treat the effluent and keep the Pb(II) concentration in the
discharge within safe limits (0.1 mg L-1).

Various methods are available to remove Pb(II) from water, such as precipit-
ation, membrane separation, ion exchange, electrocoagulation, filtration and ads-
orption.# Adsorption is a widely used technique due to its operational simplicity,
cost-effectiveness and low capital cost. Activated carbon is often used in water
treatment processes due to its different chemical characteristics, porous structure,
and high surface area.> Activated carbon is available in both powder (PAC) and
granular (GAC) forms, with PAC having larger pores and GAC having smaller
internal pores and a lower adsorption rate than PAC. GAC is preferred over PAC
due to its ease of handling and disposal and reduced losses during operation.6
Several investigations have utilized GAC to treat wastewater, including removing
lead from aqueous solutions by Dwivedi et al., removing copper, zinc and lead
ions by Chen and Wang, removing amoxicillin from water by Franco ef al., rem-
oving phenol from synthetic water by Sulaymon ef a/. and removing cadmium and
lead by Jusoh et al.6-10

Activated carbon is a widely used adsorbent for water treatment because of its
porous structure, abundant active sites, functional groups, and high surface area.
However, its adsorption capacity is limited, and researchers have modified it using
chemical agents to enhance its efficiency by promoting chemisorption of pollutants
on the surface. Wang et al. modified GAC with magnesium, resulting in an
increased adsorption capacity from 3.47 to 8.08 mg g-! for the adsorption of
Cd(11).!! Fan and Anderson used the manganese oxide for the removal of Cu(Il)
and Cd(II), and Yao et al. modified activated carbon derived from rice husk using
nitric acid, which increased its uptake capacity by improving the surface charac-
teristics and porous structure.12:13 In another study, Jiang et al. found that modify-
ing activated carbon with HNOs3 as an impregnating agent after oxidizing it using
concentrated sulfuric acid increased the mesoporous volume, specific surface area,
and uptake capacity for the separation of dibenzothiophene and methylene blue.14

The modification of activated carbon with nitric acid has been widely; how-
ever, this study investigates the effect of modification on granular activated carbon.
HNO3-modified GAC was used for the first as an adsorbent for the treatment of
LAB recycling unit effluent. The characteristics of GAC and HNGAC were ana-
lyzed using SEM, FTIR and XRD to determine the effect of modification. The
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adsorption experiments were conducted based on a Taguchi orthogonal L16 array
(473) with four levels of the parameters: adsorbent dose, retention time and pH.
The parameters were optimized using the signal-to-noise ratio (SNR) obtained
from Taguchi analysis.

EXPERIMENTAL
Wastewater

The wastewater of a lead-acid battery (LAB) recycling plant was obtained from a smelter
in Raipur, Chhattisgarh, India. The pH of the effluent was 1.2, and the concentration of Pb(II)
was 11.2 mg L 1. Prior to the batch adsorption study, the pH of the wastewater was adjusted
using standard solutions of sodium hydroxide and hydrochloric acid.

Adsorbent

Granular activated carbon (GAC) was commercially procured and improved using nitric
acid following the process described by El-Wakil et al.!> To prepare the modified GAC, a
mixture of HNO; and distilled water in a 1:1 ratio was heated to 110 °C. Then, 1 g of GAC was
added to 5 mL of the heated solution and heated for 3 h. The resulting solution was filtered, and
the solid fraction was collected and washed with distilled water until the pH reached 6. Finally,
the nitric-acid-modified GAC (HNGAC) was dried for 24 h at 100 °C in a hot air oven.

Characterization

The surface functional groups of the adsorbents were analyzed using FTIR (Bruker, Alpha
Model) within the 4000—400 cm™! range. The Zeiss EVO Series scanning electron microscope
(SEM) was used to obtain surface micrographs and elemental composition of the adsorbents
before and after the nitric acid modification. A PANalytical multifunctional XRD analyzer was
used to obtain XRD spectra to determine the surface nature of the adsorbents. Standard ASTM
methods were followed for proximate analysis.

Batch adsorption and optimization

A three factor, four level Taguchi L16 orthogonal array was obtained using Minitab 18.0
to perform the experiments. The three factors were initial pH of the wastewater (1.5, 3, 4.5, 6),
dose (0.1, 0.4, 0.7, 1.0 g (50 mL)™") and contact time (30, 60, 90, 240 min, Table I). For batch
adsorption, a fixed amount of HNGAC was added to 250 ml of wastewater in an Erlenmeyer
flask and kept in an orbital shaker for a defined time at 30 °C and 100 rpm. The Pb(II) con-
centration of the filtered effluent was analyzed using an atomic absorbance spectroscope (ECIL,
India). Experimental runs were performed in duplicate and average values were reported. Egs.
(1) and (2) were used to determine the removal of Pb(II) and the uptake capacity of the ads-
orbent, respectively:

cy—¢
Removal of Pb(Il) =100-2—¢ (1)
€
Co—C,
ge=—"5V )
m

where ¢( and ¢, are the initial and final concentration of Pb(I) in the effluent, respectively. Vis

the volume of effluent and m is the mass of adsorbent.
Taguchi analysis, which uses a signal-to-noise ratio (SNR), was used to optimize the para-
meters and determine the optimal levels and their contribution to achieving the desired res-
ponse. !0 SNR analysis utilizes three response characteristic functions based on the minimization,
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maximization and nominalization of the responses.!” In this study, a larger-the-better character-
istic function was used for SNR analysis since the goal was to recover Pb(Il), as represented:

S 1 1
(N)Larger is better = 10 lOg(; z;’l:] y_lz) (3)

where y; is the response and 7 is the number of experiments performed. The response factors
were optimized using Minitab version 18.1. The significance and effect levels of the various
factors in the batch adsorption study were determined using ANOVA analysis.

TABLE I. Batch adsorption parameters and their levels

Factor Name Level 1 Level 2 Level 3 Level 4

P pH 1.5 3.0 4.5 6.0

D Dose, g (50 mL)! 0.1 0.4 0.7 1.0

T Time, min 30 60 90 240
RESULTS AND DISCUSSION

Characterization

Fig. 1 shows a comparison of the FTIR spectra of GAC and HNGAC. After
modification, the intensity of the surface functional group O—H, which corresponds
to the peak at 3441 cm! in GAC, increased and is represented by the peak at 3448
cm~! in HNGAC. The signal at 2926 cm! in GAC indicates the presence of weakly
bonded methyl and methylene groups (vibrational C—H bond). These C—H groups
were oxidized and vanished from the HNGAC spectra following modification. It is
evident that following modification, the peak at about 1630 cm~! in GAC, which is
attributed to C=0 groups, became noticeably more intense in HNGAC. The small
peak in both spectra at around 1400 cm™! could be due to the presence of -CH, and
—CHj groups. The peaks in the 1000-1200 cm~! region can be attributed to C-O
stretching and O—H bending vibrations of ether, lactonic and phenol. The peak in the
HNGAC spectrum at 607.50 cm~! may be due to newly formed surface groups of
oxygen and nitrogen-containing groups.!8-21

In Fig. 2, SEM micrographs of GAC and HNGAC are presented. GAC has an
irregular porous structure and a rough surface. Acid treatment with nitric acid dec-
reased the internal micropores of GAC and removed impurities from its surface.
Because nitric acid is a potent oxidant, the acid treatment created canal-like meso-
pores on the surface, which reduced the pore volume and surface area.22-23 The
impregnation of nitric acid reduced the microporous pore volume and specific sur-
face area of the activated carbon, as found by Jiang ef al.24 EDS elemental analysis
showed that impurities from GAC were removed and oxygen-containing groups
increased after acid treatment. Moreover, HNGAC was found to contain nitrogen,
indicating that nitrogen-containing groups were formed on the surface after modi-
fication.
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Fig. 1. FTIR spectra of GAC and HNGAC in the wavenumber range of 500-4000 cm™!.
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Fig. 2. Surface morphology images of: a) GAC and b) HNGAC obtained by SEM.

The crystalline or amorphous character of GAC and HNGAC was determined
using the XRD spectra shown in Fig. 3. The peaks at 26 26 and 42° correspond to
the (002) and (100) diffraction planes, respectively, and signify the amorphous
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Fig. 3. XRD spectra of: a) GAC and b) HNGAC at 26 values between 0 and 90°.
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nature of activated carbon. The diffraction pattern of HNGAC exhibited several
diffraction peaks, showing an increase in crystallinity due to modification. Similar
effects of HNO3 modification on adsorbent prepared from olive tree prune waste
were observed by Calero et al.?5

Taguchi optimization

Three parameters at four different levels were used in the batch adsorption study
using the Taguchi L16 orthogonal array. Table II displays the results for each run’s
adsorbent capacity and Fig. 4 displays the mean signal-to-noise ratio (SNR) plot for
every variable associated with HNGAC’s uptake capacity. It was found that while
the SNR value decreased with increasing dose, it increased with increasing pH and
time. At P4-D1-T4, the mean SNR value was highest. The optimal factor values were
found to be pH 6, an adsorbent dose of 0.05 g, and a contact time of 240 min, based
on the maximization feature of SNR. Nonetheless, there was little difference in
uptake capacity for pH values of 4.5 and 6, so a pH value of 4.5 could be selected
from an economic perspective for both adsorbents. The SNR analysis revealed that
pH was the most influential factor in the adsorption of lead onto HNGAC.

TABLE II. Taguchi experimental runs for adsorption of lead onto HNGAC and the response
variable (adsorbent uptake capacity)

Exp. No. P (pH) D (Dose, g) T (Time, min) g,/ mg g’!
1 Pl D1 Tl 0.12
2 Pl D2 72 0.21
3 Pl D3 T3 0.20
4 P1 D4 T4 0.21
5 P2 D1 2 2.38
6 P2 D2 T1 1.31
7 P2 D3 74 0.95
8 P2 D4 13 0.77
9 P3 D1 73 9.43
10 P3 D2 T4 5.74
11 P3 D3 T1 3.18
12 P3 D4 T2 2.92
13 P4 D1 T4 9.93
14 P4 D2 3 5.92
15 P4 D3 2 3.96
16 P4 D4 T1 2.54

To determine the significance level of the factors on the adsorbent uptake
capacity, an analysis of variance (ANOVA) was carried out and is presented in Table
I11. As observed, the coefficient of determination (R2) was found to be 95.71, which
signifies that the ANOVA model fitted well to the data. The ratio of variance
between samples to variance within samples is termed the F-value and it indicates
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the parameters which affect the response largely. The initial pH of the effluent was
found to have the highest significance on the adsorption of lead onto HNGAC with
an F-value of 28.07, whereas the least significant factor was adsorbent dose with an
F-value of 0.007.

pH Dose, g Time, min
15 o .
10
8 L
-‘é 5 - . P -
= . -
v, . L4
©
g
=5
=

15 ]
15 3.0 4.5 6.0 0.05 010 015 0.20 30 60 90 240

Signal-to-noise: Larger is better

Fig. 4. Signal to noise ratio plot for the uptake capacity of HNGAC for pH, dose and time at
different levels.

TABLE III. ANOVA analysis for adsorption of lead onto HNGAC

Source DF SS MS F-Value P-Value
pH 3 90.629 30.210 28.07 0.001
Dose, g 3 35.563 11.854 11.01 0.007
Time, min 3 17.743 5914 5.50 0.037
Error 6 6.457 1.076
Total 15 150.393
R2 R%(adj)

95.71 % 89.27 %

Effect of each factor

The effect of pH on the adsorption of Pb(Il) by HNGAC is shown in Fig. 5. The
pH of the effluent has a significant impact on the adsorption process, affecting the
charge on the surface and the ionization of Pb(Il) in the effluent. To investigate this,
the pH was varied from 1.5 to 6, as Pb(II) tends to precipitate at alkaline pH values.26
At low pH values, Pb(II) and H" compete for adsorption onto HNGAC and con-
sequently result in slow adsorption. Increasing the initial pH of the effluent led to an
increase in the uptake capacity of HNGAC, as the competition between hydrogen
and lead ions for adsorption sites decreased. Pb(II) ions were then able to bond with
functional groups like ~OH and ~COOH present on the adsorbent surface.26:27
Moreover, at high pH, the negative charge on the surface increased, as protons are
removed from the functional groups present on the surface, which results in
enhanced electrostatic attraction for Pb(II), thereby improving adsorption.28
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pH Dose, g Time, min

Uptake capacity, mg g-1

°
15 30 45 6.0 0.05 0.10 0.15 0.20 30 60 90 240

Fig. 5. Effect of initial pH, adsorbent dose and contact time on adsorption performance of
HNGAC for the removal of Pb(II).

According to the results presented in Fig. 5, an increase in adsorbent dose led to
a decrease in the uptake capacity of Pb(II). The reason behind this trend may be the
existence of either unsaturated adsorption sites or overlapping and aggregation of
adsorption sites due to maximum adsorption being reached at a certain dose of ads-
orbent.2?

The effect of contact time on Pb(Il) uptake capacity was investigated, and as
shown in Fig. 5, the uptake increased up to 90 min, after which it reached a plateau.
This trend could be attributed to the initial availability of more than enough active
sites for the adsorption of Pb(II), which became occupied over time, resulting in
effective utilization of the adsorbent. As the number of active sites decreased with
time, the competition between the lead ions in the effluent and the adsorbent surface
for the remaining adsorption sites slowed down the adsorption process.

Fig. 6 displays response surface plots that illustrate the impact of two factors
on the adsorption. Fig. 6a indicates that, to achieve optimal adsorbent capacity,
adsorbent dose should be less than 0.1 g (50 mL)"!, and the pH should exceed 4.
This suggests that competition between Pb(II) and H* decreased at higher pH and
that complete saturation of adsorption sites occurred at lower adsorbent doses. It
can be found from Fig. 6b that higher adsorbent capacity is obtained at pH > 4.5
and time > 80 min. This implies that insufficient interaction between the lead ions
and adsorbent sites prevented high absorption capacity from being reached at the
start of adsorption, even at high pH. High lead uptake capacity of HNGAC was
achieved at doses <0.1 g/(50 mL) and time > 90 min as can be observed in Fig. 6c¢.

Isotherm study

The fitting graphs for the Langmuir and Freundlich models fitted to the experi-
mental data for Pb(Il) adsorption onto HNGAC are shown in Fig. 7. Table IV
displays the parameters of the isotherm models obtained from fitting the experi-
mental data. The correlation coefficient (R?) of the Langmuir model is higher than
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that of the Freundlich model. This shows that the adsorption equilibrium data fit the

Langmuir equation and the adsorption involves monolayer adsorption. The maxi-
mum monolayer adsorption capacity obtained from the Langmuir model is 9.93 mg

g1 for HNGAC.
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Fig. 6. Plots of simultaneous effect of two factors on lead adsorption onto HNGAC: a) initial
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Fig. 7. Isotherm plots for Pb(II) adsorption onto HNGAC: a) Langmuir isotherm and b)
Freundlich isotherm (pH 4.5; time 60 min; speed 100 rpm; volume 50 mL; temperature 30 °C

dose 2 g L.
TABLE IV. Parameters of the isotherm models for Pb(II) adsorption onto HNGAC.
Langmuir Freundlich
gm/mgg! Ky /Lmg! R? I/n  Kg/mgg! ((mg L1yl R?
9.90099 0.639240506 0.99 0.323 1.688769234 0.836
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Kinetic study

Both pseudo-first-order and pseudo-second-order kinetic models were used to
assess the adsorption of Pb(II) onto HNGAC. Fig. 8 displays the kinetic plots, while
Table V provides the correlation coefficient and kinetic model parameters. Because
of its higher correlation coefficient of 0.99, the pseudo-second-order kinetic model
better describes the adsorption kinetics than the pseudo-first-order. This implies that
chemisorption may play a dominant role in the adsorption process. Compared to the
pseudo-first-order model, the value of ¢, derived from the pseudo-second-order
model agrees better with the experimentally determined g value. Abbaszadeh et al.
observed similar outcomes for the adsorption of Pb(Il) on activated carbon from
papaya peel biowaste.26 They found a measured uptake capacity of 38.31 mg g~!
and a calculated uptake capacity of 42.55 mg g! from the pseudo-second-order
kinetics.

Pseudo-First-Crder Kinetic 18-

y T
0 20 40
Time, min

a)

T
60

T
80

Pseudo-Second-Order Kinetic

T
20

T T T 1
40 60 80 100
Time, min
b)

Fig. 8. Kinetic study graph for lead adsorption onto HNGAC: a) pseudo-first-order model and
b) pseudo-second-order model (initial pH 4.5; adsorbent dose, 0.1 g (50 mL)"!; Pb(II)
concentration, 10.2 mg L-1).

TABLE V. Kinetic model parameters for Pb(II) adsorption onto HNGAC for the PFO and PSO
models.

PFO PSO
K /h! qe R? K,/ gmg!hl qe R?
0.039151 2.394082 0.973 0.002738684 8.333333 0.994

Mechanism of adsorption

The adsorption of Pb(II) onto the adsorbents involves physical and chemical
interactions with the surface functional groups. The adsorption of Pb(Il) may be
caused by ion exchange interactions with surface groups like hydroxyl and carboxyl.
The FTIR analysis revealed that the intensity of these groups, especially —OH and —
COOH, was higher in HNGAC compared to GAC, which supports the ion exchange
between adsorbent and adsorbate. It was also observed that the amount of Pb(II)
uptake by HNGAC was significantly higher than that of GAC, indicating that
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chemisorption played a major role in the adsorption process rather than physisorp-
tion. Impregnation of GAC with HNO3 considerably increased the negative surface
charge of the adsorbent, which attracted the lead ions.

CONCLUSION

Pb(Il) was separated from the effluent of a LAB recycling unit utilizing
HNGAC as an adsorbent. The intensity of the —OH and —COOH functional groups
present on the surface of GAC was found to increase after modification using nitric
acid, moreover some new nitrogen-containing functional groups were formed after
modification. Modification led to an increase in mesopores and a decrease in
micropores. The optimum combination of parameters found using Taguchi ana-
lysis was: a time of 240 min, pH 6 and an adsorbent dose of 0.05 g (50 mL)~!. The
maximum adsorption capacity of GAC increased due to modification from 7.69 to
9.93 mg g!. From the isotherm and kinetic studies, it can be inferred that adsorp-
tion of lead onto HNGAC follows the Langmuir isotherm and pseudo-second-
-order kinetics. Adsorption of lead onto HNGAC include monolayer adsorption
followed by chemical interaction with functional groups available on the adsorbent
surface. Overall, it could be established that, adsorption can be used as an effective
technique for the remediation of lead from the wastewater of a lead-acid battery
recycling unit and HNGAC could be used as an efficient adsorbent.
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H3BOI

AJICOPIIITHMOHO YKIIABAE Pb(11) U3 UHOYCTPUIJCKOT EQJIYEHTA IPUMEHOM
AKTHUBHOT YI'JbBA MOJUP®HUKOBAHOT A30THOM KHCEJTMHOM: OIITUMHU3ALIUJA
NMPYUMEHOM TAI'YYU METOJE

SAURABH MESHRAM!, ANURADHA N JOSHI!, GAUTAM PRASAD DEWANGAN!, CHANDRAKANT THAKUR?
u ANUPAM B. SONI?

'Department of Chemical Engineering, Guru Ghasidas Vishwavidyalaya, Bilaspur, 495009, Chhattisgarh,
India u *Department of Chemical Engineering, National Institute of Technology Raipur, 492010,
Chhattisgarh, India

Liub oBe cTyauje d1o je UCIUTHBawme IPUMEHEe TPaHy/IMCAaHOT aKTHBHOT YI/ba MOAHUMU-
KOBAHOT a30THOM KHCEJIMHOM 3a TpETMaH OTHafHMX BOJAa U3 TOCTPOjEma 3a PELUKIaXy
OJIOBHO-KHCEJIMHCKHX aKyMysaTopa, pPafjH yKjamama 0/10Ba. ANCOpPOEHC je OKapaKTephuCaH
npumenoM FTIR, SEM i XRD ananmu3a. Moprdukanujom cy npomemeHe MOBpIIUHCKe GQYyHK-
LJMOHa/IHE TpyIe, NOBPLIMHCKAa Mopdosorvja U KpucraauHuyHoct. [llapkHa afcopnuroHa
UCNHUTHBaKa CIPOBEJEeHa Cy pagy NMpoLeHe yTullaja fo3e agcopdeHca, nouyetHe pH BpegHocTH
Y KOHTaKTHOT BpEMEHa Ha e()MKaCcHOCT afCcopIltje yKiambama 0710Ba. EKCIepUMEHTH Cy U3Be-
DEHHU y cxaagy ca Tarydyd MeTonoM An3ajHa eKCIepUMeHaTa, a GaKkToOpH Cy ONTUMHU30BaHH Ha
OCHOBY aHa/lX3e OfHOCa curHan/mym (SNR) y Uuby Makcumusauuje ogsusa. OnTumanHe Bpel-
HocTH (hakTopa yTBphene cy xao pH 6, mosa ancopdenca ox 0,05 g u Bpeme on 240 min 3a
a[COPIILKjy 0JI0BA HAa afiICOPOEHC, IPH YEMY je aICOPIILIMOHHM KalauuTeT u3Hocuo 9,93 mg g
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Ha ocHoBy ANOVA ananuze, pH je uneHtudurkoBaH kao Haj3HauajHUju dakTop, ca F-Bpen-
Hourhy o 28,07. Y3oTepMcka M KMHETHYKA WCIUTHBAWA Takohe Cy crpoBeeHa pagu pasy-
MeBamwa MEXaHu3Ma afcopnuuje. YTepheHo je na agcopnuyja npatu JIaHrMyHpOBY U30TEpMY U
KUHETHYKH MOZEN JpYror pena.

(ITpumibeHo 19. aBrycra, peBuoupaHo 22. oktodpa, mpuxsaheno 25. nenembpa 2025)
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Abstract: AISI 4340 steel is widely used in risk-intensive industries due to its
excellent mechanical strength and impact resistance. The mechanical properties
of AISI 4340 steel can be significantly enhanced through heat treatment, par-
ticularly tempering at controlled temperatures. This study investigates the effect
of tempering on the microstructure and mechanical properties of AISI 4340 steel.
The experimental analysis includes characterization before and after heat treatment
to assess changes in strength, toughness and ductility. The results demonstrate
that tempering at 450 °C for 45 min provides the optimum balance of impact
energy and ductility while slightly reducing hardness and strength. Conversely,
tempering at 550 °C results in a more pronounced increase in impact energy and
ductility, but at the cost of a greater reduction in hardness and strength. Micro-
structural examination confirms the formation of tempered martensite, contri-
buting to the observed mechanical behaviour. The findings provide valuable
insights into optimizing heat treatment parameters for AISI 4340 steel to achieve
a balanced combination of strength, toughness, and ductility for industrial applic-
ations.
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INTRODUCTION

Low alloy AISI 4340 steel has found application in the military sector, critical
aircraft components, and nuclear power plants, attributable to its mechanical pro-
perties such as tensile strength, stiffness, exceptional processability, optimal
hardness and improved weldment.!-2 Nickel in steel, compared to that in other
medium and low alloy steels, enhances tensile toughness and hardness.3 It has been
reported that high-strength steels used in industries suffer from unexpected brittle
failure.4 The catastrophic failure of engineering components under service condit-
ions, shutdown of power plants, and elevated impairment costs of engineering
machine components are serious consequences during operation.>-¢ Dual-phase
steel structures produced by various means have been planned nowadays for the
proud performance of structural steel.” Reported work clarified the effect of quen-
ching and tempering treatments for optimising properties of AISI 4340 steel.’
Additionally, quenching and tempering treatments significantly increase the ultimate
tensile strength of the steel.? Published work rectified that quenching and tempering
heat treatment can be used to develop the tempered martensitic steel.10 Moreover,
the hardening treatment of AISI 4340 steel substantially increases the toughness
and minimised brittle fracture.!!!2 Furthermore, recommendations regarding the
toughness and strength of AISI 4340 steel indicate that the heat treatments for
homogenization, normalizing, quenching and tempering, inter-critical annealing,
austempering and martempering may be required.!3 Subsequently, it was demanded
that the upgrading of mechanical properties of AISI 4340 steel by numerous heat
treatments procedures and by controlled metal-forming processes.!4 Likewise, an
inter-critical quenching process was applied to produce austenite phase for TRIP
steel.15 Nevertheless, difficulties in metal forming processes and high operating
equipment costs in process industries. In alternative, it was conveyed that a sub-
stantial alteration in the mechanical properties of steel is achieved by intermediate
quenching treatment.!© For the advancement of AISI 4340 steel is used in quench
and temper form, though, it is susceptible to embrittlement when tempered at tem-
peratures ranging from 300 to 400 °C.17 The embrittlement problems addressed by
many researchers in their findings that changes in micrographs and mechanical
properties at diverse tempering temperatures.!8 Temper heat treatment can be used
as a stress relief procedure, confirming reduction of tensile residual stresses, which
have badly influence on fatigue life of components.!? Despite widespread usage in
industries of AISI 4340 steel and detailed study of the mechanical performance of
the material, there is little published work in literature about the effect of heat
treatment parameters on residual stresses.20 The objective of the present work is
to optimise mechanical properties of steel AISI 4340 through hardening treatment.
The hardening method improves the strength and stiffness of materials by treating
them at a specified temperature followed by quenching in water and oil medium.2!
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Temper treatment practice in ferrous materials is useful after hardening.22 In tem-
pering procedure, steel is subjected to heating and cooling below the transform-
ation temperature range and takes time for cooling at a suitable rate.23 Tempering
treatment causes of reduction in hardness and increases the toughness to get the
desired mechanical properties.24:25 Hence, in current study, AISI 4340 high
strength low alloy steel has been designated and treated at suitable temperature to
stabilize the microstructure for optimisation of mechanical properties. AISI 4340
steel applied in machine components, but it is required for service conditions in
various forms extending from aircraft structures to automotive crankshafts, where
diverse characteristics are required.26 In this study, hardening and tempering
techniques are employed to alter the mechanical properties and microstructure of
AISI 4340 high strength low alloy steel through heat treatment. In addition, out-
comes of this research were compared with conventional hardening and tempering
of steel. Conclusively, the optimal conditions for attaining the highest toughness
were achieved.

EXPERIMENTAL PROCEDURE

Material

Work material for the heat-treatment procedure was made by partitioning AISI 4340 steel
bar into cross-sectional areas of 0.621 m? and 0.914 m length. The material in the form of a
billet is rolled into a round bar and then cooled in air during the manufacturing procedure of
AISI 4340 steel in an industrial unit (Fig. 1).

Specimen

0 350 °C, 450 °C, 550 °C . :
850°C — Hardness test Charpy impact Tension test
Tempering test

Fig. 1. Experimental setup of AISI 4340 steel bar.

Chemical configuration

The surface of the specimen was prepared by grinding followed by polishing to eliminate
surface particles and additional contamination. An optical emission spark spectrometer was
used to determine the chemical elements present in the samples. Argon gas was used as an inert
atmosphere gas medium through a purifier in the spectrometer. After argon gas stabilization,
the specimen was positioned on an anvil and clamped.?” A minimum of three sparks per speci-
men were made on different positions of the polished surface to determine the average values
and standard deviation. Percentage of the elements present in AIST 4340 steel at the initial stage
of the study is discussed in Table 1.28
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TABLE I. Chemical analysis of AISI 4340 steel before heat treatment

Element C Si Mn Cr Mo Ni T Cu Co P S Fe
wt. % 0.37 0.25 0.70 0.82 0.02 0.11 0.14 0.15 0.006 0.016 0.019 Balance

Heat treatment procedure

The standard specimens for the impact and tensile tests were prepared from the round bars
of AISI 4340 steel placed in a muffle furnace for hardening at 850 °C for 45 min, followed by
oil quenching in mineral oil. The hardened heat-treated work material was tempered at 350, 450
and 550 °C and allowed to cool to room temperature.

Hardness testing trials

Hardened and tempered samples were investigated by using a Vickers hardness testing
machine HM-100 Series (HV-100), Japan, to measure the resistance to indentation.?® Indent-
ation was made on well-prepared specimens. A 20 kg load was applied for indentation, and the
indentations were examined using a microscope. Indentation was measured at an appropriate
distance from the sample edge to avoid any edge effects. Three different measurements were
made to identify the hardness value of the standard specimen.

Charpy impact testing technique

Impact testing for energy absorption of heat-treated samples was conducted by applying
the force of a swinging pendulum. The geometry of the specimens for the Charpy impact test
was in accordance with ASTM standard E23 using a Charpy impact testing machine XJID-50
China.39 The specimens were prepared according to ASTM standard E23.

Tension testing

In the tension test, standard samples were fixed in the grips of the tensile testing machine
(ZwickRoell SE-250KN, ZwickRoell Group, Germany) equipped with an electronic load cell.
The upper crosshead of the tension testing machine dragged the specimens upward to failure
with a constant crosshead speed of 10 mm s™!, to maintain a preliminary strain rate of 2.8 x10™,
The stress-strain diagram showed the mechanical properties such as yield strength, ultimate
tensile strength and toughness before fracture. The dimension of tensile test samples were in
accordance with ASTM standard E8.3!

RESULTS AND DISCUSSION
AISI 4340 steel in the as-received condition

At first, the chemistry of AISI 4340 steel was analysed and given in Table II.
In the chemical analysis, it was evident that 0.82 % Cr is an alloying element
present in the steel to enhance resistance against degradation. The strength, tough-
ness, hardness (30 kg load), energy absorption, and tensile properties of the initial
samples are presented in Table II.

TABLE II. Mechanical properties of the work material before treatment

HVN Impact E UTS Breaking stress Elongation
(30 kg) J MPa MPa %

AISI 4340 before treatment 135 9.5 715 468.73 33.92

Material
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Pictorial views of as-received samples of AISI 4340 steel confirm the iden-
tification of ferrite structure and pearlite phase in microstructural examination, and
the lighter phase corresponds to ferrite. Micrographs were recorded via a light
optical microscope.

Heat treatment

This contemporary study is capable of enhancing the energy absorption and
strength of AISI 4340 low-strength high-alloy steel via heat heat-treatment pro-
cesses; consequently, once the work pieces were ready for mechanical characteriz-
ation. At the begging selected samples were subjected to hardening at 850 °C for
45 min and followed by quenching. Secondly, the specimens were tempered at
350, 450 and 550 °C for 45 min and quenched in air.32:33

Hardening procedure of AISI 4340 steel

Following the hardening heat treatment of AISI 4340 steel, it was found that
Vickers hardness values increased considerably to 625 (30 kg), whereas the abs-
orbed energy and internal reactive force decreased to 7.53 J and 1520 MPa, res-
pectively. The hardening of AISI 4340 steel reduced the ductility and increased the
brittleness. The micrograph contains very fine-grained martensitic regions. Since
martensitic regions have a BCT crystal structure and are considered as the hardest
phase.34 The pictorial views of the hardening treatment have good agreement with
the outcomes reported previously.

Tempering technique of AISI 4340 steel

Tempering treatment after the hardening procedure improves the strength and
ductility of the martensitic phase structure of AISI 4340 steel, whereas decreases
the hardness.3> Findings of tempering heat treatment are arranged in tabular form
Table III. Statistical analysis of the mechanical properties of the materials (AISI
4340 steel) is presented in the comparative graph shown in Fig. 2.

TABLE III. Mechanical properties of the work material after temper treatment
HVN  Impact E UTsS Elongation

Material Tempering temp., °C

(30 kg) J MPa %
AISI4340 350 232.6 1049  1400.69 22.59
450 219 20 1456.98 29.32
550 198.13 39 1255.07 30.99

It was discovered that the toughness and hardness of the work material are
affected by heating in a furnace for hardening and followed by tempering at
different temperature levels. Hardening treatment achieved the utmost hardness
and tensile strength and reduced the percentage elongation.3¢ As reported by
researchers, the phase change of AISI 4340 steel might be due to the quenching
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route, where abrupt changes occur in crystal structure phase from gamma (y), i.e.,
FCC to BCT and a martensitic phase structure.3” Rapid intensification in Vickers
hardness and strengths occurs during transformation in platelets of the martensite
phase, producing enormous alteration, and the same trend was also observed on
similar materials.38 It can be seen from the tempering results that improvement of
hardness, ultimate strength and toughness is shown in Fig. 2.

(1500 35

1450

(1400 4

1350 4

(1300

250 Fig. 2. Comparative analysis of mech-

=@— Ultimate Tensile Strength (MPa)

e, el LI -160| anical properties after tempering of hard-
1200 . : 5 - °
e — P o e ened .AISI 4340 steel at 350-550 °C for
Tempering Temperature (°C) 45 min.

The comparative analysis of the heat-treatment results showed that hardness
and strength were drastically reduced from 625 to 232.6 HVN at 30 kg, and from
1520 to 1400.69 MPa, respectively, whereas the energy absorption increased from
7.53 to 10.49 J. Based on the results, it can be concluded that internal stresses
produced by changes in martensitic morphology and contributed to improved duct-
ility. Moreover, a notable change in mechanical properties of the AISI4340 steel
was obtained after tempering at 450 °C for 45 min. Furthermore, analysis of the
data after heat treatment of AISI 4340 steel showed a decline in hardness values
and an increase in strengths and toughness. This can be attributed to the fact that
the section was tempered at 550 °C for the same duration, resulting in a decrease
in hardness and tensile strength but an increase in toughness. Hence, tempering
heat treatment practice of AISI 4340 steel at 450 °C achieves an optimum balance
of hardness, tensile strength and toughness.!3 Experimental evidence shows that
low-carbon Mn—Si—Cr steel, when quenched after the hardening procedure, causes
phase conversion and affects the mechanical properties.

Scanning electron microscopy analysis

High-strength low-alloy steel is designed particularly for space shuttle,
aircraft, and missile structures for defence applications. AISI 4340 steel was sub-
jected to heating and cooling processes to improve fracture resistance and enhance
tensile strengths. By heat treatment, the mechanical strength properties of high
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strength low alloy steel were modified through tempering and subsequent quen-
ching.3% Phase change of steel occurs by the hardening and tempering technique.
The transformed microstructures, like retained austenite, lower bainite, martensite
and some carbides, were recognized by means of a high-resolution transmission
electron microscope.*0 It can also be discussed that retained austenite is capable of
arresting crack propagation and increases resistance to fracture of low alloy
medium carbon steel. Furthermore, research findings indicate that the cracks trav-
eling through martensite are impassable while passing through a region of retained
austenite. If internal reactive forces are present, cracks harvest the branches and
started to increase close to austenite region, therefore more energy is absorbed
through the martensite plates and this promotes the toughness of steel. AISI 4340
steel containing lower bainite and tempered martensite as a dual phase is exten-
sively studied concerning its mechanical properties. It is notified that the dual-
-phase steel provides a healthier combination of strength and toughness compared
with wholly martensitic structures.#! discussed previously from the optical micro-
graphs, detailed information regarding variations occurring through the phase alt-
eration process was required, hence, it was found essential to inspect hardened and
tempered work pieces by using SEM. The micrograph in Fig. 3a shows evidence
of a dual-phase microstructure containing lower bainite and martensitic structure
of AISI 4340 steel tempered at a temperature of 350 °C for 45 min. The SEM
microstructure captured at high resolution and magnification is displayed in Fig.
3b, showing a dual-phase microstructure of lower bainite and martensite plates
layered with an austenitic phase structure on the grain boundaries. A comparable
topography was detected (Fig. 3¢ and d), for the specimens inspected with high
resolution SEM after tempering at 450 and 550 °C for 45 min.

In this contemporary study, a steel grade was hardened and tempered to reduce
the hardness associated with martensitic structure while enhancing the high-energy
region. It has been testified by numerous investigators.42 that P, S and Sn and
antimony have an adverse effect on steel showing a brittle appearance once tem-
pered. Impurities present in the steel tend to segregate near the austenitic region
and decohesion across the grain boundaries, which eventually results in inter gra-
nular brittle failure. These consequences arise from impurity segregation promoted
by tempering treatment of steel at elevated temperature. While the similar steel
grade, when quenched from elevated temperature, irregularities within the material
do not activate during cooling and therefore reduce the embrittlement mechanism
of fracture. As is evident from reported results, tempered specimens failed during
tensile test and were studied using a scanning electron microscope. The micro-
graph shown in Fig. 4a represents the fractured surface of a work piece tempered
at 350 °C, scrutinized under a scanning electronic microscope and conforming
stress-strain photograph. AISI 4340 sectioned pieces exhibited intergranular frac-
ture, which is characteristic of brittle fracture. Illustration of stress-strain diagram
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comparative topography at: ¢) 450 and d) 550 °C.

did not present any yielding and elongation all through the tensile test. These
values indicate brittle fracture material behaviour. Fracture along the grain bound-
aries of the tempered martensitic phase structure is in good agreement with dis-
coveries conferred previously. New findings quantified in Table IV signify the
tempering temperature at 350 °C. The hardness values are comparatively higher
and impact energy is relatively lower than the finding of hardness and impact
energy noted when tempered at 450 °C. Illustration of Table IV also indicates an
increase in tensile strength of the work material. Therefore, the increase in impact
energy is accompanied by considerable reduction in the hardness and strength of
the specimens.43 Micrographs were recorded for AISI 4340 steel tempered at 350,
450 and 550 °C, as presented in Fig. 4a—c. As the tempering temperature increases,
the fracture morphology exhibits a distinct change in failure mode, which is dir-
ectly correlated with modifications in mechanical behaviour. The fracture surface
primarily displays intergranular and quasi-cleavage features in Fig. 4a, which cor-
responds to tempering at 350 °C. This suggests a relatively brittle fracture mech-
anism. Tempered martensite with high residual stresses and fine g-carbides, which
restrict plastic deformation and encourage crack initiation along previous austenite
grain boundaries, is linked to this behaviour. As a result, this condition is usually
characterized by increased strength and hardness but reduces toughness. As seen
in Fig. 4b, the fracture mode changes towards ductile fracture when the tempering
temperature is raised to 450 °C. Microvoid nucleation, growth and coalescence
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produce uniformly distributed dimples on the fracture surface. This transition
shows increased plasticity as a result of controlled cementite (Fe3zC) precipitation
and partial martensitic structure recovery. Strength and toughness are better bal-
anced at this tempering condition, which is frequently regarded as ideal for AISI
4340 steel. The fracture surface exhibits deeper and larger dimples at the maximum
tempering temperature of 550 °C (Fig. 4c), indicating a fully ductile fracture
mechanism. Carbide coarsening and spheroidisation, as well as substantial stress
relief and martensite breakdown into a ferrite—carbide matrix are responsible for
the increase in dimple size. This microstructural evolution leads to increased duct-
ility and impact toughness but decreased hardness and strength. The evolution of
carbide precipitation Fe3C and the transformation of the martensitic phase are
reflected in the progressive increase in dimple size with tempering temperature.
The observed trends in the mechanical properties of tempered and hardened AISI
4340 steel are strongly supported by these morphological changes seen in SEM
fractography.

5
fe/ \ \ y 0 3 ~ A 8 / R
b o e o oo, 400 SN NSl s Mot RPAT A S britiaon i X
Fig. 4. SEM Analysis of samples after tempering at: a) 350, b) 450 and ¢) 550 °C.
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TABLE IV. Tensile properties of AISI 4340 steel at various tempering temperatures

Tempering  Diameter Fmax FRreak eBreak e-Fmax
Sample b, °C  (do/mm) L0 ™™ N/mm? % % %
(a) 350 12.5 35.08 1400.09 1400.09  22.59 22.59
(b) 450 12.5 35.14 145696 1186.72 36.53 29.32
() 550 12.5 30.07 1255.02  980.52 41.47 30.99

Table IV presents the tensile properties of three samples subjected to different
tempering temperatures (350, 450 and 550 °C), has been fixed by chamber oven
UF160-Memmeryt GmbH+Co. Kg, Germany, highlighting the influence of heat
treatment on tensile behaviour. At 350 °C, the sample exhibits a maximum stress
of 1400.09 N/mm2, Fig. 5, which increases to 1456.96 N/mm? at 450 °C, indicating
enhanced strength due to the tempering-induced microstructural changes, such as
stress relief and carbide precipitation. However, a further increase in tempering
temperature to 550 °C results in a reduction to 1255.02 N/mm?, suggesting over-
tempering, where coarsening of the microstructure and reduction in dislocation
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density lead to decreased strength. A similar trend is observed in the fracture
strength, which drops significantly from 1400.09 % at 350 °C to 980.52 % at
550 °C, reflecting a loss in the material’s ability to withstand stress before failure
as it becomes more ductile. Meanwhile, the elongation at break (eBreak) and at
maximum stress (e-Fmax) increase progressively with tempering temperature,
rising from 22.59 % at 350 °C to 41.47 and 30.99 %, respectively, at 550 °C. This
indicates a clear enhancement in ductility due to the transformation of the brittle
martensitic structure into a more plastic and deformable phase. The results reveal
a classic trade-off between strength and ductility with increasing tempering tem-
perature. The sample tempered at 450 °C demonstrates an optimal combination of
high tensile strength and improved elongation, suggesting that it may offer the best
mechanical performance among the three conditions for applications requiring
both durability and formability.

1600 4 |—9— (a) at 350 °C
—&— (b) at 450 °C
1400 - |—*— (c) at 550 °C

)
S B
S =
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1 1

Stress in (N/mm?
®
—3
—]
!

Fig. 5. Illustration of the tensile properties of

N 0 1 g 2 e 3e e as AISIA340 steel at different tempering tempe-

Strain in (%) ratures.

CONCLUSION

This study investigated the tempering of AISI 4340 steel to optimize its mech-
anical properties, finding that different tempering temperatures yield distinct results.
Tempering at 350 °C primarily enhances tensile strength without significantly
improving ductility or impact energy, while a higher temperature of 450 °C for 45
min provides an optimal balance, effectively increasing both toughness and ductility
while maintaining acceptable levels of strength and hardness. Conversely, tempering
at 550 °C leads to a further increase in impact energy and ductility but results in a
more significant reduction in strength and hardness. This observed behaviour is dir-
ectly linked to the formation of tempered martensite within the steel’s microstruc-
ture, as confirmed by microstructural analysis. Therefore, the findings suggest that a
tempering treatment of 450 °C for 45 min is the most effective approach for
achieving a desirable combination of mechanical properties for a wide range of eng-
ineering applications.
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HUCIIUTHUBAILE MOP®OJIOINKKNX U MEXAHHWYKHUX CBOJCTABA KAJBEHOT U
OTIIYIITEHOT YEJTUKA AISI 4340

SUBHAN ALI'!, ABDUL QADEER LAGHARI?, ARSHAD IQBAL?, GHULAM MUSTAFA MEMON*, IFITKHAR AHMED
MEMON!, FIDA HUSSAIN CHANNA?®, ABDUL SAMI CHANNA®, MASROOR ABRO?, KHAN MUHAMMAD?
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Sindh, Pakistan, “Chemical Engineering Department, Mehran University of Engineering and Technology,
Jamshoro,76080, Pakistan, >Chemical Engineering Department,, Dawood University of Engineering and
Technology, Karachi, 74800, Sindh, Pakistan, “IRC for Industrial Nuclear Energy, King Fahd University of
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and Technology, Jamshoro,76080, Pakistan, *Chemical Engineering Department, Qaid-e-Awam University of
Engineering and Technology, Nawabshah, 74800, Pakistan u ’Department of Mechanical Engineering, Isra
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Yenuk AISI 4340 ce 3dor cBoje U3BpCHE MeXaHWYKe YBpPCTOhe W OTIOPHOCTH Ha yAap
IIUPOKO KOPUCTH Y MHIyCTpHjaMa BUCOKOT pU3HKa. MexaHW4Ka CBOjCTBA OBOT YeIHKa MOTY ce
3HayajHO MModosbLIATH TEPMUUKOM 0DpaioM, HAPOUMTO OTIYLITAaHEeM Ha KOHTPOJTHCAHUM TEeM-
nepatypama. OBa CTygHja UCTpaXkyje YTHLQj OTHyIUTaka HA MHKPOCTPYKTYPY U MeXaHHYKa
cBojcTBa yenuka AISI 4340. ExcnepuMeHTasHa aHaiau3a odyxBaTa KapaKTepusalujy mpe U
IoCJIe TeEpMHUUKe 0dpaje Kako OU ce IpoLeHuIe IPOMEHe Y YBPCTOhH, KUIABOCTH U TyKTHUIIHO-
CTU. Pe3ynTaTy HCIUTHBama NoKa3yjy fa otnywTame Ha 450 °C (45 min) onTMMaaIHO NOHOIb-
IIaBa €HEPrujy yAapa U JyKTUIHOCT, y3 01aro cMameme TBpohe U uBpcTohe, JOK OTHYIITabe
Ha 550 °C moBomu o uspakeHujer nosehama eHepruje ymapa ¥ OyKTHITHOCTH, ajlH 10 IeHy
Beher cMamema TBpAohe u uspcrohe. MUKpPOCTPYKTypHA UCIHUTHBAKA NOTBPYYjy dopmupame
OTHYIUTEHOT MapTEeH3WTa, LITO AONPHUHOCH YOUEHOM MEXaHWUKOM MoHauamwy. OBM Hanasu
Npy’Kajy AparoleH YBUA Yy ONTHMU3aLMjy NapameTapa Tepmuuke odpage yenuka AISI 4340
pany noctusama danaHca yBpcTohe, XKUIaBOCTH U JyKTUIHOCTH 38 MHAYCTPHjCKY IPUMEHY.

(ITpumsbeHo 23. HoBeMOpa, peBunupaHo 26. nenemdpa 2025, npuxsaheno 9. mapra 2026)
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Abstract: The objective of this research work was to examine the feasibility of
preparing adsorbent materials from textile waste (polyester) for the elimination
of pharmaceutical products such as clofibric acid (CA). The results showed that
the adsorbents prepared by chemical activation in the presence of phosphoric
acid followed by pyrolysis at 600 °C led to microporous materials with large
specific surfaces. Batch experiments were conducted to study the effect of con-
tact time, initial CA concentration, solution pH and temperature. Elimination
yields by adsorption of CA in aqueous solution greater than 95 % were obtained
with dilute solutions (10 mg L!) at room temperature and at pH 3. The ads-
orption kinetics is perfectly described by the pseudo-second-order model and the
isotherms are of the Freundlich types. The results indicate that this process is
spontaneous, efficient and potentially applicable in the removal of CA from water.

Keywords: activated carbon cloth; pharmaceutical active compounds; waste
water; H3POy.

INTRODUCTION

Pharmaceutical active compounds (PhACs) are a class of emergent pollutants
that are being continuously introduced into the environment mainly due to im-
proper disposal of unused or expired drugs and through excretion and inefficient
removal in sewage treatment plants (STPs).! Even though the amounts found in
the environment are usually low (they are often detected in trace concentrations
(ng L1), long-term exposure of aquatic and terrestrial organisms may provoke
adverse effects on respective ecosystems.2 Some of these compounds such as
carbamazepine, clofibric acid, diclofenac, tetracycline, paracetamol and caffeine
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have shown persistent behavior, which may lead to their bioaccumulation when
present in the environment. Moreover, the degradation of some drugs can produce
highly toxic and carcinogenic compounds.

It is thus important to remove all these pharmaceutical products from waste-
water and this can be done using electrochemical methods, membrane filtration,
adsorption, biodegradation and advanced oxidation processes (AOPs). Compared
with the above methods, adsorption is considered as a promising method for rem-
oving various pollutants from wastewater due to its economical, renewable, and
flexible operation.3

Activated carbon cloths (ACCs) present technological advantages over more
traditional powder or granular forms of activated carbons, including high adsorp-
tion capacity, uniform porosity and high rates of adsorption/desorption from the
gas or liquid phase, as well as new applications such as molecular sieves, catalysts
and electrodes.3* The textural and chemical characteristics of activated carbon
depend on the nature of the precursor used as well as the methods and conditions
of production.> Currently, the major precursors for producing ACC include syn-
thetic materials such as acrylic, nylon and polyester fibres and natural materials
such as wool, flax, viscose and cotton.3 The preparation of activated carbon from
polyester woven waste, similar to that of conventional activated carbon, involves
its treatment by physical or chemical activation processes.®

Some researchers have shown ACCs’ efficiency in aqueous media for the rem-
oval of organic and inorganic compounds for example Brasquet et al.” examined
the quantitative structure—property relationship for the adsorption of 55 organic
compounds onto activated carbon cloth. Brasquet and Cloirec8 studied the effects
of activated carbon cloth surface properties on organic adsorption in aqueous sol-
utions. Ayranci and Dumain® evaluated the adsorption capacity of ACCs vis-a-vis
of phenolic compounds (phenol, hydroquinone, m-cresol, p-cresol and p-nitro-
phenol). Adsorption of cadmium by activated carbon cloth based on polyacrylo-
nitrile fibre as a precursor was oxidised using nitric acid, ozone and electrochem-
ical oxidation has been reported by Rangel-Mendez and Streat.!0 Alvarez-Merino
et al.!ll investigated the adsorption of Zn(II) ions from aqueous solution under
static conditions using commercial activated carbons in the form of grains and
cloth. Akkouche et al.12 studied the adsorption of tetracycline and paracetamol
from aqueous solutions using activated carbon derived from cotton textile waste
modified with H3POy4. Boudrahem et al.3 studied the adsorption of clofibric acid
from aqueous solutions using activated carbon derived from cotton textile waste
activated with H3POg.

In this work we investigated the feasibility of using polyester cloth waste as
precursor for the production of activated carbons with activation by H3PO4. The
physicochemical properties of ACs, such as BET surface area, morphology and
surface functional groups, were analyzed to better understand the mechanism of

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

(CC) 2026 Serbian Chemical Society.



RECYCLING TEXTILE WASTE 53 1

adsorption of clofibric acid (2-(p-chlorophenoxy)-2-methylpropionic acid, CA.
The effects of initial concentration of the adsorbate, pH of the solutions, contact
time and temperature were evaluated. Moreover, different adsorption isotherm
models, including Langmuir and Freundlich were used to analyze the adsorption
equilibrium data. Pseudo-first and pseudo-second order models were used to study
the kinetic process.

The choice of textile waste in this study is linked to its great availability, its
low cost and the need to preserve natural resources for future generations. For
example, it is estimated that the production of textile waste in Algeria in the year
2014 was 1,430,000 t. As for the choice of the target molecule (clofibric acid), this
is due to its belonging to a class of consumer products, to its presence in the env-
ironment and its specific action on microorganisms.

EXPERIMENTAL
Materials

Polyester cloth waste used in this study was obtained from a clothing production factory
(ALCOST-Bejaia-Algeria). Nitrogen gas was industrial grade of 99 % purity. The reagent grade
chemicals used in the study (H;PO4, H,SO4, HCIl, NaOH) and clofibric acid (CA), were
purchased from Aldrich and Junsei chemical companies.

Preparation of the activated carbon (AC)

Polyester cloths residues were used as a precursor for the preparation of AC. The cloths,
previously weighed, were immersed in the H;PO, solution for 7 h at 85 °C to ensure the access
of the activating agent to the interior of the precursor, and then the temperature of the mixture
was increased and maintained at 100 °C until it was completely dry. Three activation ratios, 25,
50 and 75 wt. % (wt = mass of H3PO,/mass of precursor) were tested. The dried samples were
pyrolyzed at 600 °C for 1h under an inert gas stream (N, flow). The heating rate was 10 °C min’!.
The AC samples were cooled down to room temperature while still under N, flow. Afterwards,
the resulting activated carbons were rinsed thoroughly with distilled hot water until a neutral
pH was obtained in order to remove all acid, then dried and kept in a desiccator before use.

Characterization of the AC prepared

The surface area, micropore volume and pore size distribution were determined using the
nitrogen adsorption isotherm technique measurements at the liquid nitrogen temperature of 77
K (Micromeritics Instrument Corporation MicroActive Tristar II 3020).

The surface morphology of ACs was examined by scanning electron microscopy
(SEMJSM&820, Jeol Ltd., Japan).

The surface chemical properties of the samples were characterized by the Fourier-trans-
form infrared spectroscopy (Shimadzu FTIR-8300, Japan) at room temperature. The spectra
were recorded in the 4000400 cm™! wavenumber range.

The carbon surface charge is mainly determined by the pH of the adsorbate solution. The
pH at the point of zero charge (pHpy) of the carbon was determined using the method reported

by Khenniche and Aissani.!3

Batch adsorption procedure

Adsorption experiments were carried out by mixing 0.25 g of ACs with 250 mL of each
clofibric acid solution (10 to 100) mg L-! in a batch reactor (500 mL) under the following
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conditions: 360 rpm stirring speed, 3 h contact time, temperature, 20, 30, 40 and 50 °C, and
desired initial pH value of the solution. The concentration of the clofibric acid was measured
using a UV—Vis spectrophotometer at a wavelength of 227 nm. The CA adsorption capacity at
time ¢, g, was evaluated using as:

qtz(co_ct)V (1)

m

in which g, is the adsorption capacity at time ¢ (mg g'!), C, (mg L!) is the initial concentration
of CA, C,(mg L) is the concentration of CA at time ¢, V' (L) is the volume of the CA solution
and m (g) is the mass of the ACs. At the equilibrium: ¢, = ¢, and C, = C,.

RESULTS AND DISCUSSION
Optimization of adsorbent characteristics

Nitrogen adsorption — textural characteristics. Before attempting to obtain
quantitative information, a study of the form and textural characteristics was imp-
osed. Nitrogen adsorption—desorption isotherms were plotted for the various ads-
orbents prepared by plotting the amount of nitrogen adsorbed or desorbed per g of
adsorbent as a function of relative pressure. The results presented in Fig. 1 show
that all nitrogen adsorption isotherms are type I (Langmuir isotherm) according to
the IUPAC classification.!4 This type of isotherm suggests that the adsorbents are
of the microporous type. This result was confirmed by the desorption isotherm.
The speed of reaching the plateau is an indication of the pore size distribution and
the presence of the horizontal plateau suggests a very low external surface area.
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Fig. 1. Adsorption—desorption isotherms of nitrogen at 77 K of ACs with different H;PO,
impregnation ratios.

The physical properties results obtained from the N, adsorption—desorption
isotherms of all ACs were determined and reported in Table I.

Analysis of the Table I data reveals that activated carbons prepared from poly-
ester are characterized by large specific surface areas. The activation increases the
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SBET. V4 Vmic and Vipes. The microporosity ratio (Vic/Vy), %, of the adsorbents
prepared decreases with the impregnation ratio, decreasing from 99.74 % for non-
-activated carbon 0 % H3PO4 to 98.6 % for an activation rate of 75 % H3zPO4. We
have noticed in this case the development of mesoporosity. This effect may be due
to the hydrolysis of the polyester during the impregnation with the acid, which
means an important release of volatile compounds during the heat treatment.!>
These results are confirmed by Ramos et al.,!> showing that the use of phosphoric
acid as an activating agent not only contributes to the creation of new micropores
but also to the enlargement of the pores already existing in the precursor.

TABLE I. Physicochemical properties of activated carbons

Impregnation ratio with HyPO4

Parameter AC0% AC25% AC50% AC75%
Ve / cm3 gl 0.271 0.335 0.285 0.369
Vel emd gl 0.271 0.326 0.274 0.363
Microporosity, Viie/Vier in % 99.74 97.41 96.18 98.6
Vines / cm?3 g1 0.00072 0.0087 0.011 0.0052
Mesoporosity, Vies/Vior in % 0.264 2.591 3.819 1.4
Sppr/m2g’! 41545 77623 534.08 826.2
Sup /M2 g 89,17 101.21 75.92 152.2
S/ m? gl 32628  675.02 458.16 674
dy=4V,,/S in A 26.13 17.25 21.32 17.85
g/ mg g’ 34.45 63.66 75.39 80.46

Morphological characterization of the ACs

The scanning electron micrographs (SEM) of the non-activated carbon (non-
-AC 0 %) and the AC 75 % are presented in Fig. 2a and b. The non-activated
carbon (0 % H3PO4) and activated carbon (75 % H3POy4) samples derived from
the polyester precursor show visible signs of fibers collapse and breakage, likely
due to an intensified reaction with the polyester caused by the acid in the imp-
regnation stage and the pyrolysis temperature, with the woven form of the pre-
cursor is gone. Unlike carbon prepared from cotton, it has kept its woven and fib-
rous character,3 the polyester-derived carbon lost this structure.

It is also noticed that the porous structure (size of the pores) is well-developed,
containing different sizes and shapes of pores which result from the activation
process.

FTIR analysis

The FTIR spectra of the ACs prepared with different ratios (0, 25, 50 and 75
%) are presented in Fig. 3. It is noted that the spectra corresponding to the different
adsorbents are similar with respect to the type of functional groups. The difference
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is only in the intensity of the peaks. The higher the activation rate, the more intense
the peaks. Examination of all these spectra reveals the following absorption bands.

a) Non AC 0%

b) AC 75%

Fig. 2. SEM micrographs of: a) the non-activated carbon (0 % H;PO,) and
b) the activated carbon (75 % H3;POy).
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Fig. 3. FTIR spectra of the carbon.

A broad absorption band observed between 3600-3300 cm~! with a maximum
around 3400 cm! is characteristic of the hydrogen elongation vibration of hydroxyl
groups (of carboxyls, phenols or alcohols) and water adsorbed by the materials
analyzed.!6

The peaks at approximately 2300 and 2370 cm™! are characteristic of the C=C
stretching vibration of alkyne groups.!”

The new band appearing in the AC 25 %, AC 50 % and AC 75 % around 1715
and 1600 cm~! absent on the spectrum of non-AC 0 %, is most likely due to the
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C=0 indicating the formation of carbonyl-containing groups (ketones, aldehydes,
lactones, and carboxyl groups).!8

The peak at 1556 cm™! is characteristic of the C=O stretch of the carbonyl
group in a quinone and represents the y-pyrone structure with strong vibrations
from a combination of C=0 and C—C.!°

The broad band at 1300-500 cm! was assigned to the C-O stretching and O-H
bending modes such as phenols, alcohols, esters and carboxylic acids.20

The presence of hydroxyl groups of phenolic and carboxylic acids gives an
acidic character to the activated carbon surface whereas carbonyl and quinone
groups confer a basic character to the adsorbent surface.

The pH pzc (Table I) shifted towards lower pH values when the impregnation
ratio increased due to the introduction of acidic groups.

Effect of impregnation ratio on adsorption amount of clofibric acid

The impregnation ratio variation effect on the adsorption kinetics of the CA
onto activated carbon is presented in Table I. A higher elimination of CA is obs-
erved when the impregnation ratio is increased from 0 to 75 % H3POj4. The best
adsorption rate (% removal) of activated carbon obtained at 75 % phosphoric acid
was 80.46 mg g~!. This may be attributed to the increase in adsorbent surface area,
microporosity development (= 99 %) and availability of more adsorption sites
resulting from the increase in impregnation ratio. Consequently, the activated car-
bon prepared with an activation ratio of 75 % H3PO4 was used in all subsequent
experiments.

Effect of pH on the removal of clofibric acid

pH is an important factor in any adsorption study. It can condition both the
surface charge of the adsorbent and the structure of the adsorbate. This quantity
characterizes the water, and its value will depend on the origin of the effluent. The
treatment technique to be adopted will strongly depend on the pH value. This is
the reason why, in any adsorption study, the influence of pH on the adsorption
capacity of a given solute on a specific adsorbent is essential.

The kinetic results of the adsorption of clofibric acid showed that the pH
studied in the range 3-9 is a critical factor. From Fig. 4a, it appears that CA
elimination is best at a very acidic pH (pH 3). The adsorption capacity gradually
decreases when the pH increases. It reaches its minimum at basic pH (pH 9). A
similar value was found in a previous study on the adsorption of clofibric acid by
an activated carbon prepared from cotton3.

The pHpzc of AC 75 % is 3.9; thus, the surface carries a positive charge at
solution pH values less than 3.9, is neutral for pH = pHpzc and is negative for
solution pH values above 3.9.

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

(CC) 2026 Serbian Chemical Society.



53 6 BOUDRAHEM-BOUALIT, MAMERI and CHALA

80 -

(a)
70 -
60
T 50 4
2 0
= 30
20 4
10 -
0 i i Al S
3 5 7 9
pH
100 (b) e 10
~ 90 4
o =
s 80 + s 33
g a2 B
B
£ 60 +
g 504 .« B
S 40 + = 100
2 09 pseudo-second-ordre
2 20 1
2 10 ey " pseudo-first-ordre
< 0 i

0 50 100 150 200
t /min

Fig. 4. Adsorption of CA onto AC 75 % at different: a) initial pH; conditions: AC 75 %,
agitation speed = 360 rpm and 7 = 20 °C and b) contact time and initial CA concentration;
conditions: AC 75 %, agitation speed = 360 rpm; 7= 20 °C and pH 3.

The increase of the CA adsorption capacity with increasing the acidic degree
of the solution is attributed to the anionic and molecular forms of the CA and the
positive surface charge of the activated carbon at lower pH. Therefore, the anionic
form of CA is attracted by the positive charges of the activated carbon surface area.
When the pH increases (pH > pHpzc), the surface becomes more negatively
charged and above the pKa value clofibric acid is in the anionic form. This results
in high electrostatic repulsions, leading to no significant adsorption.

Effect of contact time and initial clofibric acid concentration

One of the factors known to influence the amount of solute removed by
adsorption is the adsorbent—adsorbate contact time. Therefore, we have monitored
the CA adsorption capacity over a period of 3 h for different initial acid concentrations.

Fig. 4b indicates that equilibrium is almost reached after 60 min. It also shows
that the adsorption takes place in two stages. At the start of the experiment, ads-
orption is rapid, which is due to the high availability of vacant active sites on the
surface of the adsorbent. This step is followed by a second, slower step as there are
fewer and fewer active sites to which clofibric acid can bind. The acid adsorption
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capacity tends to stabilize, which is evidenced by the appearance of a plateau.
Given these results, we set the duration of our experiences to 180 min to make sure
there is no desorption of adsorbed molecules at contact times.

The influence of initial CA concentration on the adsorption capacity and
kinetics is shown in Fig. 4b. The results show that the CA adsorption capacity
increases with increasing initial solution concentration. This development can be
explained by the existence of a strong gradient in the concentration of CA between
the solution and the surface of the adsorbent when Cy increases.

Adsorption kinetics

In order to examine the mechanism of the adsorption process, several models
are given in the literature. We have tested three kinetic models in particular to
analyze our experimental results: the pseudo-first-order model (Eq. (2)), the
pseudo-second-order model (Eq. (3)) and the intra-particle diffusion model (Eq.

(@)

g =qe(1—e My )
2
kot
g =2 3)
1+ qekzt
g, = x; +kgt*? (4)

where ¢, and g, (mg g!) are the adsorption capacity at equilibrium and at time ¢,
respectively, k1 (min1), k (g mg~! min!) and k4 (g mg~! min~!) are the rate
constant of the pseudo-first-order, pseudo-second-order and intra-particular diffus-
ion equations, respectively and x; is the intercept of the straight line which is related
to the boundary-layer thickness.

All the constants of the models tested (Table II) were determined by max-
imizing the error function and using the solver add-in with Microsoft’s spread-
sheet, Microsoft Excel.2! The error function (coefficient of determination, R2)
employed was defined as follows:

Rz _ Z(qcal _5)2
> (Geal = 90)* + D (Geas — 1)’

where g, and g, both expressed in mg g1, represent the adsorption capacities of
clofibric acid (CA) onto AC 75 % at time ¢. g4 is obtained from the model, while
q:1s determined experimentally. g, denotes the average of the experimental values
(g0

According to Fig. 4b and the values of the parameters presented in Table II,
based on the high R? and the difference between e(cal) and Ge(exp) values, the
adsorption kinetics of CA onto AC 75 % is described by a pseudo-second-order

)
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model. The matching adsorption process to the pseudo-second-order model indi-
cates that various mechanisms such as chemisorption and diffusion into the pores
contribute to the adsorption of CA onto active sites of the adsorbent.22

TABLE II. Kinetic parameters for adsorption of CA onto AC 75 %; kq; and kg, in g mg™! min’!

Initial Pseudo-first-order kinetics Pseudo-second-order kinetics
Co qe exp 9e cal kl R2 e cal k2 R2
mgL! mgg! mg g! L min’! mg g1 g mg! min’!
100 80.88 80.16 0.04 0.95 81 0.0007 0.98
68 59.37 59.21 0.056 0.94 58.85 0.0016 0.97
52 46.34 47.45 0.038  0.991 46.03 0.0008 0.994
33 30 29.33 0.05 0.93 30.04 0.002 0.97
10 9.6 9.56 0.21 0.996 9.62 0.07 0.999
Intra-particle diffusion
CO / mg L_l kdl R2 kd2 R2

100 7.24 0.99 2.84 0.95

70 4.95 0.98 1.06 0.80

50 6.19 0.98 1.25 0.93

30 2.36 0.99 1.28 0.96

10 2.7 0.99 0.014 0.048

Fig. S-1 of the Supplementary material to this paper shows two distinct linear
segments, indicating a two-step adsorption process. The first linear portion
corresponds to adsorption on the external surface (film diffusion), which is
considered a fast step. The second portion is attributed to intra-particle diffusion,
representing a slower phase of the adsorption process. The analysis of the intra-
particle diffusion model (Table II) demonstrated that this diffusion is not the rate-
limiting mechanism, and that diffusion through the boundary layer surrounding the
adsorbent plays a non-negligible role.

Adsorption isotherms

Isotherms comprise an essential part of adsorption studies. From them, it is
possible to evaluate the physical interactions between adsorbate and adsorbent.23

In the present study, the Langmuir and Freundlich models (Table III) were
tested by using the non-linear method to evaluate the adsorption capacity of our
adsorbent and to determine the equilibrium isotherm. Fig. 5 shows the experi-
mental data for the adsorption of CA on AC 75 % at different temperatures and the
predicted equilibrium curves.

The adsorption isotherms obtained (Fig. 5) have a similar appearance and
correspond to type L, according to the classification of Giles et al.24 This type of
isotherm suggests that the molecules adsorb flat on the surface of the adsorbent,
and that there is no competition between clofibric acid and water molecules for the
adsorption sites.
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Fig. 5. Langmuir and Freundlich isotherms for the adsorption of CA onto AC75 %
(conditions: 0.25 adsorbent, 250 mL of adsorbate solution, adsorption time 180 min,
agitation speed 360 rpm, pH 3 and temperature 293-323 K).

It can be deduced (Fig. 5 and Table III) that the equilibrium data are well
described by the Freundlich isotherm model.25 The fitting results show that the
value of  is superior to 2 at the temperatures of 293 and 303 K, indicating that the
adsorption is good, while at 313 (n=0.9) and 323 K (n = 1.36) adsorption is poor
and moderately difficult, respectively.

A comparison is made between the adsorption capacity of AC 75 % for the
removal of the pharmaceutical compound (CA) and other adsorbents reported in
the literature. Mestre et al.2 studied the adsorption of clofibric acid (pK, 3.6) from
aqueous solutions using two activated carbons derived from cork waste: CAC
(chemically activated with K,CO3) and CPAC (physically activated from CAC via
steam treatment). Textural analyses showed that CAC is predominantly micro-
porous, with 68 % of its microporous volume consisting of narrow mesoporosity.
CPAC had the highest specific surface area (1060 m? g-1) and total porosity.
Kinetic data were modeled using a pseudo-second-order kinetic model. The study
demonstrated that pH significantly influenced clofibric acid adsorption, with peak
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efficiency at pH 2, followed by progressive declines at pH 3.6 and 5. The sigmoidal
adsorption isotherms were fitted with the Dubinin—Astakhov model, revealing a
maximum adsorption capacity of 295 mg g~! for CPAC.

TABLE III. Parameters of the Langmuir and Freundlich models for the adsorption of CA onto
ACC 75 %; ¢ = maximum adsorption capacity; K; = Langmuir constant; Kr and n =
Freundlich constants

Model Ref. Parameter 293 K 303K 313K 323 K
Langmuir 19 qm/ mg gl 112.71  86.94 3868  803.66
4K C. K/ Lzmg'l 0.132 0.38 0.004 0.02
t = 14K, C. R 0.98 0.95 0.96 0.94
Frenndlich 19 K /mg "LV 2075 2894 1395 2325
1/n 0.47 0.36 1.11 0.73
— 1/n
9e = K1L.Ce N 222 277 09 1.36
R2 0.99 0.97 0.97 0.95

Roza et al.27 investigated the comparative adsorption behavior of ibuprofen
(IBP) and clofibric acid (CA) onto activated carbon derived from bamboo waste,
prepared by chemical activation with ZnCl, followed by microwave heating
(ABW). Textural analyses revealed that ABW exhibits a porous structure combining
micropores and mesopores (type Il isotherm with a low-pressure hysteresis loop),
and a specific surface area of 722.27 m2 g-!. The adsorption of both compounds
was more effective under acidic conditions, particularly at pH values between 2
and 5, due to favorable electrostatic interactions. The adsorption kinetics followed
a pseudo-second-order model, suggesting that the process is governed by both
chemical adsorption and intraparticle diffusion. The adsorption isotherms were
best described by the Langmuir model, indicating monolayer adsorption, with
maximum adsorption capacities of 278.55 mg g~! for IBP and 229.35 mg g~! for
CA. The calculated Gibbs energy changes (—6.15 kJ mol-! for IBP and —5.56 kJ
mol~! for CA) indicate that the adsorption processes are spontaneous and thermo-
dynamically favorable.

Lu et al.28 studied the adsorption and removal of clofibric acid (CA) and
diclofenac (DCF) from water using a magnetic ion exchange (MIEX) resin. Ads-
orption was found to be optimal within a pH range of 5 to 9, where both compounds
predominantly exist in their anionic forms, thus favoring their exchange with the
quaternary ammonium groups on the resin. The kinetic data primarily fit the
pseudo-first-order model, and the study revealed that the process is jointly
controlled by external mass transfer and surface diffusion. The maximum adsorp-
tion capacities reported were 133.69 mg g1 for CA and 322.31 mg g! for DCF.

Hasan et al.2% investigated the removal of clofibric acid (CA) from water by
adsorption using metal-organic frameworks (MOFs), particularly MIL-101, which
they compared to activated carbon. MIL-101 exhibited a higher maximum adsorption
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capacity (312 mg g versus 244 mg g1 for activated carbon), which was attri-
buted to its high specific surface area (~3100 m2 g~1) and well-developed porosity.
The adsorption process followed a pseudo-second-order kinetic model, with equi-
librium reached more rapidly using MIL-101 than with the other adsorbents. Fur-
thermore, the adsorption was strongly pH-dependent: it was more effective under
acidic conditions, suggesting a favorable electrostatic interaction between the
anionic functional groups of CA and the cationic sites of the MOF.

A detailed comparison of all the discussed adsorbents is presented in Table S-1
of the Supplementary material.

CONCLUSION

This study demonstrated that polyester textile waste can be effectively val-
orized into high-performance adsorbent materials for the removal of the pharma-
ceutical pollutant, clofibric acid, present in wastewater. The adsorbent obtained
through chemical activation with phosphoric acid (H3POg4) followed by pyrolysis
at 600 °C resulted in a microporous activated carbon with a high specific surface
area (up to 826 m2 g-! for a 75 % impregnation ratio). Textural analyses (type I
isotherms) and morphological characterizations (SEM) confirmed the dominance
of microporosity, while FTIR spectroscopy revealed the presence of functional
groups (C=0, —OH) that enhance adsorption.

Adsorption tests showed:

— aremoval efficiency greater than 95 % for low CA concentrations (10 mg
L,

— adsorption kinetics described by the pseudo-second-order model, indi-
cating chemisorption-type interactions,

— optimal adsorption at pH 3, highlighting the importance of the carbon
surface charge and the ionic form of the pollutant,

— equilibrium data well-fitted by the Freundlich isotherm model, suggesting
heterogeneous adsorption on various types of sites and

— the most efficient sample corresponded to an impregnation ratio of 75 %
H3POy, for which the maximum measured adsorption capacity reached 80.46 mg
gl

From an environmental perspective, this research offers an economical and
sustainable solution for managing textile waste and treating water contaminated
with pharmaceutical compounds. The produced ACs show promising potential for
large-scale applications, particularly in hospital or industrial wastewater treatment.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13381, or from the correspond-
ing author on request.
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H3BOJ

AJICOPITIUJA KMTOPUBPUHCKE KUCEJIMHE AKTUBHUM YITBEM JOBUJEHUM O[]
OTTIAOHE ITOJIMECTEPCKE TKAHUWHE: UCITUTUBAKBE EKCITEPUMEHTATHUX
MMAPAMETAPA, KHHETUYKE U ADCOPITILITMOHE PABHOTEXE ITPUMEHOM
HEJIMHEAPHE METOJE

NASSIMA BOUDRAHEM-BOUALIT!?3 NABIL MAMERI® 1 MOUNA CHALA!

"Laboratoire des Sciences et Techniques de I'Environnement, Ecole Nationale Polytechniques Alger, Avenue
Pasteur El Harrach, 16110 Alger, Algeria, “Faculté de Technologie, Université de Bejaia, Bejaia 06000,
Algéria u®Laboratoire de biotechnologie, Ecole Nationale Polytechniques Alger, Avenue Pasteur El Harrach,
16110 Alger, Algerie

[TpenmMeT OBOT HCTpaXXKMBawa je CTyAHja U3BOAJBUBOCTH IIPUIIPEME aficopdeHara off TeKC-
THJIHOT OTnaja (monuecrepa) 3a ykiamame GapmaleyTCKUX MPoU3Boja Kao WTo je Kiodud-
puHcka kucenuHa (CA). PesynraTu Cy nokasaay ja Cy afCOpPOEHTH MPUNPEM/BEHH XEMHUjCKOM
aKTHBALIMjOM Y MPUCYCTBY docdopHe KUCeTuHe, a 3aTUM muponu3oM Ha 600 °C, MUKpOIO-
PO3HHU MaTepHjaly ca BeJIUKUM crelfudUUHUM NOBpIIMHaMa. MiciuTaH je yTulaj BpeMeHa KOH-
TaKTa, movyeTHe koHUeHTpauuje KA, pH pactBopa u Temneparype Ha agcopnuujy. [Iponentu
yknamwama KA 13 BogeHor pacTBopa ancopruujom Behu ox 95 % nobujenu cy y cinydajy pasdna-
xeHux pactsopa (10 mg L) Ha cobHoj Temnepatypu u npu pH 3. KuHetrka apcoprnuuje je
YCHEIWHO OMUCaHa MOAEIOM ICEeyAO-IpyTor pena, a nodujeHu usorepme cy OpojHATHXOBOT
THna. Pe3ynTary ykasyjy ZIa je 0Baj mmpolec CroHTaH, evkacaH U MOTEHLHjaTHO IPUMEHJBUB Y
ykiaawmawy CA U3 Boge.

(TTpumisero 15. maja, pesunupaHno 25. jyHa, npuxsaheHo 6. asrycra 2025)
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Fig. S-1. Kinetics intra-particle diffusion of CA adsorption on AC 75% with different initial
concentrations. Conditions: AC 75%, pH = 3, agitation speed = 360 rpm and T =20 °C.
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TABLE S-I. Comparison of adsorption capacities for the removal of CA from aqueous solutions
using other adsorbents.
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Abstract: In the Belgrade region, direct discharges of untreated wastewater into
the Sava and Danube rivers have a detrimental impact on water quality. This
study investigates this impact by examining the presence of pharmaceuticals in
Belgrade’s wastewater and corresponding surface water, alongside the associated
environmental risk. A highly sensitive and selective LC-MS/MS method was
developed, validated and applied to the analysis of water samples. Thirteen out
of seventeen target pharmaceuticals were detected in wastewater, while nine
compounds were found in surface water, with diclofenac reaching the highest
concentration (1.1 pg L!). Metoprolol, carbamazepine and diclofenac were the
most prevalent in both wastewater and surface water samples. Risk assessment
indicated that diclofenac and azithromycin posed a high environmental risk (RQ
> 1), while a mixture toxicity assessment suggested a cumulative hazard at all
sampling sites. Additionally, the study evaluated pharmaceutical removal effi-
ciencies in two wastewater treatment plants in Serbia, revealing variable effi-
ciencies and even negative removal rates for some compounds, highlighting the
inadequacy of conventional treatment plants in effectively eliminating these
substances. The results emphasize the urgency of regulatory actions and the need
for adequate treatment technologies to reduce pharmaceutical pollution in aqua-
tic environments.

Keywords: drugs; emerging pollutants; urban wastewater; water quality;
WWTP; ecological assessment.
INTRODUCTION

Pharmaceuticals are increasingly recognised as significant environmental con-
taminants due to their rising production and widespread use, posing potential risks

* Corresponding author. E-mail: ljtolic@tmf.bg.ac.rs
https://doi.org/10.2298/ISC250526088S
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to aquatic ecosystems. Municipal sewage discharge is a major source of these
contaminants. Pharmaceuticals enter wastewater through multiple pathways: i)
excretion of parent compounds and metabolites following human consumption; #7)
improper disposal of unused drugs; #i7) hospital and healthcare facility discharges;
iv) pharmaceutical manufacturing effluents.!~# These originate either as pharma-
ceutical waste (unused drugs disposed of through drains) or human metabolites
(excreted after therapeutic use). Human excretion is the predominant pathway,
with 30-90 % of administered doses excreted as parent compounds or metabol-
ites.5 Following administration, many pharmaceuticals undergo hepatic meta-
bolism and are conjugated to facilitate excretion. The concern is that certain meta-
bolites may retain or exceed the toxicity and persistence of the parent compounds.©
However, current environmental risk assessment studies are predominantly foc-
used on parent compounds. Numerous studies have confirmed the widespread
occurrence of pharmaceuticals in wastewater and surface waters at concentrations
capable of disrupting aquatic organisms and potentially affecting human health.7-11

This issue is particularly concerning in the Republic of Serbia, as less than 21
% of the population is connected to wastewater treatment plants (WWTPs).12 Bel-
grade, the capital, exemplifies this issue, as it completely lacks treatment facilities,
resulting in the direct discharge of raw sewage into the Sava and Danube rivers.
Furthermore, existing WWTPs are often insufficient for removing pharmaceut-
icals,!3 allowing these contaminants to enter surface water, groundwater, and even
drinking water.14-16 Ongoing research is necessary to better understand the fate of
pharmaceutical pollutants, their impact on aquatic life, and the potential risks they
pose to ecosystem stability.

This study aimed to: i) develop and validate a fast, simple, and sensitive liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method for the deter-
mination of selected pharmaceuticals in wastewater; i7) determine the concen-
trations of selected contaminants in Belgrade urban wastewater directly discharged
to the Sava and the Danube rivers, as well as in the corresponding river water; iii)
assess the environmental risk posed by contaminants detected in river water; iv)
evaluate the removal efficiency of the analysed pharmaceuticals in two WWTPs.
The pharmaceuticals selected for the study are among the most commonly used
and/or frequently detected in the investigated area.

EXPERIMENTAL
Chemicals and reagents

High-purity (> 95 %) analytical standards of seventeen selected pharmaceuticals were
obtained from domestic pharmaceutical companies (Hemofarm, STADA Group, Vrsac, Serbia,
and Zorka-Pharma, Sabac, Serbia). These included: antibiotics (trimethoprim, sulfamethoxazole,
azithromycin, erythromycin); the drugs for the treatment of cardiovascular diseases (metoprolol,
bisoprolol, enalapril, cilazapril, amlodipine, atorvastatin, clopidogrel, simvastatin); anxiolytic
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drugs (bromazepam, carbamazepine, lorazepam, diazepam); and one non-steroidal anti-inflam-
matory drug (diclofenac).

The individual stock standard solutions of pharmaceuticals were prepared in methanol at
a concentration of 100 mgL-!. The working standard solutions were prepared by mixing the
appropriate amounts of the individual stock standard solutions and diluting them with methanol.
All solutions were stored at 4 °C. For the pH adjustment of the water samples, concentrated
acetic acid and ammonia were used. All solvents used were HPLC-grade from J.T. Baker
(Center Valley, USA) or Sigma—Aldrich, and all reagents were of analytical grade. Deionised
water was obtained using the GenPure ultrapure water system (TKA, Niederelbert, Germany).

Sample preparation

In this study, we modified a previously developed sample preparation method!” for det-
ermining pharmaceuticals in surface water and groundwater samples by replacing the meth-
anol—dichloromethane elution solvent with a safer methanol—ethyl acetate mixture. The modi-
fied method, briefly described below, was validated for wastewater samples.

Waters (Milford, MA, USA) Oasis hydrophilic-lipophilic balance (HLB, 200 mg/6 mL)
cartridges were utilised for the solid-phase extraction (SPE) of wastewater samples. Prior to the
SPE procedure, wastewater samples were filtered through < 1um glass fibre filters (Whatman
GmbH, Dassel, Germany). SPE sorbent was preconditioned with SmL of a methanol-ethyl
acetate (1:1) mixture, followed by 5 mL of deionized water and SmL of deionized water with
its pH adjusted to 6.0. The wastewater sample (100 mL), adjusted to pH 6.0, was then passed
through the cartridge, and the sorbent was dried by vacuum suction for 10 min. Afterwards,
analytes were eluted using 15 mL of a methanol—ethyl acetate (1:1) mixture, and the extract was
evaporated under a nitrogen stream and reconstituted in 1 mL with methanol. The extract was
filtered through a 0.45 pm polyvinylidene difluoride (PVDF) filter from Roth (Karlsruhe,
Germany) and analysed.

LC-MS/MS analysis

Water sample extracts were analysed using LC—-MS/MS based on the method developed
by Gruji¢ et al.,'® which was further expanded to include drugs for the treatment of cardiovas-
cular diseases, allowing the determination of 17 pharmaceuticals. Briefly, a Surveyor LC system
(Thermo Fisher Scientific, Waltham, MA, USA) was used for the separation of the analytes on
the reversed-phase Zorbax Eclipse® XDB-C18 column (75 mmx4.6 mm i.d., 3.5 pm particle
size; Agilent Technologies, Santa Clara, USA). A pre-column (12.5 mmx4.6 mm id., 5 pm
particle size; Agilent Technologies, Santa Clara, CA, USA) was installed in front of the separ-
ation column. The mobile phase consisted of water (A), methanol (B) and 10 % acetic acid (C).
The gradient changed as follows (Fig. S-I, Supplementary material to this paper): 0 min, A 65
%, B 33 %, C 2 %; 12 min, B 98 %, C 2 %; 18 min, B 98 %, C 2 %; 18.01 min, B 100 %. The
initial conditions were then re-established and held for 10 min. The flow rate of the mobile
phase was 0.5 mL min!. An aliquot of 10 pL of the final extract was injected into the LC
system. The LC system was coupled with an LCQ Advantage quadrupole ion trap mass spectro-
meter (Thermo Fisher Scientific, Waltham, MA, USA). The electrospray ionization (ESI)
technique was used, and all analytes were analyzed in the positive ionization mode. The optimal
source parameters were as follows: source voltage (4.5 kV), sheath gas (25 au, i.e., 25 arbitrary
units), and capillary temperature (290 °C). Fragmentation reactions used for identification and
quantification, as well as the confirmation of selected analytes, are shown in Table S-I (Sup-
plementary material).
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The standard addition method was used to analyse the collected wastewater samples,
compensating for matrix effects and incomplete analyte extraction. Each water sample was
divided into six aliquots: four aliquots were spiked with a working standard solution at concen-
trations of 50-1000 ng L1, resulting in final extract concentrations of 5-100 pg L°!, and the
remaining two were not spiked.

Method validation

The linearity of the analytical response was studied using the matrix-matched standards
(MMS) prepared at five concentration levels (5-100 pg L-1). MMS were prepared by adding
working standard solutions of the pharmaceuticals to the blank extracts obtained after the SPE
procedure. The extraction recoveries and the repeatability of the method, expressed as the rel-
ative standard deviation (RSD), were determined by analyzing three replicate wastewater
samples spiked at two concentration levels (100 and 1000 ng L'!). The limits of detection
(LODs) and quantification (LOQs) were determined as the minimum detectable amount of ana-
lyte with a signal-to-noise (S/N) ratio of 3 and 10, respectively,!® using spiked samples at a
concentration of 50 ng L-1.

Water sample collection
The details related to sample collection are given in Supplementary material.
Risk assessment

The risk quotient (RQ) approach was used to assess the environmental risk of pharmac-
euticals detected in surface water. Risk quotients were calculated using the equation:

MEC
PNEC

where MEC is the measured environmental concentration and PNEC is the predicted no-effect
concentration of the detected compounds.?! PNEC values were obtained from the Norman data-
base,?? using the lowest available values for each compound (Table S-1II, Supplementary
material). The risk to aquatic life may increase when pharmaceuticals are present in mixtures,
as each compound contributes to toxicity, even if individual concentrations are below their
PNEC values. Therefore, to fully estimate the risks to aquatic life arising from exposure to
pharmaceuticals, the combined effects of their mixtures were considered. Risk at each sampling
site was evaluated using the concentration addition concept,?3-2* with RQ,y;, calculated as:

" MEC,
ROms = 2 onec;
1

i=1

RO = (M

@
Based on RQ values, the environmental risk was classified as: high (RQ > 1), medium (0.1 <
RO < 1), and low (RQ < 0.1).23

RESULTS AND DISCUSSION
Method validation

The developed analytical method was validated for wastewater samples, with
linearity, recovery, repeatability, detection limits and quantification limits assessed
(Table S-1V, Supplementary material). Linearity was evaluated using MMS (5—
—100 pg L1), corresponding to initial sample concentrations of 50-1000 ng L1,
Determination coefficients (R2) ranged from 0.990 to 0.999 for all tested analytes,
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indicating adequate linearity. The recoveries ranged from 70 to 120 % for most
analytes, except for azithromycin and erythromycin (55-62 %), likely due to pH
adjustment to 6.0. Our previous study showed that pH values of 3.0 and 7.5 were
optimal for azithromycin and erythromycin, respectively.!® However, pH 6.0 pro-
vided the best overall recoveries, making it the most suitable choice for simul-
taneous analysis. The resulting RSD values were all below 20 %. Low limits of
detection (3.3-50.0 ng L-1) and quantification (11.1-166.7 ng L-1) were obtained,
demonstrating the method’s sensitivity, which is in agreement with values reported
in the literature!? and its suitability for determining trace levels of selected analytes
in wastewater samples.

Wastewater and surface water sample analysis

The validated method was used to analyse selected pharmaceuticals in urban
wastewater samples discharged into the Sava and Danube rivers in Belgrade, as
well as in the corresponding surface water. As shown in Table [, 13 out of 17 target
pharmaceuticals were detected in urban wastewater, with concentrations ranging
from 15 ng L-! (cilazapril) to 1.2 pg L-! (sulfamethoxazole). The most ubiquitous
drugs were metoprolol, bisoprolol, enalapril, carbamazepine and diclofenac, det-
ected at all sampling sites, confirming their widespread use and persistence in was-
tewater. Sampling site WW 1 had the highest number of detected compounds (13
out of 17), likely because it is the primary discharge point for Belgrade’s waste-
water.

TABLE 1. Pharmaceuticals detected in Belgrade urban wastewater at seven sampling sites
WWI-WW7 (n=2)

Concentration + SD, ng L°!

Pharmaceutical WWI_ WW2_ WW3_ WW4 __ WW5 __ WW6 _ WW7
Trimethoprim 122412 53+£5 - - 482+72 - -
Metoprolol 290422 154+13 434+58  36+3 305+32 143£20  294+8
Sulfamethoxazole 122419 12249 - - 1184+152 - -
Azithromycin 318+48 102+0 - - - - -
Bisoprolol 6311 464 118422 8347 4948 35+4 769
Enalapril 155£12 128426 240+51 284+44  174+17 16420 208+34
Cilazapril 152  89+16 22+4 - - - -
Erythromycin 133422 266+34 347422 - - - -
Carbamazepine 274444 313+£30 449+14 26348 127425 190+49 253441
Lorazepam 171£24 8443 318+19 167+33  77+10 10522 -
Diazepam 163422 - - - - -
Atorvastatin 71£5 25+4 - - - - -
Diclofenac 442473 253+11 58+5 471£70 782+156 479+105 310+71

Pharmaceuticals in untreated wastewater have been studied across the Wes-
tern Balkans, with Petrovi¢ et al.” detecting trimethoprim, sulfamethoxazole, carb-
amazepine, lorazepam and atorvastatin in Novi Sad at concentrations similar to
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ours, with carbamazepine being among the most abundant in both studies. How-
ever, diclofenac and metoprolol concentrations were higher in their study, with
diclofenac exceeding 1 pg L-1. Terzi¢ et al.2% investigated 44 pharmaceuticals in
wastewater from Bosnia and Herzegovina, Croatia and Serbia, reporting a wide
concentration range for many compounds. For pharmaceuticals detected in both
studies, the concentrations measured in our samples fell within the reported ranges.

In the corresponding surface water samples, 9 out of 17 target pharmaceuticals
were detected (Table II), with concentrations ranging from 19 ng L-! (bisoprolol)
to 1.1 ug L1 (diclofenac). The most prevalent drugs in the surface water samples
were metoprolol, carbamazepine, and diclofenac, detected at all sites. At sampling
site SW8, 9 out of 17 substances were detected, with notably higher concentrations,
likely due to its location in a small bay with limited water circulation.

TABLE II. Pharmaceuticals detected in Belgrade surface water at eight sampling sites SW1—
—-SW8 (n=2)

Concentration = SD, ng L"!

Pharmaceutical SWI__SW2 SW3 SW4 SW5 SW6  SW7 _ SWS
Trimethoprim 14511 — - - - - - 334454
Metoprolol 9543 107+13 5348 308450 82+14  78+11 132+12 1012£150
Sulfamethoxazole - - - - - 127+7
Azithromycin - - 58+1
Bisoprolol 33+2 19£2  661+124
Enalapril - - — - - 1099+8
Carbamazepine 2042 2042 23+1 3847 2444 3245 56+£8 552429
Diazepam - - - - - — 17618
Diclofenac 31647 15742 267+50 225+45 375475 1087+123 251+£50 950+176

In a review paper,2” the reported concentration ranges of pharmaceuticals in
the Lower Danube River basin were: carbamazepine (3.94-945 ng/L), diclofenac
(0.8-255 ng/L), sulfamethoxazole (30—204 ng/L) and trimethoprim (0.8-223
ng/L). Our results align with these ranges, except for diclofenac, which showed
significantly higher concentrations at two sampling sites. Similarly elevated diclo-
fenac levels were reported in the Danube near Budapest, Hungary (up to 931
ng/L).28

In most cases, the same compounds were found in both surface water samples
and wastewater discharged into them, indicating the impact of Belgrade’s muni-
cipal wastewater on surface water quality. The concentrations of most detected
compounds were significantly lower in river water. However, for some com-
pounds, such as diclofenac, similar or even higher concentrations were observed
in surface water compared with wastewater. The highest detected diclofenac con-
centration in river water exceeded that observed in wastewater, likely due to its
high environmental persistence.2 Metoprolol, diclofenac and carbamazepine were
the most frequently detected analytes in both sample types.
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Hazard characterisation of detected pharmaceuticals

Hazard identification was conducted for each detected pharmaceutical accord-
ing to the REACH/CLP criteria, evaluating five key hazard classes: persistence,
bioaccumulation, toxicity, mobility and endocrine disruption.30 A comprehensive
summary of the hazard characterisation for all detected pharmaceuticals is pro-
vided in Table S-V (Supplementary material). The hazard assessment revealed that
several detected pharmaceuticals exhibited concerning profiles: carbamazepine
and erythromycin showed high persistence and toxicity, while azithromycin
showed moderate-to-high persistence combined with high toxicity. Multiple phar-
maceuticals (metoprolol, sulfamethoxazole, carbamazepine, erythromycin) dem-
onstrated high mobility, raising concerns about their potential for widespread
environmental distribution. Additionally, various compounds, including metopro-
lol, sulfamethoxazole, azithromycin, erythromycin, carbamazepine, lorazepam,
diazepam and diclofenac, showed potential endocrine-disrupting activity. These
hazard characteristics justify the inclusion of the detected pharmaceuticals in the
risk assessment.

Risk assessment

The environmental risk associated with analytes detected in surface water
samples was assessed, with the obtained RQs presented in Fig. 2A. Based on the
calculated RQ values, bisoprolol posed a low risk (RQ < 0.1), while most of the
other detected analytes posed a moderate risk (0.1 < RQ < 1). However, diclofenac
posed a high risk, with RQ values exceeding 1 at all sampling sites, reaching a
maximum of 27.17 at site SW6. Azithromycin also exceeded the high-risk thres-
hold (RQ > 1) at one site (RQ = 3.05 at SW8). Both diclofenac and azithromycin
have been proposed for inclusion in the EU Priority Substances List in the field of
water policy,3! due to their widespread presence in water bodies and harmful
effects on aquatic organisms. Other studies,32-34 have also reported high risks for
these substances, highlighting the need for further attention and regulatory con-
sideration.

30 " sw1
25- A) T e sw2
20 SW3 B
15- v sw4 ». B) -
10- SW5 ™
5 § 4 owe 251
Cig ® SWr X g
rgd ® sws
< s
I e .
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0.4- ]
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g3 = o ® L4 5! - L]
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Fig. 2. A) Risk quotients (RQs) for individual compounds at each surface water site; B) risk
quotients for the compound mixture (RQ,,;x) at each site.
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The risk of the entire mixture of pharmaceuticals was also assessed at all
surface water sampling sites. As shown in Fig. 2B, the RQOnix significantly
exceeded the threshold of 1 at all sites, with the highest value of 29.42 observed at
site SWS. At this location, as well as at all other sites, diclofenac was the pre-
dominant contributor to the high RQOix value. However, even contaminants that
individually do not pose a significant risk can contribute to an increased RQOnix
value and as part of a mixture, they may amplify environmental risk due to cum-
ulative effects. These findings emphasise the need to assess the combined effects
of contaminant mixtures, rather than focusing solely on individual compounds.

Pharmaceuticals detected in WWTPs and their removal rates

Pharmaceutical concentrations in wastewater samples from the selected
WWTPs in Serbia (Table III) showed significant variations in both influent and
effluent levels. Among the nine detected pharmaceuticals, the highest influent
concentrations were recorded for carbamazepine (2.7 ug L-1) at WWTP1 and
diclofenac (5.9 pg L-1) at WWTP2. Generally, influent concentrations exceeded
those obtained for untreated wastewater from Belgrade (Table I), particularly for
metoprolol, erythromycin and diclofenac. These variations may stem from differ-
ences in wastewater composition, such as differences in the proportion of domestic
effluents.

TABLE III. Pharmaceuticals detected in influent and effluent samples of two WWTPs in Serbia
(n=2); RE: removal efficiency

Concentration = SD, ng L"! Concentration = SD, ng L"!

Pharmaceutical Influent Effluent Iff Influent Effluent Iff
WWTP1 WWTP1 WWTP2 WWTP2
Trimethoprim 37+£5 145+7 -292 142+13 109+22 23
Metoprolol 860+77 1163015 1252 644+112 3095+12 381
Sulfamethoxazole = 215424 151+13 30 385473 107+16 72
Bisoprolol 7843 7349 6 89+5 2942 67
Enalapril 543455 105+8 81 868+149 399458 54
Erythromycin 1448+261 520478 64 95642 3833+25 301
Carbamazepine 2675+589 389462 85 1368+328 529474 61
Lorazepam 148+2 24245 —63 188+13 - 100
Diclofenac 1592+143 919455 42 59274948 324435 95

Our results align with other studies reporting carbamazepine concentrations
of up to 2150 ng L1 in wastewater in Spain and 2499 ng L~! in China,35:36 as well
as diclofenac levels reaching 4056 ng L-! in Slovenia.37 In contrast, Afonso-Oli-
vares et al.38 reported lower concentrations of carbamazepine, diclofenac and
erythromycin compared with our study, while sulfamethoxazole and trimethoprim
were found at higher levels. Differences in consumption patterns may account for
regional variations in pharmaceutical concentrations.
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All pharmaceuticals detected in influent samples were also present in effluent
samples from both WWTPs, except for lorazepam (which was detected in only one
effluent), indicating incomplete removal by conventional wastewater treatment.
The highest effluent concentrations were observed for metoprolol (11.6 ug L-1) at
WWTP1 and erythromycin (3.8 ug L-1) at WWTP2. The removal efficiencies
(RE) of pharmaceuticals were evaluated based on influent and effluent concen-
trations. RE varied significantly, ranging from 6 % (bisoprolol) to 85 % (carbam-
azepine) at WWTP1 and 23 % (trimethoprim) to 100 % (lorazepam) at WWTP2.
Gros et al.14 suggested that pharmaceuticals may persist in WWTP effluents due
to low adsorption onto activated sludge or slow microbial degradation within the
plant’s retention time. Consequently, conventional secondary treatment with acti-
vated sludge achieves only partial removal, with low RE commonly reported for
certain pharmaceuticals.15:3% Additionally, several pharmaceuticals (trimetho-
prim, lorazepam and metoprolol in WWTP1; erythromycin and metoprolol in
WWTP2) exhibited higher concentrations in effluent than in influent samples,
resulting in negative RE. This phenomenon, documented in other studies,!4:15.37
may result from pharmaceutical retention within the WWTP and subsequent epi-
sodic release. Another possible explanation is enzymatic deconjugation of con-
jugated metabolites, leading to the regeneration of parent compounds during treat-
ment.40 Despite their similar configurations, the two WWTPs exhibited significant
differences in pharmaceutical removal efficiency, which may be explained by dif-
ferences in process parameters, such as hydraulic retention time and sludge ret-
ention time.#! WWTP2 generally exhibited higher efficiency, particularly in the
removal of diclofenac and lorazepam (95 and 100 %, respectively).

Overall, these results suggest that the wastewater treatment processes in the
two WWTPs were insufficient to fully eliminate the studied contaminants, high-
lighting the need for advanced treatment strategies to reduce pharmaceutical con-
tamination in surface waters.

CONCLUSION

This study assessed the presence and impact of pharmaceuticals in Belgrade’s
wastewater on surface waters, revealing considerable pollution and associated
environmental risks. A sensitive and reliable LC-MS/MS method was developed,
validated and successfully utilised for pharmaceutical analysis. The most fre-
quently detected pharmaceuticals in wastewater and surface water were meto-
prolol, carbamazepine and diclofenac, with diclofenac reaching concentrations of up
to 1.1 ug L1 in surface water. Risk assessment revealed that diclofenac and azi-
thromycin posed a high environmental risk in surface waters, while the cumulative
risk of pharmaceutical mixtures exceeded safety thresholds at all sampling sites.
The results from the two conventional wastewater treatment plants (WWTPs) dem-
onstrated variable removal efficiencies, with some pharmaceuticals exhibiting
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negative removal rates, suggesting potential issues in the treatment processes.
Overall, the study underscores the need for advanced wastewater treatment tech-
nologies and regulatory measures to mitigate pharmaceutical contamination and
its ecological risks.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13395, or from the correspond-
ing author on request.
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HU3BO[NO

JIEKOBH Y BEOI'PAICKOJ OTITAOHOJ BOOU: YTHULIAJ HA ITOBPIIMHCKE BOJE U
MMPOLIEHA EKOJIOIIKOI PUSUKA

JbUJbAHA M. TOJIWR CTOJAIIMHOBUR!, CBETJIAHA [I. TPYJUR?, HUKOJIMHA H. AHTUR?
u TATJAHA M. BYPKUR?

"Hnosayuonu yeniuap TexHoTowKo—meiarypuxoi Gaxyniueina, Kapueiujesa 4, 11000 Beoipag,
2Ynugepsutet y Beoipagy, Texnonowko—memanypuku Qaxynimetd, Kapneiujesa 4, 11000 Beoipag u
3Iapuncka nadopamopuja, Yupasa yapuna Peuydnuxe Cpduje, Bynesap 3opana Bunhuha 1554,
11000 Beoipag

Ha nonpyujy Beorpana, ucmyiiraimke OTIIagHUX BoJa IUpeKTHO y peke CaBy u JlyHaB uma
IITETAH yTHLA] HA KBAJIUTET Boja. LIu/b OBe CTyAHMje je MpolleHa OBOT YTHLaja UCIMTHBABEM
NIPUCYCTBa IekoBa y beorpafckum oTnafjHUM BofAaMa U 0[iroBapajyhum NoBpIIMHCKUM Bofama,
y3 IPOLIEHY €KOJIOIIKOT pu3uKa. PasBujeHa je U BanugupaHa BUCOKO-OCET/bHBA U CEEKTUBAaHA
LC-MS/MS meTona ¥ nprMeneHa Ha Y30pKe OTHaJHUX U MOBPLUIMHCKUX Boza. O cejaMHaecT
UCNIUTHBAHUX JIEKOBA, TPUHAECT je AeTEeKTOBAHO Y OTNaIHOj BOAH, NOK je IeBeT MpoHaheHo y
NOBPLIMHCKO] BOJM, IIPH YeMy je JukiodeHak eTeKToBaH Y HajBUILO0j KoHLeHTpauuju (1,1 pg
L1). Merompornosn, kapdamasenud U gukiaodeHak cy Hajueurhe IETEKTOBAHH Y y30pLHMA H
OTHajHe ¥ NMOoBpUIMHCKE Boze. [IpoleHa pusukKa je nokasana Aa JUKI0deHaK U a3UTPOMHULIMH
MpefCcTaBsbajy BUCOK PU3MK IO JKUBOTHY cpedvHy (RQ > 1), mok je mpoueHa KyMylIaTHUBHOT
pHY3MKa yKkasana fia Ha CBUM MECTHMa Y30pKOBama MOCTOjU 3Ha4YajaH PU3HK yCiiel IPUCYCTBa
MeLIaBHHe JIeKoBa. JJonaTHO, y pany je npouemeHa eUKacHOCT yK/Iamarma JIeKoBa Y IBa I0C-
Tpojema 3a npeuynirhasamwe OTIAgHUX Boja y Cpduju, koja je ykasana Ha MPOMEH/bUBY edrKac-
HOCT, YaK Y I0jaBy KOHIIEHTpUCawa M0jeJUHUX JIEKOBa, ITO yKa3yje Ha HeJoCTaTKe KOHBEH-
UMOHA/IHUX NI0CTPOjema Y e(pUKaCHOM yKIamamwy OBUX CylcTaHIU. OBY 3aK/by4LIM HaI/lallaBajy
notpedy 3a perylaTopHMM Mepama U afeKBaTHUM TeXHHKaMma TPETMaHa y LIWbY CMambemna
3arabhema BoJieHe CpefrHe JTeKOBUMA.

(ITpumibeHo 26. Maja, peBuaMpaHo 16. jyna, mpuxsaheno 3. nenemdpa 2025)
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Water sample collection

Wastewater and surface water samples were collected in Belgrade, Serbia, near the con-
fluence of the Sava and the Danube rivers (Table S-II). A map with marked sampling sites
(WWI1-WW?7) is shown in Fig. S-1. Wastewater samples were taken at seven discharge points,
which handle about 80 % of Belgrade’s untreated wastewater. The Belgrade sewage system
consists of 212 km of collectors, 1,439 km of pipe network, 32,750 drains and 53,394 sewage
connections.20 Sample WW1 was taken from the largest sewage canal, serving approximately
500,000 inhabitants. Samples were collected over 24 h using automatic samplers and combined
into composite samples. Corresponding surface water samples were collected at eight sampling
sites downstream of wastewater discharge. Three samples were collected from the Sava river
(SW1-SW3, Fig. S-1), four samples from the Danube river (one before the confluence of the
two rivers, SW4; three after the confluence, SW6—SWS), and one at the confluence of the Sava
and Danube rivers (SW5). Surface water samples were collected by direct sampling from a boat
in the middle of the river flow at a depth of about 50 cm. All water samples were collected in 1
L PET bottles and stored at 4 C until analysis (usually within 1-2 days after sampling). No
precipitation occurred on the day of sampling.

Since Belgrade lacks a WWTP, influent and effluent samples were collected from two
WWTPs located in small municipalities in Serbia (Sombor, WWTPI1, and Velika Plana,
WWTP2). The selected WWTPs provide primary and secondary treatment of wastewater using
biologically active sludge. WWTP1 has a treatment capacity of 50,000 population equivalents
(PE) or 9,300 m3 day!, while WWTP2 has a capacity of 35,000 PE. Composite 24 h samples
of influent and effluent wastewater were collected at each WWTP using automatic sampling
devices. Water samples were stored in 1 L PET bottles and kept frozen without preservatives
until preparation for analysis, which occurred a few days after sampling.
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Fig. S-1. Sampling sites of wastewater (WW) and corresponding surface water (SW) in the
Sava and the Danube rivers in Belgrade (Serbia).
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Table S-I. MS operating parameters for selected pharmaceuticals.

S155

. Precursor ion Quantification  Collision  Confirmation  Collision
Pharmaceuticals . .
(m/z) reaction energy (%) reaction energy (%)
Trimethoprim 291 [M+H]*  291—230 44 291—123 44
Metoprolol 268 [M+H]" 268—191 37 268—218 37
Sulfamethoxazole 254 [M+H]" 254—188 34 254—156 34
Azithromycin 749 [M+H]"  749—591 30 591—434 28
Bisoprolol 326 [M+H]*  326—116 31 326—222 31
Enalapril 377 [M+H]Y 377234 30 377—303 30
Cilazapril 418 [M+H]" 418211 25 211—183 32
Erythromycin 734 [M+H]"  734—576 26 734—716 26
Bromazepam 316 [M+H]" 316—288 36 288—261 35
Amlodipine 409 [M+H]"  409—238 25 409—294 25
Carbamazepine 237 [M+H]*  237—194 34 237—-220 34
Lorazepam 321 [M+H]"  321—-303 32 303—275 26
Diazepam 285 [M+H]"  285—257 40 257228 39
Atorvastatin 559 [M+H]"  559—466 25 559—440 25
Diclofenac 296 [M+H]"  296—278 28 278—250 22
Clopidogrel 322 [M+H]" 322212 28 212—184 23
Simvastatin 419 [M+H]" 419—285 21 419—199 21
Table S-II. The sampling site description.
Sample Latitude Longitude Site description
Surface water (SW)
SW1 44.7962 20.4259 The Sava; 4 km before the confluence
The Sava; 3.5 km before the confluence; downstream from the
SW2 44.7989 20.4336 largest WW canal (WW1)
SW3 44.8019 20.4400 The Sava; 2.7 km before the confluence
Sw4 44.8233 20.4368 The Danube; 500 m before the confluence
SW5 44,8241 20.4434 The confluence
SW6 44.8305 20.4828 The Danube; 3.6 km after the confluence
SW7 44.8279 20.5091 The Danube; 5.6 km after the confluence
SW8 44.8231 20.5359 The Danube; 8.5 km after the confluence; small bay
Number of inhabitants
Wastewater (WW) connected to WW canal
WWI1 447976 204346 The largest WW canal; catchment area 500,000
of 7,277 ha
WWwW2 448118 20.4494 Catchment area of 113 ha 23,000
The second large WW canal,
WW3 44,8229 20.4419 catchment area of 2,620 ha 225,000
WwWw4 44.8293 20.4694 Catchment area of 92 ha 17,000
WW5 44.8245 20.4953 Catchment area of 1,112 ha 165,000
WW6 44.8239 20.5035 Catchment area of 50 ha 5,000
WW7 44 8277 20.5430 Catchment area of 116 ha 7,000
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Table S-II1. Lowest PNEC values of detected pharmaceuticals in freshwater obtained from

NORMAN database.
Pharmaceuticals ;\I?gg ?]l) CAS No. ];)gﬁg' Scientific name A;jﬂ:ied Justification Dg:{ﬁggn frgsohwwe;‘;e}r)l(\it}::ch Ref
Trimethoprim Pgﬁg;s?" 738-70-5  nr.® nr. 0 nr. nr. 0.5 1
Metoprolol P(glig(;g())_ 513814 Sy D;SZ[S ;f;tmuzs 50 nr. deterministic 8.6 2
Sulfamethoxazole P(g{g{ 1212' 723-46-6 P Sylzoe;ﬁ?l‘;if:s 10 nr.  deterministic 0.6 2
Azithromycin POI\;E%IO?- 839055 Oy iﬁf;;c]f ;éi; 10 nr. deterministic 0.019 2
Bisoprolol Pé\;]igz-gg- 667292 44 PIV nr. 50 nr. deterministic 92 3
Enalapril Pé\(l)lg'lc;l]g_ 758437 T3 fish - 1000 b deterministic 1.58 4
Carbamazepine P(I)\;E%Izlg_ 298-46-4 I Daphnia pulex 50 nr. deterministic 2 2
Diazepam Pé\;],i.(;ég?- 439-14-5 F Danio rerio 10 ¢ deterministic 0.29 5
Atorvastatin Pé\;]igz-gg- 130405_253_ PIV nr. 10 nr. deterministic 8.5 6
Diclofenac T hECID- 15307-86- n.r. 0 n.r. n.r. 0.04 7

0348270 5

2 n.r. — not reported

b One predicted short-term L(E)C50 from each of three trophic levels (i.e., base set)

¢ Long-term results (e.g., EC10 or NOECs) from at least three species (normally fish, Daphnia and
algae) representing three trophic levels
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Table S-1V. Validation parameters of the analytical method: recoveries and relative standard
deviations (RSD), limits of detection (LOD) and quantification (LOQ), and linearity correlation

coefficient (R?).
Recovery, % (RSD, %)
Pharmaceuticals Spiking level, ng L'~ LOD,ngL' LOQ,ngL' R?
100 1000
Trimethoprim 88 (8) 92 (5) 11.0 36.8 0.993
Metoprolol 87 (12) 87 (5) 33 11.1 0.993
Sulfamethoxazole 83 (5) 70 (8) 30.0 100.0 0.999
Azithromycin 58 (7) 55(11) 5.2 17.4 0.999
Bisoprolol 71 (12) 84 (11) 52 17.2 0.997
Enalapril 117 (19) 110 (11) 30.0 100.0 0.993
Cilazapril 88 (2) 101 (7) 3.9 13.2 0.997
Erythromycin 56 (17) 62 (10) 4.1 13.7 0.997
Bromazepam 89 (11) 93 (7) 25.0 83.3 0.998
Amlodipine 81 (4) 96 (2) 234 77.9 0.998
Carbamazepine 107 (8) 101 (8) 3.6 11.8 0.999
Lorazepam 83 (13) 93 (6) 14.3 47.6 0.996
Diazepam 86 (10) 95 (4) 21.1 70.3 0.990
Atorvastatin 95 (2) 83 (5) 19.6 65.5 0.999
Diclofenac 83 (20) 92 (13) 23.1 76.9 0.993
Clopidogrel 87 (7) 94 (1) 93 30.9 0.999
Simvastatin 118 (19) 107 (7) 50.0 166.7 0.998

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

(CC) 2026 Serbian Chemical Society.



S158

TOLIC STOJADINOVIC ez al.

Table S-V. Hazard identification of detected pharmaceuticals.

Pharmaceutical Persistence  Bioaccumulation Toxicity Mobility Endocrine Disruption (ED) Ref.
Trimethoprim Moderate Low Moderate High Not reported 8
Metoprolol Moderate Low Low Moderate—high Possible functional ED o1
Sulfamethoxazole =~ Moderate Low High Moderate-high May exhibit endocrine toxicity 12-14
Azithromycin ~ Moderate-high Low-moderate High Moderate—high May have endocrine effects 15
Bisoprolol Moderate Low Low Moderate Not reported 16,17
Enalapril Moderate Low Low Moderate Not classified as ED 18,19
Cilazapril Moderate Low Low Moderate Not reported 20
Erythromycin High Low High High Potential disruptor 21-23
Carbamazepine High Low High High Potential to function as an ED 24-26
Lorazepam Moderate Low Moderate Moderate Functional ED uncertainty 2
Diazepam Moderate-high Low-moderate ~ Moderate Moderate Potential to II?l?rrli::O:lth endocrine 542
Atorvastatin  Low-moderate Low Moderate Moderate Not reported 30,31
Diclofenac Moderate-high Low Moderate-high Moderate-high Possible ED 32,33
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Errata*

Article “A comparative study on ecological risk assessment of some
potentially toxic elements accumulation in surface sediment of stagnant and
running water ecosystems in Meri¢ delta wetland, Turkish Thrace”, by GAZEL
BURCU AYDIN, number JSCS-5394, printed in J. Serb. Chem. Soc. 90(3) 383—
392 (2025) (https://doi.org/10.2298/JSC240116107A) contained some errors.

On page 385, in EXPERIMENTAL, in the last sentence of paragraph
Chemical analysis values are given in mg/L, but should be in mg/kg.

On page 386, in RESULTS AND DISCUSSION, in the first paragraph, values
are given in mg/L, but should be in mg/kg.

Article “Biochanin A formulation with electrospun poly(vinylpyrrolidone) fibers
and possible applications”, J. Serb. Chem. Soc., vol. 91, no. 4, pp. 381-398, May
2026, is published with the wrong DOI number in the footnote. The correct DOI
number is https://doi.org/10.2298/JSC251125007G.

* https://doi.org/10.2298/JSC260324015M
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