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Design of novel quinazoline—chalcone hybrids as potent
epidermal growth factor receptor inhibitors
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and SHUAI LI?**

!Liaoning Province Professional and Technical Innovation Center for Fine Chemical
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University of Technology, Liaoning, Liaoyang 111003, P. R. China and *Shandong
Engineering Research Center of Pharmaceutical Green Intelligent Technology, Shandong
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(Received 13 October 2025, revised 4 June, accepted 13 August 2026)

Abstract: This study successfully designed and synthesized a novel series of
quinazoline—chalcone hybrids. The key innovation lies in the molecular hybrid-
ization of the pharmacophoric quinazoline scaffold with a chalcone moiety,
creating new chemical entities to exploit potential synergistic antitumor effects.
A concise multi-step synthetic route was efficiently implemented. Preliminary
evaluation demonstrated that a majority of these hybrids exhibited potent anti-
proliferative activity against non-small cell lung cancer (NSCLC) cell lines
(A549 and H1975) in vitro. Molecular docking studies suggested against epi-
dermal growth factor receptor (EGFR) inhibition as a potential mechanism, with
the compounds forming stable interactions with the kinase domain. Furthermore,
in silico absorption, distribution, metabolism and excretion (ADME) and toxicity
predictions by SwissADME and ProTox 3.0, respectively, indicated promising
drug-like properties and safety profiles. However, the cytotoxicity was assessed
only on cancer cell lines, and the selectivity against normal cells remains to be
determined. Despite this limitation, the compelling initial results position these
novel hybrids as promising leads for future optimization and development.

Keywords: synthesis; EGFR inhibition; molecular docking; antitumor activity;
ADME prediction; structure—activity relationship.

INTRODUCTION

Targeted therapies achieve precision treatment by specifically inhibiting key
signaling pathways in cancer cells.!=> The 4-aminoquinazoline scaffold serves as
a privileged pharmacophore that forms the structural basis of multiple clinically
approved EGFR tyrosine kinase inhibitors (EGFR-TKIs),o~9 such as zorifertinib.10

*** Corresponding authors. E-mail: (*)kahongzqc@163.com; (¥*)627174596@qq.com
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844 WANG et al.

Its high structural versatility enables rational optimization of inhibitory activity
against specific mutations. Meanwhile, natural chalcone derivatives exhibit broad-
spectrum antitumor effects through their unsaturated ketone moiety,!1-14 which
modulates diverse oncogenic processes via multiple mechanisms. The present
study innovatively integrates the quinazoline core with chalcone structures using
flexible linkers.!5-17 It preserves the critical hydrogen-bonding network between
the quinazoline scaffold and EGFR’s adenosine triphosphate (ATP)-binding
pocket while leveraging chalcone’s covalent binding capability to enhance target
engagement.!8 The systematic molecular optimization through bioisosteric rep-
lacement and pharmacophore refinement generated novel small-molecule inhib-
itors with improved selectivity and pharmacokinetic profiles.!921

The molecular design strategy is illustrated in Fig. 1. The third-generation
EGFR inhibitor zorifertinib demonstrates a characteristic binding mode wherein
the N3 nitrogen atom of the quinazoline core establishes a hydrogen-bonding inter-
action with the catalytic residue ASP-855 of the target protein. The molecular scaf-
fold occupies the ATP-binding pocket delineated by ARG748, GLY857, ASP855,
LYS875 and GLY 874 residues, with 6- and 7-position substituents projecting into
the solvent-accessible region. This binding conformation exemplifies the con-
served structural motif of quinazoline-derived EGFR inhibitors. Accordingly, a
rational design strategy was implemented by introducing flexible linkers con-
taining chalcone structures at the 6-position. The unsaturated ketone moiety serves
as a Michael acceptor to form selective covalent bonds with target protein residues
while the aromatic system enhances binding affinity through hydrophobic inter-

Zorifertinib

a S "N L HN

Fig. 1. Zorifertinib molecular docking interaction diagram.
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NOVEL QUINAZOLINE-CHALCONE HYBRIDS 845

actions.22-26 Additionally, the methoxy group at this position is retained to syner-
gistically improve antitumor activity and mutation selectivity.2” Based on the
structure—activity relationship analysis, the present study adopted highly selective
pharmacophores as the molecular design framework and innovatively constructed
a hybrid quinazoline-chalcone molecular system. By integrating the protein-bind-
ing patterns and structure—activity relationship data of zorifertinib, this study pre-
cisely preserved the quinazoline core structure of EGFR inhibitors using the bio-
isosterism principle,28:29 while systematically optimizing the pharmacokinetic
properties of candidate compounds through pharmacophore refinement and iso-
steric replacement strategies. Through rational design, a series of novel small-
molecule EGFR inhibitors, featuring combined quinazoline and chalcone struc-
tural motifs, were successfully developed.

Based on the aforementioned research background, the present study syn-
thesized and characterized a series of novel quinazoline—chalcone hybrids using
IR, 'H-NMR, 13C-NMR and mass spectrometry. Their antitumor activities were
evaluated against A549 and H1975 cell lines. In addition, in silico ADME predict-
ion, toxicity prediction, and molecular docking with the EGFR kinase domain
(PDB ID:70XB) were performed to assess drug-like properties and explore the
binding mode of representative compound 9h, providing mechanistic insights into
its action.

EXPERIMENTAL
Chemistry

General. All reagents and solvents were commercially available and used as received
unless otherwise specified. Reaction progress was monitored by thin-layer chromatography
(TLC) on pre-coated silica gel GF254 plates (Qingdao Haiyang Chemical Co., Ltd.).

Instrumentation and Characterization. Melting points were determined on an X-4 micro-
-melting point apparatus and are uncorrected. 'H-NMR and !3C-NMR spectra were recorded
on a Bruker ARX-400 spectrometer (400 MHz for 'H- NMR, 101 MHz for 13C-NMR) in the
indicated deuterated solvents (CDCl; or DMSO-dj) using tetramethylsilane (TMS) as an inter-
nal standard; chemical shifts are reported in ppm and coupling constants (J) are given in Hz.
FT-IR spectra were acquired on a Bruker Tensor II spectrometer using KBr pellets and wave-
numbers are reported in cm™!. Low-resolution electrospray ionization (ESI) mass spectra were
recorded on a Finnigan Trace MS spectrometer. Samples were dissolved in a mixed solvent of
methanol and acetonitrile and introduced via direct infusion in positive ion mode. All observed
m/z values corresponded to the expected [M]* or [M+H]" of the target compounds.

General procedure for the synthesis of intermediates 2

At room temperature, the mixed solution of 7-methoxy-4-0x0-3,4-dihydroquinazolin-6-y1
acetate 1 (1.20 g, 5.12 mmol), toluene (15 mL) and triethylamine (0.88 g, 8.71 mmol) were
heated to 80 °C. Then, phosphorus oxychloride (1.96 g, 12.81 mmol) was added to the mixture.
After completion, the reaction proceeds directly to the next step.

Available online at: https://www.shd.org.rs/JSCS/
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846 WANG et al.

General procedure for the synthesis of intermediates 3a—h3’

Substituted aniline (0.48 g, 4.35 mmol) was added to intermediate 2, and the mixture was
stirred for 5 h. After completion, the solvent was concentrated under vacuum and mixed with
isopropanol (15 mL) for 12 h. The product was filtered to afford intermediate 3.

General procedure for the synthesis of intermediates 4a—h3’

Intermediate 3 (1.00 g, 3.06 mmol), methanol (15 mL) and ammonia solution (1 mL) were
stirred at room temperature. After completion,. the solvent was concentrated under vacuum,
followed by addition of water (8 mL). It was filtered to afford intermediate 4.

General procedure for the synthesis of intermediates 7a—c

Refered to reference,3! taking (2E)-1-(4-aminophenyl)-3-(3-methylphenyl)prop-2-en-1-
-one (6a) as an example: 4-aminoacetop-henone (1.00 g, 3.70 mmol), 3-methylbenzaldehyde
(0.88 g, 3.70 mmol) and ethanol (15 mL) were added sequentially; the reaction vessel was trans-
ferred to a cooling bath maintained at 5 °C. Add a 20 % aqueous sodium hydroxide (0.29 g,
7.40 mmol) solution dropwise over 0.25 h. After completion, the solvent was concentrated
under vacuum to afford intermediates 7a. The reaction proceeds directly to the next step.
General procedure for the synthesis of intermediates 8a—c*’

Taking N-{4-[(2E)-3-(3-methylphenyl)-1-oxop-rop-2-en-1-yl]phenyl}-2-chloroacetamide
(7a) as an example: intermediate 7a (1.00 g, 4.21 mmol), dichloromethane (15 mL), chloro-
acetyl chloride (1.43 g, 12.64 mmol) and triethylamine (0.51 g, 5.06 mmol) were stirred at 0 °C

under nitrogen in a cooling bath. After completion, the mixture was warmed to 25 °C and stirred
for 6 h. The solvent was concentrated under vacuum to afford intermediate 8a.
General procedure for the synthesis of compounds 9a—k

Taking N-{4-[(2E)-3-(3-methylphenyl)-1-oxoprop-2-en-1-yl]phenyl}-2-{[7-methoxy-4-
-(phenylamino)quinazolin-6-yl]Joxy }acetamide (9a) as an example: a mixture of intermediate
4a (0.50 g, 1.69 mmol), intermediate 8a (0.58 g, 1.86 mmol), potassium carbonate (0.47 g, 3.39
mmol) and N,N-dimethylformamide (10 mL) was heated to 80 °C. After completion, water (20
mL) was added to the mixture, followed by filtration. The filter cake was collected and dried at
50 °C, then purified by column chromatography to afford the final product.

Pharmacological experiments of target compounds

Cell culture. The human NSCLC cell lines A549 and H1975 were obtained from the
Shanghai Institute of Life Sciences, Chinese Academy of Sciences. Cells were cultured in RPMI
1640 medium (Invitrogen) supplemented with 10 % fetal bovine serum (FBS, Invitrogen) in a
humidified incubator at 37 °C under an atmosphere of 5 % CO,. The cells were passaged using
0.25 % trypsin (Amresco) upon reaching approximately 90 % confluence.

Cell viability assay (CCK-8). The antiproliferative activity of the synthesized compounds
was assessed using the CCK-8 (Wuhan Heyan Biotechnology). Briefly, cells in the logarithmic
growth phase were digested, centrifuged, and resuspended in complete medium. Cell density
was adjusted to 3x10* cells/mL using a hemocytometer. Subsequently, 100 uL of the cell sus-
pension was seeded into each well of a 96-well plate (NEST Biotechnology) and incubated for
24 h to allow attachment. After incubation, the medium was removed and replaced with 100
pL of fresh medium containing various concentrations of the test compounds or the positive
control (zorifertinib). Cells treated with medium containing an equivalent volume of DMSO
served as the negative control. The plates were then incubated for 72 h. Following the treatment
period, 10 pL of CCK-8 reagent was added to each well, and the plates were incubated for an

Available online at: https://www.shd.org.rs/JSCS/
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NOVEL QUINAZOLINE-CHALCONE HYBRIDS 847

additional 2 h. The absorbance at 450 nm was measured using a multifunctional microplate
reader (Shanghan Hanfei Medical Instrument Co., Ltd.). The inhibition rate (/R%) was cal-
culated using the following formula:

IR% =100 ODSample — ODnegative control

&)
DSTSP - ODnegative control
The half-maximal inhibitory concentration (/Cs,) values were determined from concen-
tration—response curves using GraphPad Prism software via nonlinear regression analysis (Bliss
method). All experiments were performed in triplicate wells and repeated independently at least
three times.

Molecular docking protocol

Molecular docking of target derivatives with EGFR (PDB ID: 70XB) was performed
using AutoDock Vina. Small molecule ligands were prepared in ChemDraw/Chem3D and con-
verted to PDBQT format alongside the pretreated protein. Following binding pocket configur-
ation, 20 docking runs were conducted. Results were selected based on binding energy and
conformation, with PyMOL used for interaction visualization.

The selection of the EGFR kinase domain (PDB ID:70XB) for molecular docking studies
is based on its established relevance in elucidating the structural basis of quinazoline-based
inhibitor binding. Although the anticancer activity was evaluated in whole-cell systems, dock-
ing simulations against the isolated kinase domain provide mechanistic insights into potential
direct interactions with the EGFR target. The 70XB structure represents a well-characterized
model of the ATP-binding pocket and has been widely employed in structural studies of EGFR
inhibitors. This approach allows for the prediction of key intermolecular interactions, such as
hydrogen bonding and hydrophobic contacts, between the synthesized hybrids and critical resi-
dues (e.g., ASP-855, LYS-875), thereby supporting the interpretation of the observed structure—
—activity relationships and guiding future design strategies.

ADME prediction introduction

ADME prediction is vital in drug development, using computational models to evaluate a
compound’s absorption, distribution, metabolism and excretion. Researchers simply input the
molecular structure into a prediction platform and run the analysis. The system quickly gen-
erates key parameters like partition coefficients and permeability in standardized reports, enab-
ling efficient lead compound optimization. This computer-aided approach significantly acceler-
ates early-stage drug screening.

Toxicity prediction introduction

Toxicity prediction is essential in drug development, using computational models to eval-
uate the safety profile of a compound. Researchers simply input the molecular structure into a
prediction platform and run the analysis. The system quickly generates key parameters such as
LDs, values and toxicity classes in standardized reports, enabling efficient identification of
compounds with favorable safety margins. This computer-aided approach significantly reduces
the risk of late-stage drug failure.

RESULTS AND DISCUSSION

Based on the synthesis methods of the references,3!-35 we systematically
optimized the synthetic route for target compounds 9a—k, as illustrated in Scheme
1. Using 3,4-dihydro-7-methoxy-4-oxoquinazolin-6-yl acetate 1 as the starting mat-

Available online at: https://www.shd.org.rs/JSCS/
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Scheme 1. The synthesis route of target derivatives.

erial in toluene with triethylamine as the acid scavenger, we investigated the effect
of reaction temperature on the chlorination with phosphorus oxychloride. As
demonstrated in Table S-I of the Supplementary material to this paper, optimal
yields of 85-95 % were achieved at 70 °C for 2 h, whereas higher temperatures or
prolonged reaction times led to increased byproduct formation. As shown in Table
S-1I of the Supplementary material, intermediate 2 reacted with substituted anilines
for 5 h to give intermediate 3 in high yield exceeding 90 %, with both insufficient
and excessive reaction times negatively impacting the yield. Subsequent alkaline
hydrolysis of 3 with aqueous ammonia yielded intermediate 4. In the synthesis of
intermediates 7a—c, the influence of various basic conditions was systematically
investigated. Using 4-aminoacetophenone and substituted benzaldehydes as start-
ing materials, the reactions were conducted for 4 h under different basic conditions.
As evidenced in Table S-1II of the Supplementary material, the results demon-
strated that sodium hydroxide afforded the highest product yield, while sodium
carbonate showed reduced efficiency due to its weaker alkalinity and poor solub-
ility. When triethylamine was employed as the base, the reaction yield was approx-
imately, only 50 %. The results demonstrate that strong inorganic bases are more
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NOVEL QUINAZOLINE-CHALCONE HYBRIDS 849

effective than weaker or organic bases in promoting the condensation. For inter-
mediates 8a—c, optimization showed that a molar ratio of 7a—¢ to chloroacetyl
chloride of 1.0:2.5 (Table S-IV of the Supplementary material) and addition at 0 °C
(Table S-V of the Supplementary material) afforded the best yield, avoiding
incomplete conversion or bis-acylation. For the final etherification of 9a—d, 80 °C
proved optimal (Table S-VI of the Supplementary material), balancing conversion
and byproduct formation. Screening of bases (Table S-VII of the Supplementary
material) indicated that potassium carbonate, owing to its moderate basicity, effect-
ively promoted alkoxide formation without triggering elimination side reactions,
unlike sodium hydroxide which reduced yield through competitive elimination.

Through systematic optimization as described, we have established an effi-
cient six-step synthetic route starting from 3,4-dihydro-7-methoxy-4-oxoquina-
zolin-6-yl acetate 1, involving sequential chlorination, amination, hydrolysis, con-
densation, acylation and etherification reactions. Each reaction condition was
thoroughly investigated and optimized, with all key steps achieving satisfactory
yields to provide sufficient compound samples for subsequent structure-activity
relationship studies. This synthetic route demonstrates several advantageous char-
acteristics including readily available starting materials, mild reaction conditions,
and straightforward operational procedures.

Antitumor activity

The antitumor activity of the target compounds was evaluated using the CCK-8
assay in vitro. Zorifertinib was employed as the positive control drug. The inhi-
bitory effects on A549 and H1975 cell lines are summarized in Table 1.

TABLE I. The inhibition rate of target compounds on tumor cells; compounds concentration:
50 uM

Inhibition rate, %

Compound Ry Ry AS549 H1975
9a H 3-CH, —4.16 36.77
9b 4-CH;4 3-CH;4 0.12 36.17
9c 3-OCHs; 3-CH,4 23.80 20.06
9d 4-OCH, 3-CH, 5427 62.22
9e 2,4-CH, 3-CH, 49.82 54.97
9f H 3-OCH; 36.55 58.99
9g 2-F 3-0CH, 43.99 62.63
9h 4-OCH; 3-OCH, 47.80 58.17
9 2,4-CH, 3-OCH, 14.96 35.25
9i 4-C1,2-CH,4 3-OCH, 41.63 34.45
9k 2-F3-Cl 4-OCH; 47.56 61.92
Zorifertinib . . 62.14 49.60
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The data in Table I demonstrate that the activity of target compounds is closely
related to the type and position of Ry and R substituents in their structures. When
R, was meta-methyl substituted, compounds 9d and 9e exhibited inhibitory rates
0f 49.82 and 54.27 % against A549 cells, respectively, approaching the efficacy of
the positive control zorifertinib (62.14 %). Notably, these compounds demon-
strated more pronounced inhibitory effects against H1975 cells, with rates reaching
54.97 and 62.22 % (compared to zorifertinib’s 49.60 % in this cell line). These
results indicate that meta-methyl substitution can significantly enhance the inhibit-
ory activity of compounds against H1975 cells. This enhancement effect may ori-
ginate from the steric hindrance effect of meta-methyl optimizing the binding con-
formation between molecules and target proteins, while its hydrophobicity
strengthens interactions with active sites. Additionally, meta-substitution may red-
uce molecular conformational freedom, maintaining pharmacophores in a more
favorable orientation, thereby improving inhibitory efficiency.

Further investigation of the meta-methoxy substituted compounds at the R,
position revealed that 9§ (Ry: 4-chloro-2-methyl), 9g (R;: 2-fluoro) and 9h (Ry:
4-methoxy) exhibited inhibition rates of 41.63, 43.99 and 47.80 % against A549
cells, respectively, all slightly lower than that of the positive control zorifertinib
(62.14 %). In contrast, against H1975 cells, both 9¢g (62.63 %) and 9h (58.17 %)
demonstrated significantly enhanced inhibitory activity compared to zorifertinib
(49.60 %), whereas 9j (34.45 %) showed reduced potency. These results clearly
indicate that with meta-methoxy substitution, the choice of R substituent signific-
antly impacts biological activity, with the 2-fluoro-substituted compound 9g dem-
onstrating particularly enhanced inhibition against H1975 cells, achieving an inhi-
bition rate of 62.63 %. The observed activity differences likely stem from the
strong electronegativity of the 2-fluoro group facilitating improved hydrogen
bonding interactions with the target protein, whereas the steric hindrance intro-
duced by the 4-chloro, 2-methyl disubstitution in 9j may impair optimal molecular
binding to the target site.

Structure—activity relationship analysis demonstrated that the position of Ry
substituents critically influences biological activity. In H1975 cells, meta-sub-
stituted compounds 9e (Rj: 3-methyl) and 9g (Ry: 3-methoxy) demonstrated
significantly superior inhibitory activities of 54.97 and 62.63 %. This marked
enhancement suggests that meta-substitution facilitates stronger molecular binding
to the target protein. This advantage likely arises from the optimal accommodation
within the three-dimensional architecture of the target’s active site, improving
spatial complementarity and hydrophobic interactions to enhance binding affinity.
Furthermore, the structural characteristics of Ry substituents exert a decisive influ-
ence on the antitumor activity of these compounds. Notably, compounds 9d (R;:
4-methoxy) and 9e (Ry: 2,4-dimethyl) exhibited the most prominent inhibitory
activities. Specifically, 9d demonstrated inhibition rates of 54.27 and 62.22 %
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against A549 and H1975 cell lines, respectively, while 9e showed corresponding
inhibition rates of 49.82 and 54.97 %. Remarkably, compound 9¢g (R: 2-fluoro)
displayed the strongest inhibitory activity against H1975 cells with an inhibition
rate of 62.63 %, although it exhibited relatively weaker activity against A549 cells
(43.99 % inhibition), indicating excellent cellular selectivity. Comprehensive ana-
lysis reveals that introducing medium-sized electron-donating groups (e.g., meth-
oxy and methyl) at the R position substantially enhances antitumor efficacy, with
the 4-methoxy-substituted compounds 9d and 9h emerging as particularly pro-
mising drug candidates due to their optimal overall performance profile, rendering
them promising candidates for further development.

According to the /Csy determination results shown in Table II, these com-
pounds exhibited superior inhibitory activity against both A549 (/Csg: 7.479 uM)
and H1975 (ICsp: 6.652 uM) cell lines compared to zorifertinib (A549: 31.080
uM; H1975: 64.170 uM). Notably, compound 9e demonstrated the lowest /Csg
values (A549: 7.479 uM; H1975: 6.652 uM), indicating the most potent inhibitory
effect. Furthermore, both 9d (A549: 8.463 uM; H1975: 7.885 uM) and 9h (A549:
7.944 uM; H1975: 8.739 uM) displayed /Csq values below 10 uM, further con-
firming their excellent antitumor potential. In conclusion, compounds 9e, 9d and
9h warrant further in-depth investigation due to their remarkable inhibitory activity
and structural advantages.

TABLE II. ICj value of preferred compounds

ICSO / HM
Compound A549 H1975
9d 8.463 7.885
9%e 7.479 6.652
9g 20.960 23.500
9h 7.944 8.739
9k 8.113 18.080
Zorifertinib 31.08 5471

Preliminary structure—activity relationship analysis revealed several key pat-
terns. First, the position of the R, substituent on the chalcone moiety had a decisive
influence on activity with meta-substitution significantly outperforming para-sub-
stitution, likely due to its greater potential to form stable interactions with the target
protein. Second, methoxy-substituted compounds generally exhibited stronger act-
ivity than their methyl-substituted counterparts, suggesting the importance of hyd-
rogen bonding in target recognition. Additionally, the number of R; substituents
on the quinazoline moiety also affected activity with mono-substituted derivatives
typically outperforming di-substituted analogs, possibly due to steric hindrance
effects. These findings provide important guidance for the rational design of future
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antitumor drugs. In particular, the lead compound 9h shows promising develop-
ment potential and warrants further investigation into its pharmacological mech-
anisms and preclinical evaluation.

Molecular docking

Molecular docking of the positive control drug zorifertinib and selected target
derivatives with EGFR kinase (PDB ID: 70XB) was performed using AutoDock
Vina. The binding modes between ligand molecules and receptor proteins were
analyzed to further explore their interactions. The selected target derivative 9h and
the positive control drug zorifertinib were individually docked with the target pro-
tein EGFR.

The molecular docking analysis (Fig. 2, PDB ID:70XB) reveals that comp-
ound 9h binds to EGFR primarily through an extensive hydrogen-bonding
network. The quinazoline core forms critical hydrogen bonds with residues in the
catalytic pocket (GLU-1015, GLN-820), while the side-chain substituents engage
additional residues (GLN-812, ASN-816, TYR-813), collectively contributing to
a stable and potent inhibition.

o

Fig. 2. Molecular docking models of compound 9h with EGFR (PDB ID code: 70XB).

Molecular docking of zorifertinib with EGFR (PDB ID: 70XB, Fig. 3) reveals
that its quinazoline core forms three key hydrogen bonds with the kinase domain:
the 3-position nitrogen with ASP-855 (1.9 A), the 4-position amino nitrogen with
ASP-837 (2.3 A), and the 6-position oxygen with LYS-875 (2.3 A). These inter-
actions, particularly the short, strong bond with ASP-855, are critical for anchoring
the inhibitor tightly within the ATP-binding pocket. This binding network enh-
ances stability and specificity, effectively competing with ATP to inhibit EGFR
signaling and providing a structural basis for its potent antitumor activity.

While both compound 9h and zorifertinib share a conserved quinazoline core
that targets the ATP-binding pocket of EGFR (PDB ID:70XB), their distinct side
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chains dictate divergent binding modes and inhibitory profiles. Compound 9h, with
its flexible C-6 substituent, engages the solvent-front region (GLN-812, TYR-813),
potentially conferring adaptive binding to various mutants like LE58R/T790M. In
contrast, zorifertinib’s rigid structure deeply penetrates the back pocket, forming a
strong salt bridge with ASP-855 in the DFG motif and a cation interaction with
LYS-875, which may enhance its potency against wild-type EGFR. This analysis
suggests that 9h’s flexibility could be key for a broader mutant spectrum, whereas
zorifertinib’s pre-organization favors strong wild-type inhibition.

\
19
F ASP-855

Fig. 3. Molecular docking models of zorifertinib with EGFR (PDB ID code: 70XB).

Physicochemical properties and ADME prediction

As summarized in Table III, all synthesized compounds (9a—k) exhibit mole-
cular weights exceeding 500 Da, constituting a single Lipinski violation, while

TABLE III. Physicochemical properties and ADME properties of target compounds; RB —
rotable bonds; HAcc — H-bond acceptors; HDon — H-bond donors; Lipinski — violation Lipinski
Rule of 5; * — MW > 500 g/mol, Log s — the water solubility of the compound; GI — gastro-
intestinal absorption; bioavailability score: 0.55

Cmpd. g%lVZl RB fgi((:)i HDon A]éffo) Log P,y Logs GI Lipinski
9a 544.60 11 6 2 102.44 5.52 -7.02 Low 1*
9b 558.63 11 6 2 102.44 5.87 -7.33 Low 1*
9¢ 574.63 12 7 2 111.67 5.45 -7.11 Low 1*
9d 574.63 12 7 2 111.67 5.45 -7.11 Low 1*
9e 572.65 11 6 2 102.44 6.21 -7.63 Low 1*
of 560.60 12 7 2 111.67 5.03 -6.80 Low I*
9g 578.59 12 8 2 111.67 5.40 -6.96 Low 1*
9h 590.63 11 6 2 102.44 6.21 -7.11 Low 1*
9i 588.65 12 7 2 111.67 5.73 - 741 Low 1*
9j 609.07 12 7 2 111.67 5.98 -7.70 Low 1*
9k 613.03 12 8 2 111.67 5.99 -7.56 Low 1*
Zorifertinib 45990 6 7 1 79.82 3.65 - 5.50 High 0
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other key parameters such as TPSA (102.44-111.67 A2) and bioavailability scores
(0.55) remain within favorable ranges. Despite the predicted low gastrointestinal
absorption, the overall physicochemical profiles are typical of beyond-rule-of-5
kinase inhibitors, and the potent in vitro antiproliferative activity against NSCLC
cells demonstrates that these compounds can effectively reach their intracellular
targets. The consistent drug-like parameters across the series, combined with their
strong biological activity, highlight the potential of the quinazoline—chalcone hyb-
rids as promising lead compounds for further optimization and development as
novel anticancer agents.

Toxicity profile of the designed compound

As shown in Table IV, all designed compounds (9a—k) exhibited a predicted
LDsp of 2000 mg/kg and a toxicity class of 4, whereas zorifertinib showed an LDs
of 1150 mg/kg (class 4). The average similarity of the designed compounds ranged
from 54.91 to 58.50 %, slightly higher than that of zorifertinib (50.88 %), with
prediction accuracies around 67 %. These results indicate that the designed com-
pounds possess toxicity profiles comparable to or slightly better than the reference
drug.

TABLE IV. Predicted toxicity properties of target compounds

Compound Predicted LDs, Predicted toxicity class Average Prediction
mg/kg (1 to 6) similarity, % accuracy, %
9a 2000 4 56.76 67.38
9b 2000 4 56.76 67.38
9¢ 2000 4 55.25 67.38
9d 2000 4 56.76 67.38
9e 2000 4 55.25 67.38
of 2000 4 58.50 67.38
9g 2000 4 55.78 67.38
9h 2000 4 58.50 67.38
9i 2000 4 56.40 67.38
9j 2000 4 58.26 67.38
9k 2000 4 5491 67.38
Zorifertinib 1150 4 50.88 67.38
CONCLUSIONS

Collectively, this study developed novel antitumor agents by designing and
synthesizing a series of quinazoline-chalcone hybrids. Their antiproliferative act-
ivity was evaluated against A549 and H1975 cell lines, with zorifertinib as the
positive control. Molecular docking revealed their stable binding to EGFR, and
ADME/toxicity predictions validated their favorable drug-like and safety profiles,
particularly for compound 9h. However, the cytotoxicity was assessed only on
cancer cell lines, and the selectivity against normal cells remains to be determined.
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Future work will address this limitation to establish their therapeutic selectivity
index.
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M3BOJ

IOU3AJH HOBUX XUBPUA XUHA3OJ/IMHA U XAJIKOHA KAO CHAXXHUX UHXUBUTOPA
PELEINTOPA EITUJEPMAJIHOT ®AKTOPA PACTA

YINGNUO WANG!, JURANG LI', CHUNMENG LI, YANG LI1U!, ZHIQIANG CAI' u SHUAI LI?

"Liaoning Province Professional and Technical Innovation Center for Fine Chemical Engineering of Aromatics
Downstream, School of Petrochemical Engineering, Shenyang University of Technology, Liaoning, Liaoyang
111003, P. R. China u Shandong Engineering Research Center of Pharmaceutical Green Intelligent
Technology, Shandong Academy of Pharmaceutical Sciences, Shandong, Jinan 250101, P. R. China

Y oKBHpY OBOT UCTpakKMBama YCIEIIHO je JU3ajHUpaHa U CUHTETHCAaHa HOBA Cepuja Xub-
pUna XWHA30/IMHA U XalnKkoHa. HajBakHUja HHOBaUMja je MoJeKyacka Xubpunusauvja gapma-
KO(OPHOT CKeJleTa XMHa30/IMHa Ca XaJKOHCKUM (pparMeHTOM, YHME Cy CTBOPEHE HOBE XEMHU]-
CKe BPCTe 33 UCTIUTHBAE NOTEHLHjaTHOT CHHEPIUCTUYKOT aHTUTYMOPHOT edeKTa. YCIelHo je
CIIpOBeleHa yCMepeHa CHHTe3a y BHUILe peaklMOHMX Kopaka. [IpBH pesynTaTH HCIUTHBaHA
nokasanu cy na BehrnHa cuHTeTHCaHUX XUOpHIa MoKasyje CHOKHY aHTHIIPOIUGepaTHBHY aKT-
WBHOCT in vitro mpema henujckum muHHjaMa HecuTHOhenujckor paka wiyha (NSCLC) (A549 u
H1975). Ha ocHOBY HCIIUTHBaWba MOJIKYICKHM INOKUHIOM ITPEITIOKEHO je Ha je MHXuOUIHja
peuenrtopa enupepmansor daxropa pacta (EGFR) rmaBHM MexaHusaM fenoBawma U 1a jefu-
HheHha 0CTBAapyjy cTabWIHE HHTEpaKIUje ca KHHa3HUM JomeHoM. Ocum Tora, in silico mpensu-
hame ancopnuuje, suctpudynuje, metadonusma u usnyuusawa (ADME) u npensubama TOKCH-
yHOCTH fodujeHa Ha SwissADME u ProTox 3.0 mnardopmama, penom, ykasyjy Ha To Jia jemu-
’ea Nocenyjy CBOjCTBa CIMYHA JIeKOBUMa U oAroBapajyhu mpodun 6e3dennoctu. Umak, HuTo-
TOKCHYHOCT je ofpehena camo npema henujckum IMHMjamMa paKa U CeleKTUBHOCT IPEMa HETy-
MODCKHM, 30paBuM, henrjama ek Tpeda ogpenuTu. bes 0b3upa Ha 0Ba orpaHuyYenha, IOYETHH
pesynTtaTy cy oxpadpyjyhu u ynyhyjy Ha HacTaBak ONITUMH3alLlKj€ U Pa3B0j OBUX HOBUX XUOpHL-
HUX jeJUHheHba.

(ITpumsbeHo 13. oxrodpa 2025, peBunupaHo 4. jyHa, npuxsaheHo 13. aBrycra 2026)
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Table S-I The influence of the dropping time and temperature of POCl; on the yield of
intermediate 2.

No. Temperature during POCIl; addition Reaction Time (h)  Yield
1 60°C 3 71%
2 60°C 2 65%
3 60°C 1.5 60%
4 70°C 1.5 85%
5 70°C 2 95%
6 70°C 3 89%
7 80°C 2 71%
8 80°C 3 69%

*** Corresponding authors. E-mail: (*)kahongzqc@163.com; (¥*)627174596@qq.com
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Table S-II The influence of different reaction time on the yield of intermediates 3a-3d.

No. Synthesized Intermediate Reaction Time (h)  Yield
68%
92%
75%
63%
94%
72%
68%
91%
75%
65%
90%
71%

3a

3b

3¢

3d

BP0 WN —
[= L I Y- NV NOo NV o NE N

Table S-III The influence of different alkaline environment on the yield of intermediates 7a-
Tc.

No. Synthesized Intermediate  Basic Conditions  Yield

1 Sodium carbonate  37%
2 Ta Triethylamine 52%
3 Sodium hydroxide  93%
4 Sodium carbonate  32%
5 7b Triethylamine 49%
6 Sodium hydroxide = 92%
10 Triethylamine 34%
11 Tc Sodium carbonate  51%
12 Sodium hydroxide 91%

Table S-IV The influence of different molar ratio on the yield of intermediates 8a-8c.
No. Synthesized Intermediate  7a-7¢: Chloroacetyl Chloride (molar ratio)  Yield

1 1.0:2.0 41%
2 8a 1.0:2.5 60%
3 1.0:3.0 54%
4 1.0:2.0 40%
5 8b 1.0:2.5 62%
6 1.0:3.0 52%
10 1.0:2.0 35%
11 8c 1.0:2.5 56%
12 1.0:3.0 49%

Table S-V The influence of different reaction time on the yield of intermediates 8a-8c.
No. Synthesized Intermediate  Addition Temperature (°C)  Yield

1 10 45%
2 8a 0 60%
3 -10 50%
4 8b 10 47%
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5 0 62%
6 -10 50%
10 10 42%
11 8c 0 56%
12 -10 43%

Table S-VI The influence of different reaction temperature on the yield of target compounds
9a-9d.

No. Target Compound Reaction Temperature (°C) Yield

1 60 26%
2 9a 80 40%
3 100 27%
4 60 29%
5 9b 80 41%
6 100 29%
7 60 25%
8 9¢ 80 44%
9 100 27%
10 60 24%
11 9d 80 46%
12 100 25%

Table S-VII The influence of different alkaline environment on the yield of target compounds
9a-9d.

No. Target Compound Basic Conditions  Yield
Sodium hydroxide  21%

1

2 %a Potassium carbonate  40%
3 9% Sodium hydroxide  22%
4 Potassium carbonate 41%
5 9c Sodium hydroxide  22%
6 Potassium carbonate  44%
7 9d Sodium hydroxide  22%
8 Potassium carbonate  46%

7-Methoxy-4-(phenylamino)quinazolin-6-yl acetate(3a).

Yield 92%, white solid, m. p. 103.4 - 105.6°C. 'H NMR (400 MHz, DMSO-dj) 5 11.64 (s,
1H), 8.86 (d, J = 8.9 Hz, 2H), 7.74 (d, J = 7.8 Hz, 2H), 7.59 (s, 1H), 7.48 (t, J = 7.5 Hz, 2H),
7.34 (t,J = 7.3 Hz, 1H), 4.01 (s, 3H), 2.39 (s, 3H); IR (KBr), v, cm!: 3256.35 (N-H), 2753.22
(CHj3), 1630.36 (C=0), 1563.35 (C=C,,), 1426.28 (C=N), 1218.82 (C-O-C).
7-Methoxy-4-[(4-methylphenyl)amino]quinazolin-6-yl acetate(3b).

Yield 94%, light-yellow solid, m. p. 112.1 - 114.5°C. 'H NMR (400 MHz, DMSO-dy) §
11.62 (s, 1H), 8.87 (d, J=3.8 Hz, 2H), 7.58 (d, J = 1.5 Hz, 2H), 7.58 (s, 1H), 7.29 (d, /= 7.8
Hz, 2H), 4.00 (s, 3H), 2.38 (s, 3H), 2.35 (s, 3H); IR (KBr), v, cm!: 3255.32 (N-H), 2753.03
(CHj3), 1642 (C=0), 1509 (C=Cj,,), 1397 (C-N), 1247 (C-O-C).
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7-Methoxy-4-[(4-methoxyphenyl)amino]quinazolin-6-yl acetate(3c).

Yield 91%, white solid, m. p. 101.2 - 105.4°C. 'H NMR (400 MHz, DMSO-dy) 5 11.66 (s,
1H), 8.90 (s, 1H), 8.86 (s, 1H), 7.60 (dd, J = 6.6, 2.3 Hz, 3H), 7.06-7.01 (m, 2H), 3.99 (s, 3H),
3.80 (s, 3H), 2.38 (s, 3H); IR (KBr), v, cm™': 3223.05(N-H), 2838.37(CH3), 1670.79 (C=0),
1625.71 (C=C,,), 1465.55 (C=N), 1327.88 (C-N), 1252.17 (C-O-C).
4-[(4-Chloro-2-methylphenyl)amino]-7-methoxyquinazolin-6-yl acetate(3d).

Yield 90%, white solid, m. p. 113.3 - 115.7°C. 'H NMR (400 MHz, DMSO-d,) & 11.20 (s,
1H), 8.83 (s, 1H), 8.56 (s, 1H), 7.63 (d, J = 6.0, 2H), 7.12-7.01 (m, 2H), 3.82 (s, 3H), 2.35 (s,
3H); IR (KBr), v, cm™!: 3266.25 (N-H), 2865.31 (CH3), 1625.38 (C=0), 1568.51 (C=Cy,),
1488.51 (C-C), 1331.57 (C-N), 1272.81 (C-0-C), 775.62 (C-Cl).
4-[(2-Fluorophenyl)amino]-7-methoxyquinazolin-6-yl acetate(3e).

Yield 89%, light-yellow solid, m. p. 109.1 - 111.3°C. 'H NMR (400 MHz, DMSO-d;) &
10.31 (s, 1H), 8.90 (s, 1H), 8.74 (d, J= 5.2 Hz, 1H), 7.58 (s, 1H), 7.56-7.51 (m, 1H), 7.52-7.43
(m, 1H), 7.48-7.40 (m, 1H), 7.39-7.30 (m, 1H), 4.02 (s, 3H), 2.40 (s, 3H); IR (KBr), v, cm ™!
3245.21 (N-H), 2945.98 (CH3), 1627.89 (C=0), 1532.22 (C=N), 1458.88 (C=C,,), 1371.45 (C-
N), 1203.77 (C-O-C), 993.71 (C-F).
4-[(3-Chloro-2-fluorophenyl)amino]-7-methoxyquinazolin-6-yl acetate(3f).

Yield 89%, white solid, m. p. 112.1 - 114.9°C. "H NMR (400 MHz, DMSO-dy) § 11.71 (s,
1H), 8.85 (s, 1H), 8.58 (s, 1H), 7.57 (s, 1H), 7.48 (s, 1H), 7.39 (s, 1H),7.28-7.06 (m, 1H), 3.83
(s, 3H), 2.27 (s, 3H); IR (KBr), v, cm!: 3261.76 (N-H), 2821.38 (CHj3), 1661.80 (C=0),
1458.28 (C=C,,), 1318.90 (C-N), 1291.04 (C-0-C), 1148.39 (C-F), 728.29 (C-Cl).
4-[(2,4-Dimethylphenyl)amino]-7-methoxyquinazolin-6-yl acetate(3g).

Yield 83%, light-yellow solid, m. p. 105.2-108.7°C. 'H NMR (400 MHz, DMSO-dy) §
11.73 (s, 1H), 8.90 (s, 1H), 8.77 (s, 1H), 7.64 (s, 1H), 7.22-7.15 (m, 2H), 7.08 (d, J = 7.2 Hz,
1H), 4.00 (s, 3H), 2.38 (s, 3H), 2.33 (s, 3H), 2.17 (s, 3H); IR (KBr), v, cm™!: 3015.64 (N-H),
2837.02 (CHj), 1637.46 (C=0), 1435.26 (C=C,,), 1376.00 (C-N), 1182.06 (C-O-C).
7-Methoxy-4-[(3-methoxyphenyl)amino]quinazolin-6-yl acetate(3h).

Yield 85%, white solid, m. p. 106.1 - 109.9°C. 'H NMR (400 MHz, DMSO-dy) & 11.56 (s,
1H), 8.93 (s, 1H), 8.89 (s, 1H), 7.61 (s, 1H), 7.44 - 7.32 (m, 3H), 6.94-6.87 (m, 1H), 4.01 (s,
3H), 3.79 (s, 3H), 2.39 (s, 3H); IR (KBr), v, cm™!: 3274.08 (N-H), 2927.72 (CHj), 1639.12
(C=0), 1494.16 (C=C,,), 1267.58 (C-N), 1159.34 (C-O-C).
7-Methoxy-4-(phenylamino)quinazolin-6-ol(4a).

Yield 90%, white solid, m. p. 123.7 - 125.2°C. 'H NMR (400 MHz, DMSO-d,) & 9.36 (s,
1H), 8.43(s, 1H), 7.90-7.69 (m, 3H), 7.35 (t, J = 7.7 Hz, 2H), 7.20 (s, 1H), 7.06 (t, /= 7.3 Hz,
1H), 3.98 (s, 3H); IR (KBr), v, cm™!: 3621.25 (-OH), 3390.22 (N-H), 1605.58 (C=N), 1579.22
(C=Cyp), 1243.16 (C-0-C).
7-Methoxy-4-[(4-methylphenyl)amino]quinazolin-6-ol(4b).

Yield 88%, white solid, m. p. 125.1 - 128.7°C. 'H NMR (400 MHz, DMSO-dy) 6 9.61 (s,
1H), 9.29 (s, 1H), 8.40 (s, 1H), 7.80 (s, 1H), 7.73 (s, 1H), 7.71 (s, 1H), 7.18 (d, /= 5.6 Hz, 2H),
7.15 (s, 1H), 3.97 (s, 3H), 2.30 (s, 3H); IR (KBr), v, cm!: 3625.24 (-OH), 3304.96 (N-H),
2795.30 (CHy), 1569.36 (C=C,,), 1531.07 (C=N), 1287.67 (C-O-C).
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7-Methoxy-4-[(4-methoxyphenyl)amino]quinazolin-6-ol(4c).

Yield 85%, white solid, m. p. 121.7 - 124.2°C. 'H NMR (400 MHz, DMSO-dy) & 9.29 (s,
1H), 8.36 (s, 1H), 7.80(s, 1H), 7.74-7.66 (m, 2H), 7.17 (s, 1H), 6.97-6.91 (m, 2H), 3.97 (s, 3H),
3.76 (s, 3H), 2.53-2.49 (m, 1H); IR (KBr), v, cm!: 3625.20 (-OH), 3338.02 (N-H), 2836.80
(CH3), 1560.35 (C=C,,), 1513.42 (C=N), 1225.60 (C-O-C).
4-[(4-Chloro-2-methylphenyl)amino]-7-methoxyquinazolin-6-ol(4d).

Yield 88%, white solid, m. p. 123.5 - 124.3°C. 'H-NMR(400 MHz, DMSO-d) 6 9.82 (s,
1H), 8.48 (s, 1H), 8.23 (s, 1H), 7.55-7.46 (m, 2H), 7.37(s, 1H), 7.29 (t, J = 7.8 Hz, 1H), 3.96 (s,
3H), 2.37 (s, 3H); IR (KBr), v, cm™!: 3622.50 (-OH), 3337.01 (N-H), 2837.69 (CH3), 1560.36
(C=Cpy), 1501.42 (C=N), 1241.26 (C-O-C), 731.57 (C-CI).
4-[(2-Fluorophenyl)amino]-7-methoxyquinazolin-6-ol(4e).

Yield 90%, white solid, m. p. 121.2 - 124.2°C. 'H NMR (400 MHz, DMSO-dy) & 9.70 (s,
1H), 9.34 (s, 1H), 8.31 (s, 1H), 7.61 (d, J= 6.0 Hz, 2H), 7.24 (d, J = 9.6 Hz, 4H), 3.97 (s, 3H);
IR (KBr), v, cm™!: 3634.86 (-OH), 3313.96 (N-H), 2843.21 (CHj3), 1552.69 (C=C,,), 1523.78
(C=N), 1256.97 (C-0-C), 927.20 (C-F).
4-[(3-Chloro-2-fluorophenyl)amino]-7-methoxyquinazolin-6-ol(4f).

Yield 88%, white solid, m. p. 123.2 - 125.9°C. 'H NMR (400 MHz, DMSO-dy) & 9.48 (s,
1H), 8.49 (s, 1H), 8.28(s, 1H), 7.91-7.72 (m, 2H), 7.31 (s, 1H), 7.02 (s, 1H), 6.93 (s, 1H), 3.83
(s, 3H); IR (KBr), v, cm™!: 3658.18 (-OH), 3345.18 (N-H), 2859.71 (CH3), 1568.29 (C=Cy,,),
1528.39 (C=N), 1279.39 (C-0-C), 929.37 (C-F), 720.18 (C-CI).
4-[(2,4-Dimethylphenyl)amino]-7-methoxyquinazolin-6-ol(4g).

Yield 86%, white solid, m. p. 125.3 - 128.6°C. 'H NMR (400 MHz, DMSO-d,) & 9.57 (s,
1H), 9.10 (s, 1H), 8.21 (s, 1H), 7.70 (s, 1H), 7.17 (d, J= 7.6 Hz, 2H), 7.10 (s, 1H), 7.03 (d, J =
7.6 Hz, 1H), 3.96 (s, 3H), 2.31 (s, 3H), 2.12 (s, 3H); IR (KBr), v, cm™!: 3648.79 (-OH), 3324.36
(N-H), 2814.29 (CH3;), 1569.39 (C=C,,), 1523.11 (C=N), 1249.11 (C-O-C).
7-Methoxy-4-[(3-methoxyphenyl)amino]quinazolin-6-ol(4h).

Yield 84%, white solid, m. p. 128.1 - 130.4°C. '"H NMR (400 MHz, DMSO-d,) & 9.35 (s,
1H), 8.47 (s, 1H), 7.86 (s, 1H), 7.58 (t, /= 1.9 Hz, 1H), 7.53 (dd, /= 8.1, 1.3 Hz, 1H), 7.26 (t,
J=28.3Hz, 1H), 7.20 (s, 1H), 6.66 (dd, /=7.9, 1.9 Hz, 1H), 3.98 (s, 3H), 3.78 (s, 3H); IR (KBr),
v, em~!: 3653.90 (-OH), 3358.63 (N-H), 2819.13 (CH3), 1602.18 (C=C,,), 1527.12 (C=N),
1273.73 (C-O-C).
N-{4-[(2E)-3-(3-Methylphenyl)-I-oxoprop-2-en-1-yl[phenyl}-2-chloroacetamide(8a).

Yield 60%, white solid, m. p. 126.8 - 129.1°C. 'H NMR (400 MHz, CDCls) § 8.44 (s,
1H),8.07 (d, J = 8.4 Hz, 2H), 7.85-7.69 (m, 3H), 7.55 (s, 1H), 7.47 (s, 2H), 7.31 (d, J = 7.9 Hz,
1H), 4.24 (s, 2H),2.41 (s, 3H); IR (KBr), v, cm™': 3335.22 (N-H), 2872.03 (CH3), 1671.20
(C=0), 1597.10 (C=C), 1335.25 (C-N), 786.33 (C-Cl).
N-{4-[(2E)-3-(3-Methoxyphenyl)-1-oxoprop-2-en-1-yl]phenyl}-2-chloroacetamide(8b).

Yield 62%, white solid, m. p. 125.7 - 128.5°C. 'H NMR (400 MHz, CDCls) & 8.45 (s, 1H),
8.07 (s, 1H), 8.05 (s, 1H), 7.84-7.68 (m, 3H), 7.51 (d, /= 8.7 Hz, 1H), 7.35 (t, /= 7.9 Hz, 1H),
7.16 (s, 1H), 6.98 (d, J = 8.2 Hz, 1H), 4.23 (s, 2H), 3.86 (s, 3H); IR (KBr), v, cm!: 3354.21 (N-
H), 2834.25 (CHy), 1645.33 (C=0), 1580.72 (C=C), 1339.81 (C-N), 1259.90 (C-O-C), 779.21
(C-CD.
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N-{4-[(2E)-3-(4-methoxyphenyl)-1-oxoprop-2-en-1-yl|phenyl}-2-chloroacetamide(8c).

Yield 56%, white solid, m. p. 151.9 - 154.6°C. 'H NMR (400 MHz, DMSO-d,) & 8.14 (d,
J=8.6 Hz, 2H), 7.99 - 7.90 (m, 1H), 7.85 (d, /= 8.5 Hz, 2H), 7.76 (d, /= 1.0 Hz, 2H), 7.74 (d,
J=2.0 Hz, 1H), 7.05-6.97 (m, 2H), 4.26 (s, 2H), 3.81 (s, 3H); IR (KBr), v, cm1: 3333.21 (N-
H), 2863.28 (CHj3), 1671.70 (C=0), 1518.66 (C=C), 1335.54 (C-N), 1264.23 (C-0-C),
777.21 (C-Cl).
N-{4-[(2E)-3-(3-methylphenyl)-1-oxoprop-2-en-1-yl]phenyl}-2-{[7-methoxy-4-
(phenylamino)quinazolin-6-yl]oxy}acetamide(9a).

Yield 40%, white solid, m. p. 121.7 - 123.9°C. 'H NMR (400 MHz, CDCl;) § 8.94 (s, 1H),
8.70 (s, 1H), 8.07 (d, J= 8.4 Hz, 2H), 7.80 (d, J= 8.1 Hz, 2H), 7.72 (t, J= 9.2 Hz, 3H), 7.55 (s,
1H), 7.50 - 7.43 (m, 3H), 7.41 (d, J= 7.8 Hz, 2H), 7.34 (d, J= 4.4 Hz, 3H), 4.79 (s, 2H), 4.10
(s, 3H), 2.41 (s, 3H); IR (KBr), v, cm!: 3359.01 (N-H), 2833.91 (CHj;), 1648.58 (C=0),
1569.69 (C=C,,), 1525.58 (C=N), 1398.31 (C-N), 1205.56 (C-O-C). 13C NMR (101 MHz,
DMSO) 6 188.03, 167.12, 157.02, 154.84, 153.78, 147.89, 147.80, 144.12, 143.26, 139.76,
138.63, 135.14, 133.25, 131.73, 130.42, 129.54, 129.25, 128.93, 128.81, 126.75, 124.00,
123.02, 122.25, 122.16, 119.42, 109.18, 108.09, 104.77, 68.89, 56.43, 56.35, 21.34. ESI-MS
(m/z): calculated for C33H,gN4O4: 544.61 (100%); found: 545.26 [M+H]" (100%).
N-{4-[(2E)-3-(3-methylphenyl)-1-oxoprop-2-en-1-yl]phenyl}-2-({ 7-methoxy-4-[(4-
methylphenyl)amino]quinazolin-6-yl}oxy)acetamide(9b).

Yield 41%, light-yellow solid, m. p. 135.1 - 138.7°C. 'H NMR (400 MHz, CDCls) § 8.94
(s, 1H), 8.66 (s, 1H), 8.06 (d, J = 8.1 Hz, 2H), 7.82 (s, 1H), 7.75 (d, /= 8.7 Hz, 2H), 7.53 (d, J
= 6.4 Hz, 3H), 7.49 (s, 1H), 7.45 (s, 2H), 7.34 (d, /= 6.2 Hz, 2H), 7.21 (d, J= 8.1 Hz, 2H), 4.78
(s, 2H), 4.09 (s, 3H), 2.41 (s, 3H), 2.36 (s, 3H); IR (KBr), v, cm!: 3357.00 (N-H), 2824.79
(CHj3), 1632.97 (C=0), 1568.47 (C=C,,), 1543.06 (C=N), 1398.90 (C-N), 1206.84 (C-
0-C). 3C NMR (101 MHz, DMSO) § 188.02, 167.12, 157.12, 154.78, 153.80, 147.76, 144.12,
143.28, 138.64, 137.09, 135.15, 133.22, 133.14, 131.75, 130.42, 129.54, 129.38, 129.28, 126.80,
123.22, 122.17, 119.39, 109.08, 108.00, 104.73, 68.83, 56.43, 21.35, 21.01. ESI-MS (m/z):
calculated for C34H30N4O4: 558.64 (100%); found: 559.28 [M+H]* (100%).
N-{4-[(2E)-3-(3-methylphenyl)-1-oxoprop-2-en-1-yl]phenyl}-2-({7-methoxy-4-[(3-
methoxyphenyl)amino]quinazolin-6-yl}oxy)acetamide(9c).

Yield 45%, light-yellow solid, m. p. 118.4 - 121.7°C. '"H NMR (400 MHz, CDCl;) & 8.90
(s, 1H), 8.69 (s, 1H), 8.04 (d, J= 8.4 Hz, 2H), 7.74 (d, J= 8.6 Hz, 2H), 7.64 (d, J= 8.7 Hz, 1H),
7.53 (s, 1H), 7.47 - 7.39 (m, 4H), 7.32 (d, J=4.6 Hz, 2H), 7.29 (s, 1H), 7.22 (s, 1H), 6.71 (dd,
J=28.0,1.9 Hz, 1H), 4.78 (s, 2H), 4.09 (s, 3H), 3.82 (d, J = 1.1 Hz, 3H), 2.40 (s, 3H); IR (KBr),
v, em: 3315.60 (N-H), 2971.93 (CHj3), 1627.83 (C=0), 1577.82 (C=C,,), 1541.91
(C=N), 1492.97 (C=C), 1390.77 (C-N), 1212.12 (C-O-C). 3C NMR (101 MHz, DMSO)
o 188.02, 167.11, 159.87, 156.95, 154.87, 153.71, 147.90, 147.81, 147.78, 144.12, 143.26,
140.98, 138.63, 135.14, 133.24, 131.73, 130.49, 130.42, 129.65, 129.54, 129.26, 126.77,
122.16, 119.41, 115.11, 109.23, 109.16, 108.75, 108.11, 104.80, 68.93, 56.44, 55.55, 21.34.
ESI-MS (m/z): calculated for C54H3¢N4O5: 574.64 (100%); found: 575.26 [M+H]* (100%).
N-{4-[(2E)-3-(3-methylphenyl)-1-oxoprop-2-en-1-yl]phenyl}-2-({7-methoxy-4-[ (4-
methoxyphenyl)amino]quinazolin-6-yl}oxy)acetamide(9d).

Yield 50%, light-yellow solid, m. p. 137.6 - 140.1°C. 'H NMR (400 MHz, CDCls) § 8.94
(s, 1H), 8.62 (s, 1H), 8.01 (d, /= 8.4 Hz, 2H), 7.82 - 7.67 (m, 4H), 7.54 - 7.44 (m, 4H), 7.29 (d,
J=13.5Hz, 2H), 7.23 (d, J= 7.7 Hz, 1H), 6.90 (d, J = 8.5 Hz, 2H), 4.75 (s, 2H), 4.06 (s, 3H),
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3.79 (s, 3H), 2.40 (s, 3H); IR (KBr), v, em™!: 3356.13 (N-H), 3081.78 (CHj3), 1648.28
(C=0), 1568.00 (C=C,,), 1511.29 (C=C), 1471.31 (C=N), 1434.25 (C-C), 1338.63 (C-
N), 1237.37 (C-O-C). 13C NMR (101 MHz, DMSO) § 188.02, 167.14, 157.28, 156.27,
154.67, 153.94, 147.68, 144.12, 143.28, 138.63, 135.14, 133.22, 132.48, 131.73, 130.42,
129.54, 129.26, 126.77, 125.11, 122.16, 119.39, 114.15, 108.99, 108.04, 104.70, 68.79, 56.38,
55.67,21.34. ESI-MS (m/z): calculated for C54H3(N4Os5: 574.64 (100%); found: 575.27 [M+H]*
(100%).

N-{4-[(2E)-3-(3-methylphenyl)-1-oxoprop-2-en-1-yl]phenyl}-2-({4-[(2,4-
dimethylphenyl)amino]-7-methoxyquinazolin-6-yl}oxy)acetamide(9e).

Yield 46%, light-yellow solid, m. p. 138.7 - 141.7°C. 'H NMR (400 MHz, CDCl;) § 8.92
(s, 1H), 8.59 (s, 1H), 8.05 (d, J = 8.2 Hz, 1H), 7.96 (d, J = 8.2 Hz, 2H), 7.84 - 7.73 (m, 1H),
7.70 (d, J = 8.7 Hz, 2H), 7.47 (d, J= 9.9 Hz, 1H), 7.37 (d, /= 7.8 Hz, 2H), 7.31 (d, /=4.8 Hz,
2H), 7.16 - 7.02 (m, 3H), 4.71 (s, 2H), 4.08 (s, 3H), 2.59 (s, 3H), 2.35 (s, 3H), 2.25 (s, 3H); IR
(KBr), v, eml: 3362.08 (N-H), 2915.42 (CHj3), 1631.59 (C=0), 1569.52 (C=C,,),
1541.96 (C=N), 1400.31 (C-N), 1205.93 (C-O-C). 13C NMR (101 MHz, DMSO) § 188.00,
186.31, 167.14, 167.08, 158.31, 154.61, 154.36, 154.18, 154.09, 147.67, 147.49, 144.11,
141.99, 138.64, 138.53, 135.81, 135.55, 135.18, 135.15, 135.08, 129.21, 127.24, 126.43,
122.64,119.33, 113.20, 112.92, 108.76, 107.93, 104.53, 68.50, 56.37, 21.36, 21.07, 18.39. ESI-
MS (m/z): calculated for C35H3,N4O4: 572.66 (100%); found: 573.25 [M+H]* (100%).
N-{4-[(2E)-3-(3-methoxyphenyl)-1-oxoprop-2-en-1-yl]phenyl}-2-{[7-methoxy-4-
(phenylamino)quinazolin-6-yl]oxy}acetamide(9f).

Yield 40%, white solid, m. p. 127.4 - 130.9°C. '"H NMR (400 MHz, CDCl;) § 8.93 (s, 1H),
8.68 (s, 1H), 8.01 (d, J=8.2 Hz, 2H), 7.78 (s, 1H), 7.73 (s, 2H), 7.70 (s, 2H), 7.68 (s, 1H), 7.50
(s, 1H), 7.45 (s, 2H), 7.37 (s, 2H), 7.16 (d, J = 9.4 Hz, 2H), 7.01 - 6.92 (m, 1H), 4.76 (s, 2H),
4.07 (s, 3H), 3.86 (s, 3H); IR (KBr), v, cm': 3357.92 (N-H), 2833.33 (CH3), 1631.84
(C=0), 1570.15 (C=C,,), 1533.30 (C=N), 1397.94 (C-N), 1206.27 (C-O-C). 3C NMR
(101 MHz, DMSO) 5 188.05, 167.10, 160.13, 159.88, 156.98, 154.91, 153.66, 147.84, 143.99,
143.30, 140.94, 136.64, 133.18, 130.48, 130.40, 130.00, 129.67, 122.65, 122.15, 119.40,
119.28, 117.11, 115.15, 113.78, 109.22, 108.79, 104.82, 68.91, 56.46, 55.56. ESI-MS (m/z):
calculated for C33H,gN4O5: 560.61 (100%); found: 561.27 [M+H]* (100%).
N-{4-[(2E)-3-(3-methoxyphenyl)-1-oxoprop-2-en-1-yl|phenyl}-2-({4-[(2-
fluorophenyl)amino]-7-methoxyquinazolin-6-yl}oxy)acetamide(9g).

Yield 46%, light-yellow solid, m. p. 158.9 - 160.3°C. 'H NMR (400 MHz, DMSO-dy) &
10.51 (s, 1H), 9.47 (s, 1H), 8.35 (s, 1H), 8.19 (d, J= 8.4 Hz, 2H), 7.91 (d, J= 7.6 Hz, 2H), 7.85
(d,J=8.3 Hz, 2H), 7.70 (d, J=9.7 Hz, 1H), 7.53 - 7.46 (m, 2H), 7.40 (d, J = 8.6 Hz, 1H), 7.31
(dd, J=17.4, 4.8 Hz, 2H), 7.26 (d, J = 8.0 Hz, 3H), 7.02 (d, J = 8.1 Hz, 1H), 4.94 (s, 2H), 3.98
(s, 3H), 3.82 (s, 3H); IR (KBr), v, cm!: 3359.45 (N-H), 1650.47 (C=0), 1572.11 (C=C,,),
1542.58 (C=N), 1397.92 (C-N), 1215.02 (C-0-C), 979.34 (C-F). 13C NMR (101 MHz,
DMSO) 6 188.06, 167.12, 160.13, 157.02, 154.85, 153.77, 147.87, 147.81, 143.99, 143.30,
139.74, 136.64, 133.18, 130.47, 130.40, 130.00, 128.94, 124.02, 123.02, 122.65, 122.14,
119.40, 117.10, 113.78, 109.16, 108.09, 104.78, 68.88, 56.44, 55.79. ESI-MS (m/z): calculated
for C33H,7FN,4O5: 578.60 (100%); found: 579.23 [M+H]" (100%).
N-{4-[(2E)-3-(3-Methoxyphenyl)-1-oxoprop-2-en-1-yl[phenyl}-2-({7-methoxy-4-[ (4-
methoxyphenyl)amino]quinazolin-6-yl}oxy)acetamide(9h).

Yield 49%, light-yellow solid, m. p. 140.3 - 143.7°C. 'H NMR (400 MHz, CDCI;) § 8.94
(s, 1H), 8.62 (s, 1H), 8.01 (d, J= 8.3 Hz, 2H), 7.80 - 7.68 (m, 3H), 7.58 - 7.44 (m, 4H), 7.41 (s,
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1H), 7.35 (d, J = 7.8 Hz, 1H), 7.23 (d, /= 7.7 Hz, 1H), 7.14 (s, 1H), 6.91 (d, J = 8.6 Hz, 2H),
4.75 (s, 2H), 4.07 (s, 3H), 3.86 (s, 3H), 3.80 (s, 3H); IR (KBr), v, cm™': 3358.21 (N-H),
2836.70 (CH3), 1649.02 (C=0), 1570.39(C=C,,), 1541.06 (C=N), 1401.01 (C-N),
1234.63 (C-O-C). 13C NMR (101 MHz, DMSO) § 188.05, 167.16, 160.13, 157.27, 156.26,
154.67, 153.94, 147.68, 143.98, 143.34, 136.64, 133.16, 132.50, 130.47, 130.39, 125.10,
122.65, 122.14, 119.38, 117.09, 114.15, 113.78, 109.00, 108.05, 104.70, 68.78, 56.38, 55.78,
55.67. ESI-MS (m/z): calculated for C34H;0N4O4: 590.64 (100%); found: 591.27 [M+H]*
(100%).

N-{4-[(2E)-3-(3-Methoxyphenyl)-1-oxoprop-2-en-1-yl]phenyl}-2-({4-[(2,4-
dimethylphenyl)amino]-7-methoxyquinazolin-6-yl}oxy)acetamide(9i).

Yield 46%, light-yellow solid, m. p. 132.5 - 135.6°C. 'H NMR (400 MHz, DMSO-dy) §
10.49 (s, 1H), 9.27 (s, 1H), 8.26 (s, 1H), 8.20 (d, J = 8.5 Hz, 2H), 7.90 (d, /= 9.7 Hz, 2H), 7.83
(d, J=8.5Hz, 2H), 7.49 - 7.31 (m, 3H), 7.21 (s, 1H), 7.18 - 7.06 (m, 3H), 7.02 (d, J= 8.5 Hz,
2H), 4.92 (s, 2H), 3.96 (d, J = 3.9 Hz, 3H), 3.82 (d, /= 1.2 Hz, 3H), 2.29 (s, 3H), 2.09 (s, 3H);
IR (KBr), v, em™!: 3319.12 (N-H), 2972.56 (CHj3), 1642.89 (C=0), 1570.77 (C=C,,),
1514.69 (C=N), 1429.55 (C-C), 1392.01 (C-N), 1276.98 (C-O-C). 3C NMR (101 MHz,
DMSO) 6 188.03, 167.14, 160.13, 158.32, 154.63, 154.16, 147.68, 147.42, 143.97, 143.39,
136.64, 135.82, 135.18, 135.07, 133.10, 131.46, 130.47, 130.40, 128.12, 127.24, 122.65,
122.15,119.33, 117.10, 113.78, 108.75, 107.88, 104.55, 68.50, 56.38, 55.79, 21.07, 18.39. ESI-
MS (m/z): calculated for C35H3,N4O5: 588.66 (100%); found: 589.28 [M+H]* (100%).
N-{4-[(2E)-3-(3-Methoxyphenyl)- 1-oxoprop-2-en-1-yl[phenyl}-2-({4-[(4-chloro-2-
methylphenyl)amino]-7-methoxyquinazolin-6-yl}oxy)acetamide(9j).

Yield 51%, light-yellow solid, m. p. 149.5 - 152.1°C. 'H NMR (400 MHz, CDCl5) § 8.93
(s, 1H), 8.60 (s, 1H), 8.04 (d, J= 8.4 Hz, 2H), 7.85 - 7.67 (m, 3H), 7.49 - 7.43 (m, 1H), 7.33 (d,
J=6.9 Hz, 3H), 7.16 (s, 2H), 7.06 - 6.91 (m, 3H), 4.78 (s, 2H), 4.10 (s, 3H), 3.87 (s, 3H), 2.28
(s, 3H); IR (KBr), v, cm: 3365.25 (N-H), 2835.28 (CHj3), 1650.55 (C=0), 1572.46
(C=C,,), 1541.55 (C=N), 1401.62 (C-N), 1202.72 (C-0-C), 784.76 (C-Cl). 3C NMR
(101 MHz, DMSO) 6 188.03, 167.11, 160.13, 158.29, 154.74, 154.09, 147.77, 147.48, 143.98,
143.38, 138.32, 136.64, 134.01, 133.11, 130.47, 130.40, 130.15, 122.65, 122.15, 119.33,
117.32, 117.10, 113.78, 113.41, 113.19, 108.70, 107.92, 104.48, 68.49, 56.41, 55.79, 18.48.
ESI-MS (m/z): calculated for C34H,9CIN4O5: 609.08 (100%); found: 632.26 [M+Na]* (100%).
N-{4-[(2E)-3-(4-Methoxyphenyl)-1-oxoprop-2-en-1-yl[phenyl}-2-({4-[(3-chloro-2-
fluorophenyl)amino]-7-methoxyquinazolin-6-yl}oxy)acetamide(9k).

Yield 33%, white solid, m. p. 118.4 - 121.9°C. "TH NMR (400 MHz, CDCl;) & 8.94 (s, 1H),
8.73 (s, 1H), 8.46 (t, J = 8.4 Hz, 1H), 8.07 (d, /= 8.2 Hz, 1H), 8.00 (d, /= 8.6 Hz, 1H), 7.79 -
7.70 (m, 3H), 7.61 (d, J= 8.6 Hz, 1H), 7.45 (s, 2H), 7.37 (s, 1H), 7.32 (d, J=4.1 Hz, 1H), 7.25
-7.09 (m, 4H), 6.95 (d, /= 8.7 Hz, 1H), 4.82 (d, J=2.8 Hz, 3H), 4.11 (d, J=2.5 Hz, 3H), 3.87
(s, 2H); IR (KBr), v, cm™: 3352.98 (N-H), 2833.62 (CHj3), 1642.29 (C=0), 1586.70
(C=Cp,), 1541.09(C=N), 1393.64 (C-N), 1215.32 (C-O-C), 984.60 (C-F), 752.12 (C-
Cl). 3C NMR (101 MHz, DMSO) § 188.05, 167.10, 160.13, 158.59, 157.83, 156.14, 154.89,
153.88, 147.94, 147.67, 143.98, 143.37, 136.64, 133.13, 130.48, 130.40, 128.96, 127.65,
126.96, 124.88, 122.65, 122.14, 119.35, 117.10, 116.54, 116.34, 113.78, 108.89, 107.87,
104.41, 68.50, 56.43, 55.79. ESI-MS (m/z): calculated for C33H,cCIFN4O5: 613.04 (100%);
found: 613.25 [M]" (100%).
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Figure. S2. 'H NMR spectrum of target compound 9b.
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Figure. S12. IR spectrum of target compound 9a.
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Figure. S24. 13C NMR spectrum of target compound 9b.
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Figure. S25. 13C NMR spectrum of target compound 9c.
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Abstract: In this study, a novel Cr(Ill)-based coordination compound, namely
[Cr(L)(phen)(COO)],-6H,O (1), [H,L: 3-carboxy-1-(carboxymethyl)-2-oxido-
pyridinium, phen: 1,10-phenanthroline], was successfully synthesized via a
solvothermal method. The structure of the synthesized coordination compound
was confirmed by CCD single-crystal X-ray diffraction. The compound was
further characterized using infrared spectroscopy, UV-Vis spectroscopy,
thermogravimetric analysis and powder X-ray diffraction. The degradation of
tetracycline (TC) was investigated using the coordination compound in
combination with H,O, under simulated ultraviolet (UV) light. Detailed catalytic
reaction and kinetic studies revealed a TC degradation efficiency of 82.99 %
with a rate constant of 0.0115 min’!, indicating that the coordination compound
exhibits promising performance in the photocatalytic degradation of antibiotics.

Keywords: coordination compound; photocatalytic degradation; tetracycline;
Hirshfeld surface analyses.

INTRODUCTION

In recent years, as environmental pollution has become increasingly severe,
addressing water pollution has garnered widespread attention from researchers.!
With the design and production of pharmaceuticals, particularly antibiotics for
human and animal use, the pharmaceutical sector has made groundbreaking
advances. Antibiotics, in particular, constitute an important component of various
medications for both humans and animals. Such developments have improved the
quality of life for humans and animals; however, recent studies indicate that their
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uncontrolled discharge into terrestrial and aquatic environments has led to serious
contamination of soil and water resources.? Tetracycline (TC), one of the most
widely used antibiotics, poses significant risks to organisms and humans once
released into water. Residual antibiotics may cause organ abnormalities or emb-
ryonic toxicity, and even at low concentrations, they can induce and disseminate
antibiotic resistance genes. Due to the poor biodegradability of wastewater,
conventional wastewater treatment methods are unsuitable for antibiotic removal.
Therefore, identifying an effective approach for the removal of antibiotic organic
pollutants is of critical importance.3# Currently, the technologies developed for
antibiotic removal include adsorption, biodegradation, flocculation and photocat-
alysis. Guided by the principles of environmental sustainability, solar-driven
photocatalytic technology is regarded as an advanced approach due to its clean,
sustainable, and efficient characteristics.>—8 Therefore, photocatalytic degradation
is widely recognized as one of the most promising methods for water remediation.’
Previous reports have demonstrated that semiconductors such as titanium dioxide,
silver, molybdenum trioxide and iron(ILIII) oxide nanoparticles have been emp-
loyed as photocatalysts for pollutant degradation. However, these semiconductors
suffer from low utilization efficiency of ultraviolet light and limited capacity for
organic pollutant adsorption. Therefore, it is necessary to explore efficient and
stable photocatalysts.10-13

Coordination compounds are a class of materials capable of forming various
two- and three-dimensional structures.!4 Owing to their structural tunability, div-
erse coordination polymers can be synthesized by varying the metal centres and
organic ligands, which endows them with broad application prospects in fields
such as magnetism, photoluminescence, adsorption, biology and catalysis.!5-17
Previous studies have demonstrated that introducing different organic ligands to
coordinate with metal ions significantly enhances the catalytic activity of the metal
centres while generating synergistic effects, thereby enabling the efficient degrad-
ation of organic pollutants.!® Coordination compounds possess wide or narrow
band gaps that enable efficient absorption of UV—Vis radiation, making them
effective for the photodegradation of organic molecules.!® For instance, the res-
earch group led by H. Dong developed a magnesium(II)-based coordination com-
pound as a photocatalyst for the photocatalytic degradation of antibiotics.20 In
another study, A. Swargiary and colleagues reported the preparation of a cop-
per(Il)-based coordination compound as a photocatalyst for the photocatalytic deg-
radation of organic dyes.2! These reports demonstrate that coordination com-
pounds hold broad application prospects in the field of photocatalytic degradation.

In this study, a novel coordination compound, [Cr(L)(phen)(COO)],-6H,0O
(1), was synthesized using CrCl3-6H,O as the metal source and 3-carboxy-1-(car-
boxymethyl)-2-oxidopyridinium (H,L) together with 1,10-phenanthroline (phen)
as mixed ligands. The structure and properties of the compound were characterized
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using techniques such as X-ray single-crystal diffraction, X-ray powder diffraction
and Fourier-transform infrared spectroscopy. The band gap of the compound was
analyzed by UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS), and its
photocatalytic degradation performance was investigated.

EXPERIMENTAL
Materials and methods

All reagents were of analytical grade and purchased directly from suppliers without further
purification. Analysis of the crystal structure of the compound using a Bruker-AXS Smart CCD
X-ray single crystal diffractometer. Sample morphology and elemental composition were char-
acterized using a PerkinElmer 2400 (II) analyser. The thermal stability of the compounds was
evaluated with a Netzsch STA 2500 Regulus thermogravimetric analyser. Fourier-transform
infrared (FT-IR) spectra were recorded on a PerkinElmer Spectrum One spectrometer. UV—-Vis
absorption spectra of finely ground samples were obtained using a Shimadzu UV-2550 spectro-
photometer. Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku Dmax 2000
diffractometer equipped with monochromatic CuKa radiation (4 = 0.154 nm). UV—Vis spectra
of solution samples were measured with a TU-1901 spectrophotometer (Beijing Purkinje Gen-
eral Instrument Co., Ltd., China). A 12 W UV light source, assembled from commercially avail-
able UV LED strips, was used for irradiation experiments.

Synthesis of [Cr(L)(phen)(COO)],-6H,0 (1)

3-Carboxy-1-(carboxymethyl)-2-oxidopyridinium (H,L)(0.05 mmol, 0.0099 g), 1,10-
-phenanthroline (phen) (0.1 mmol, 0.0186 g), CrCl;-6H,0 (0.1 mmol, 0.0266 g), 1.5 mL of
H,0 and 1.5 mL of DMF were added to a 10 mL glass vial. After ultrasonication for 40 min,
the glass vial was placed in an oven at 88 °C for 4 days, followed by cooling to room temperature
at a rate of 3 °C/h. Pink block-shaped crystals were obtained. with a yield of 50 % calculated
based on the L value. Calcd. for C4,H4oCr,NgO,: C, 52.04 %; H, 2.51 %; N, 7.36 %; Found: C,
51.61 %; H, 2.47 %; N, 7.25 %.

X-ray crystallography

In this study, a single-crystal sample measuring 0.280x0.174x0.151 mm? was mounted on
a Rigaku R-Axis Rapid single-crystal X-ray diffractometer equipped with MoKo mono-
chromated radiation (A = 0.71073 A). Diffraction experiments and data collection were per-
formed at 298.(2) K using the ¢p—w scan method. The structural data were solved by direct
methods with the SIR2014 program and refined by full-matrix least-squares on F2 using
SHELXL2018/3.2223 The final structure of 1 was determined based on single-crystal data.
Detailed crystallographic parameters are summarized in Table I, while selected bond lengths
and bond angles are listed in Table II and hydrogen bonds in Table III.

The relevant data can be obtained free of charge from www.ccdc.cam.ac.uk or by con-
tacting the Cambridge Crystallographic Data Centre (CCDC: 2542481), 12 Union Road, Cam-
bridge CB2 1EZ, UK (fax: +44 1223 336033; email: deposit@ccdc.cam.ac.uk).

Photocatalytic measurements

To investigate the photocatalytic performance of the coordination compound 1, a 12W UV
lamp with a wavelength of 405 nm was used to simulate visible light. The 1 (20 mg) was added
to 20 mL of TC solutions with concentrations of 10, 20 and 40 ppm, respectively. Additionally,
15, 20, 25 and 30 mg of the 1 were added to 20 mL of TC solution at a concentration of 20 ppm
for photocatalytic degradation experiments. The mixtures were stirred in the dark for 30 min to
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TABLE L. Crystallographic data and structure refinements for 1

Parameter Value
Chemical formula C42H40CT2N6020
Formula weight 1052.80
Crystal size, mm? 0.280x0.174%0.151
Temperature, K 290.(2) K
Radiation 0.71073
Crystal system Orthorhombic
Space group Pbcn

alA 12.980(2)
b/A 24.806(5)
cl/A 13.641(3)
al® 90

pl° 90

y/° 90

v/ A3 4434.8(2)

V4 4

p(calc) / g cm™ 1.592
F(000) 2168
Absorp. coeff., mm! 0.586

6 range, ° 2.987 to 25.010

Reflns collected
Indep. reflns

Refns obs. (/>2a(1))
Data/restr/paras
GOF

Rl/WRz (1>20’([))
R/WR, (all data)

42685 (Rint = 0.0369)
3868
3185
3868/0/316
1.035
0.0392/0.1046
0.0515/0.1177
0.280/-0.386

Larg peak and hole, e/A3

TABLE II. Selected bond distances (A) and bond angles (°) for 1; symmetry transformations
used to generate equivalent atoms: ‘—x, y, —z+1/2

Bond lengths, A

N(1)-Cr(1) 2.062(2) N(2)-Cr(1) 1.961(2)

0(2)-Cr(1) 1.9341(18) 0O(3)-Cr(1) 1.9535(18)

O(4)-Cr(1) 1.9546(19) 0O(6)-Cr(1) 1.9757(19)

Bond angles, °©

0(2)-Cr(1)-0(3) 91.08(7) 0(2)-Cr(1)-0(4)’ 87.19(8)
0(3)-Cr(1)-O(4)! 88.89(8) 0(2)-Cr(1)-0(6) 91.09(8)
0O(3)-Cr(1)-0(6) 91.48(8) 0(4)-Cr(1)-0(6) 178.25(8)
O(2)-Cr(1)-N(1) 95.05(9) O(3)-Cr(1)-N(1) 173.78(8)
O(4)-Cr(1)-N(1) 92.53(8) O(6)-Cr(1)-N(1) 87.29(8)
0(2)-Cr(1)-N(2) 175.03(8) O3)-Cr(1)-N(2) 93.57(8)
0O(4)-Cr(1)-N(2) 94.65(8) 0O(6)—Cr(1)-N(2) 87.04(8)
N(1)-Cr(1)-N(2) 80.28(9)
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TABLE III. Hydrogen bonding data for 1; Symmetry transformations: “x—1,y,z;
i x1/2,~y+1/2, = z+1; V—x,~y,—z+1; V—x+1/2,+1/2,z-1/2

D-H-A d(D-H) /A dH+A)/A  dD-A)/A Z/DHA /°
C(2)-H(2)--O(3W) 0.93 2.62 3.286(5) 129.1
C(7)-H(7)--0(3) 0.93 2.65 3.138(3) 113.7
C(13)-H(13)--03W)! 0.93 2.47 3.334(4) 154.7
C(19)-H(19A)--O(1)i 0.97 2.60 3.206(3) 121.0
O(1W)-H(1B)--O(6)™ 0.85 2.36 2.963(4) 128.0
O(2W)-H(2A)--0(1) 0.86 1.93 2.767(3) 164.5
O(2W)-H(2B)--O(7) 0.85 2.01 2.829(4) 161.7

achieve adsorption—desorption equilibrium. Subsequently, under illumination with continuous
stirring (the vertical distance between the light source and the reaction vessel was 12 cm). One
mL aliquots of the suspension were collected every 30 min. After centrifugation at 10,000 rpm
for 1 min, the supernatant was collected, and its absorbance was measured using a UV—-Vis
spectrophotometer. After determining the optimal TC concentration (20 ppm) and the optimal
1 dosage (20 mg), three 20 mL aliquots of 20 ppm TC solution were prepared. The first aliquot
was supplemented with 0.4 mL of 30 % H,0, as a control, the second aliquot was supplemented
with 20 mg of 1, and the third aliquot was supplemented with both 20 mg of 1 and 0.4 mL of
30 % H,0,. Photocatalytic degradation experiments were then conducted on each sample.

RESULTS AND DISCUSSION

Crystal structure description of 1

Single-crystal X-ray diffraction analysis reveals that the compound crys-
tallizes in the orthorhombic system with the Pbcn space group. As illustrated in
Fig. 1, the smallest asymmetric unit of 1 consists of one Cr(IIl) ion, one L anion,
one formate ion and one 1,10-phenanthroline (phen) molecule. The Cr(IIl) ion
adopts a distorted six-coordinate [CrN;Oy4] octahedral coordination environment.
Three oxygen atoms are derived from two L ligands (O(2)—~Cr(1) = 1.9341(18) A,
0(3)-Cr(1) = 1.9535(18) A, O(4)-Cr(1) = 1.9546(19) A), and the remaining
oxygen atom originates from a formate ion resulting from the decomposition of
DMF (O(6)-Cr(1) = 1.9757(19) A). The two nitrogen atoms are provided by a
bidentate chelating phen (N(1)-Cr(1) = 2.062(2) A, N(2)-Cr(1) = 2.065(2) A,
N(1)-Cr(1)-N(2) = 80.28(9)°). Two L ligands bridge Cr(1) and symmetry-related
Cr(1) cations in a tridentate (1o—7%: nl:n!:nl: 70) bridging mode, forming a binuc-
lear unit with a Cr(1)~Cr(1)# distance of 5.931 A. As summarized in Table III,
hydrogen-bonding interactions (O—H---O) lead to the formation of a two-dimen-
sional supramolecular structure from the binuclear molecules (Figs. 2 and 3). The
hydrogen-bonding parameters are as follows. O2W)-H(2A)---O(1): O2W)-
~H(2A) = 0.86 A, H(2A)---O(1) = 1.93 A, O2W)---O(1) = 2.767(3) A, OQW)—
~HQA)---O(1) = 164.5; OQ2W)-H(2B)--O(7): OQW)-H(2B) = 0.85 A,
H(2B)--O(7)=2.01 A, O2W)---O(7) =2.829(4) A, O2W)-H(2B)---O(7) = 161.7.
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07

Fig. 1. Coordination environment of the 1 (symmetry
code: x, y, —z+1/2).

Fig. 2. Hydrogen-bonding interactions between adjacent binuclear units
(symmetry code:*—x+1/2,—y+1/2,2—1/2).

Fig. 3. Two-dimensional supramolecular structure of 1.

The phen ligand features a planar and rigid conjugated aromatic skeleton. Dis-
tinct supramolecular n—m stacking interactions occur between phenanthroline aro-
matic rings of adjacent complex units, and the centroid-centroid distances of these
aromatic rings are within the typical range for m—m interactions. The ordered
layered m—m stacking creates continuous conjugated electron transport pathways,
which drastically shorten the migration distance of photogenerated electrons and
holes, efficiently restrain the rapid recombination of e /h™ pairs, and boost carrier
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utilization efficiency. Combined with solid-state UV—Vis spectral results, the con-
jugated phenanthroline skeleton together with interlayer n—r stacking synergistic-
ally widens the light absorption range of the material. Intermediate defect energy
levels are introduced based on the intrinsic wide band gap, allowing the material
to be excited by 405 nm near-visible light to generate active free radicals, thereby
delivering satisfactory photocatalytic degradation performance against tetracyc-
line.

Hirshfeld surface analyses

In the crystal structure, intermolecular interactions play a crucial role in main-
taining structural stability. Hirshfeld surface analysis was performed to quan-
titatively assess these intermolecular interactions. In the dnorm map, distances
greater than the sum of the van der Waals radii are represented in blue, indicating
regions with negligible interactions; distances equal to the sum of the van der
Waals radii of the relevant atoms are shown in white, representing relatively weak
interactions; contact distances shorter than the sum of the van der Waals radii are
depicted in red, corresponding to hydrogen-bonding interactions (Fig. 4). The
Hirshfeld surface analysis is further complemented by two-dimensional fingerprint
plots, which provide a quantitative description of the nature and types of inter-
molecular interactions present in the crystal. The contributions of various inter-
molecular interactions in 1 are as follows: H---H (36.2 %), O---H/H---O (35.8 %),
C---H/H---C (20.9 %), C---O/H---O (3.4 %) and N---H/H---N (1.8 %). According to
the analytical results, the H---H, O---H/H---O and C---H/H---C interactions make
the largest contributions (Fig. 5).

Fig. 4. Three-dimensional Hirshfeld surface of 1 map-
ped with dnorm.

FTIR analysis of 1

The coordination modes of the coordination compound 1 were analysed by
FT-IR spectroscopy in the range of 4,000-500 cm! (Fig. 6). As shown in the
spectrum, in the high-frequency region, the characteristic peak observed at 3400
cm~! is attributed to the stretching vibration of water molecules within the 1, while
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Fig. 5. Two-dimensional fingerprint plot of 1.
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Fig. 6. FTIR spectra of 1.

the peak at 3083 cm™! corresponds to C—H stretching vibrations.2# The character-
istic peak at 1650 cm™! is assigned to C=0 stretching vibrations. The stretching
vibrations of the COO~ group appear at 1526 and 1369 cm™1, which are attributed
to the asymmetric stretching vibration (Vasym) and symmetric stretching vibration
(Vsym) of the COO~ group, respectively. The difference between these two fre-
quencies (AV= Vagym — Vsym) 18 < 200 cm!, indicating that the COO~ groups of
the ligand adopt a bidentate coordination mode with the metal center.25 The peak
at 1278 cm! is assigned to C—O stretching vibrations. Furthermore, the medium-
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-intensity characteristic peaks in the low-wavenumber region at 597 and 437 cm!
correspond to Cr-O and Cr—N stretching vibrations, respectively.26

PXRD pattern and thermogravimetric analyzes and of 1

In this study, powder X-ray diffraction (PXRD) analysis revealed that the
as-synthesized 1 exhibits characteristic diffraction peaks consistent with the simul-
ated pattern, indicating the high phase purity of the compound (Fig. 7).

Experimental of 1
— Simulated of 1

2-Theta (Degree)
Fig. 7. PXRD patterns analysis of 1.

The thermal stability of compound 1 was investigate by thermogravimetric
analysis (TGA) under a nitrogen atmosphere over the temperature range of 20—
—1000 °C (Fig. 8). The analysis results revealed an initial mass loss of 15.1 % in
the range of 44-237 °C, which is attributed to the simultaneous loss of free water
and most of the carboxylate ions (calculated values: free water: 10.3 %; carboxyl-
ate ions: 8.4 %). A subsequent mass loss of 70.4 % occurred between 237 and 977
°C, corresponding to the thermal decomposition of ligand L, the nitrogen-contain-
ing ligand, and the remaining carboxylate ions (calculated values: ligand L: 32.7
%; nitrogen-containing ligand: 34.2 %).27 At 987 °C, the residual mass corres-
ponds to the formation of Cr,O3, with an experimental value of 14.3 % (calculated
value: 14.4 %).28

UV—Vis diffuse reflectance spectroscopy (UV—Vis DRS)

The solid-state UV—Vis diffuse reflectance spectrum of the 1 is shown in the
Fig. 9a. The intense absorption band in the range of 200—370 nm is attributed to
intra-ligand transitions, namely ligand-centred electron transfer (1—n*) and n—n*
transitions.2 The weak absorption band in the range of 385-600 nm can be
assigned to the spin-allowed d—d transitions of Cr(III) in an octahedral field.30 In
addition to the visible-light absorption range, the band gap energy is also one of the
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Fig. 8. Thermogravimetric analysis of 1.

key factors for evaluating the degradation efficiency of photocatalysts. To det-
ermine the optical band gap energy of the 1, the Kubelka - Munk formula (asv =
A(hv— Eg)") was used, yielding a calculated band gap value of 3.33 eV, where a,
v and Eg represent the absorption coefficient, optical frequency and band gap
energy, respectively (Fig. 9b).3! The relatively low band gap value indicates that
the compound exhibits semiconductor characteristics, and semiconductors with a
narrow band gap can utilize the visible light spectrum of sunlight to initiate photo-
catalysis.32

() —1](b) — 1

Absorbance/a.u.
(ahv)?

Eg=3.33

200 300 400 500 600 700 800 1 2 3

4 5 6
Wavelength/nm hv/eV

Fig. 9. UV-Vis adsorption spectrum of 1 (a) and the band gap of 1 (b).

The intrinsic main band gap of the material is 3.33 eV, and defect energy
levels exist within the band gap, resulting in weak light absorption in the range of
372405 nm. Although 405 nm light does not belong to the strong visible-light
region, it falls at the junction of near-ultraviolet and visible light. Light at this
wavelength can excite defect sites to generate charge carriers and further drive
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catalytic reactions. The obvious degradation efficiency, observed under 405 nm
irradiation, verifies that light of this wavelength can effectively activate the photo-
catalytic system. 3.33 eV corresponds to the band gap derived from the intrinsic
transition of the crystal. Benefiting from surface defects and intermolecular charge
transfer effects of the material, its light response range extends to longer wave-
lengths. Accordingly, near-ultraviolet light at 405 nm can still effectively excite
the catalyst and drive the photocatalytic reaction.

Effects of pollutant concentration on photocatalytic degradation performance

To investigate the optimal reaction conditions for the photocatalytic degrad-
ation of TC, photocatalytic experiments were first conducted using TC solutions
with concentrations of 10, 20 and 40 ppm, with a catalyst dosage of 20 mg (Fig.
10a). The results show that under the conditions of TC concentration of 20 ppm
and illumination time of 150 min, the photocatalytic activity is relatively high, with
a degradation efficiency of 60.71 %. However, when the TC concentration was
increased to 40 ppm, the photodegradation efficiency decreased to 25.32 %, indi-
cating a decline in photocatalytic activity (Fig. 10c). This decrease may be attri-
buted to the coverage of the photocatalyst surface by TC, which limits its inter-
action with light. Furthermore, kinetic studies revealed that the kinetic rate cons-
tants (k) for initial TC concentrations of 10, 20 and 40 ppm were 0.0035, 0.0056
and 0.0020 min—!, respectively (Fig. 10b). Therefore, an initial TC concentration
of 20 ppm was considered optimal for degradation efficiency.

00
(a) 1.0 —_—a —o— 10ppm (b) 1.0] @ 100omk=0.0035min” R=0.9397 (C) 100
. \ —o—20ppm e ®  20ppm k=0.0056min" R*=0.8574 75 90
0.9 —o— 40ppm @ 40ppm k=0.0022min™ R~ 3 80
\ B 08 ' S 70
0.8 \ 9 2
c0r ~ Gos . £ 60 60.71%
go. \ = ) 3
o b O ° £ 5 1.0s%
0.6 ~_ . 04 S 40
05 02 £ 30 25.32%
oy T 20
0.4 oo 2w
0.3 2 0
=20 0 20 40 60 80 100120 140 160 —20 0 20 40 60 80 100 120 140 160 10ppm 20ppm 40ppm

Irradiation Time(min) Irradiation Time(min)

Fig. 10. Degradation curves of 1 at different TC concentrations (a); pseudo-first-order kinetics
of 1 at different TC concentrations (b); degradation efficiency of 1 at different TC
concentrations (c).

Effects of catalyst dosage on photocatalytic degradation performance

The catalyst dosage was optimized by varying the catalyst mass (15, 20, 25,
and 30 mg), while maintaining a constant TC concentration of 20 ppm (Fig. 11a).
Under the conditions of a photocatalyst amount of 15 mg and an illumination time
of 150 min, the photodegradation efficiency was 33.50 %. As the catalyst amount
increased from 15 to 20 mg, the catalytic performance improved, and the degrad-
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ation efficiency increased to 60.71 %. This enhancement is attributed to the inc-
rease in the number of catalytically active sites with increasing catalyst dosage, which
promotes the degradation of antibiotics. However, when the catalyst dosage was
further increased to 25 and 30 mg, the catalytic performance declined, with degrad-
ation efficiencies 0f 26.59 and 22.89 %, respectively (Fig. 11¢). This decrease may
be ascribed to the excessive photocatalyst dosage hindering light penetration, thereby
limiting the photodegradation of TC. The results indicate that the optimal photo-
catalytic performance is achieved at a catalyst dosage of 20 mg, with a rate constant
(k) of 0.0056 min~!, which conforms to a first-order kinetic model (Fig. 11b).

(a) 1.0 (b)l.l) @ 15mg £=0.0025min™ Riiu:o?n

\ @ 20mg £=0.00:
0.9 \ 25mg £=0.0019mi

\ 0.8 30mg £=0.0018mi .y
0.8 \\ S os
- Qo. °
v 07 \ S
E

60.71%

33.50%

Degradation efficiency(%) &,
N
=

0.6 S 0.4
I N 0,

g . - 30 26.59% 23 899

—o—20mg ~. e /°/ 20 ’
0.4 25mg ey

30mg 0.0 lg
20 0 20 40 60 80 100 120 140 160 =20 0 20 40 60 80 100 120 140 160 ° 15mg 20mg 25mg 30mg
Irradiation Time(min) Irradiation Time(min)

Fig. 11. Effect of different dosages of 1 on the degradation performance of TC (a); first-order
kinetics at different dosages of 1 (b); degradation efficiency of TC at different dosages of 1 (c).

Effects of pH on photocatalytic degradation performance

In addition, the photocatalytic degradation performance of tetracycline (TC)
varies markedly with the pH of the reaction system. The photocatalytic TC deg-
radation activity of compound 1 was evaluated under a fixed catalyst dosage of 20
mg and an initial TC concentration of 20 ppm across different pH environments
(Fig. 12a and b). The degradation efficiency reached 60.71 % under neutral aque-
ous conditions. In contrast, the degradation efficiencies dropped to 14.89 and 31.68
% under acidic and alkaline conditions, respectively (Fig. 12¢). These results dem-

70
(@) (b),s3 ©™
1.0 °
‘\\ 2.5 H 60 60.71%
0.9 \\ 20 § -
0.8 g
- \ ols 240
o7 \ ~ | g £ 31.68%
0.6 ~‘ 210 0 =
\'j\\ > ) .E
0.5 ~._ 05 o o 201 14.89%
—o—pH=3 g 2 9 =
0.491——pH=6 B 0.0 il o8 —o— sb.nIO
o —o—pH=9 B & &
=20 0 20 40 60 80 100120 140 160 —20 0 20 40 60 80 100120140160 pH=3 pH=6 pH=9
Irradiation Time(min) Irradiation Time(min)

Fig. 12. Effect of pH on the degradation performance of TC by compound 1 (a); first-order
degradation kinetics of TC by compound 1 at various pH values (b); TC degradation effi-
ciency by compound 1 under different pH conditions (c).
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onstrate that the catalyst exhibits optimal catalytic activity under near-neutral con-
ditions, while its performance is substantially suppressed under strongly acidic or
alkaline environments.

Effect of the combination of 1 and hydrogen peroxide on photocatalytic
performance

Three comparative experiments were conducted using 20 mL of 20 ppm TC
solution: 7) degradation of TC using H>O» alone, ii) degradation of TC using 20
mg of 1 alone and iii) degradation of TC using compound 1 combined with 0.4 mL
of 30 % HyO; (Fig. 13a). As shown in the figure, at 150 min of illumination, the
H»O,/TC system without the coordination polymer achieved a degradation effi-
ciency of 44.85 %, indicating that TC undergoes gradual degradation upon expo-
sure to HyO» alone. In the 1/TC system, the degradation efficiency was 60.71 %,
while in the 1/H»O,/TC system, the degradation efficiency reached 82.99 % (Fig.
13c¢). The results demonstrate that under the conditions of a photocatalyst dosage
of 20 mg and a TC concentration of 20 ppm, the combination with 0.4 mL of 30
% H»0O» yielded the optimal degradation efficiency for TC. Furthermore, the deg-
radation kinetics followed a first-order kinetic model with a rate constant (k) of
0.0115 min~! (Fig. 13b). Furthermore, compared with the photocatalytic materials
reported in previous literature, compound 1 exhibits superior degradation perform-
ance toward tetracycline (Fig. 14).33-36

b
@, —~—moic | P ] ©"
: ——1+TC ]S MR o 2 80 82.99%
—— 1+H,0,+TC 1.4 $ <
0.8 : 9.5 z 70
12 / g 60.71%
; 210 3 60
g 0.6 . Sos / o ° £ 501 44.85%
= “ . S 40
e 0.6 o s
04 \ e 0.4 / £ 30
o 0.2 s T 20
0.2 s, 0.0 & 10
-0.2 2 0
—20 0 20 40 60 80 100120140160 —20 0 20 40 60 80 100120140160 H,0,+TC 1+T€E 1+H,0,+TC

Irradiation Time(min) Irradiation Time(min)

Fig. 13. Effect of different experimental group on the degradation performance of TC (a);
first-order kinetics at different experimental group (b); degradation efficiency of TC a
different experimental group (c).

Mechanism of photocatalytic degradation

UV-Vis diffuse reflectance spectroscopy (DRS) analysis reveals that com-
pound 1 exhibits prominent absorption peaks in the range of approximately 200—
—370 nm. The high-energy photons corresponding to this short-wavelength region
can accelerate the photocatalytic process and the subsequent degradation of org-
anic pollutants. Based on these results, a series of control experiments were carried
out. The addition of hydrogen peroxide as an electron acceptor markedly enhances
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Fig. 14. Comparison of TC degradation efficiency with previously reported catalysts.

the photocatalytic activity of compound 1 toward TC degradation. The photocat-
alytic reaction initiates with the generation of electron-hole pairs: photogenerated
holes can directly react with organic molecules or OH~ to produce hydroxyl
radicals (*OH) for subsequent oxidation reactions. Nevertheless, the recombin-
ation of electron—hole pairs reduces the efficiency of photocatalysis. As an electron
acceptor, hydrogen peroxide effectively captures photogenerated electrons and
minimizes the recombination of electrons and holes.37 The transfer of electrons to
hydrogen peroxide facilitates the production of highly reactive *OH, thereby pro-
moting TC degradation and boosting photocatalytic efficiency. Therefore, the int-
roduction of an external electron acceptor is expected to suppress electron—hole
recombination and improve photocatalytic performance. The superior degradation
efficiency observed under UV lamp irradiation can be attributed to the strength-
ened capacity of hydrogen peroxide to generate *OH as well as the higher effi-
ciency of electron excitation in the ultraviolet region.3® According to previously
reported literature, the plausible photocatalytic mechanism can be described by the
following reaction equations:39
l+hv—>1+e +ht
Cr3*+ HyOy — Cr3* + *OH + OH-
H;05 + *OH — HO»* + H,O
Cr3*+ HO,* —» Cr3*+ H'+ 0,
Cr3t+ 0y = Cr3t +°0y
Crit+°0, > Cr3t+ 0y
Oy +e — 0y
Oy +e — 0Oy~
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h*/*OH/*0,~+ TC — CO, + H,O
Stability and reusability

To evaluate the stability of the photocatalyst after photocatalytic reactions,
three consecutive cyclic degradation experiments of tetracycline were carried out
using the same batch of photocatalyst. After each cycle, the photocatalyst was sep-
arated from the reaction mixture via centrifugation, repeatedly washed with etha-
nol and deionized water, and then dried in a vacuum oven at 60 °C for the sub-
sequent cycle. The catalytic activity remained nearly unchanged after three cycles,
demonstrating the recyclability of the as-prepared photocatalyst (Fig. 15a). In
addition, PXRD patterns verified that the crystal structure of compound 1 barely
changed before and after the photocatalytic reaction, revealing its outstanding
structural stability. Therefore, the material can serve as a stable and reusable photo-
catalyst for the degradation of antibiotics (Fig. 15b).

(@) 01559

After 3 cycles of 1
Original of 1

80.54%  79.07% (b)

[
>

)
IR}

VT R
AT

cyele 1 cyele 2 cyele 3 5 10 15 20 25 30 35 40 45 50
2-Theta (Degree)

Fig. 15. Three-cycle experiment 1 for TC (a); PXRD patterns after three cycles (b).
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CONCLUSION

In this study, a novel coordination compound, [Cr(L)(phen)(COO)],-6H,O
(1), was successfully synthesized via a solvothermal method. Its crystal structure,
optical properties and photocatalytic performance were systematically character-
ized. The photocatalytic degradation of tetracycline (TC) was investigated under
simulated visible light irradiation. The results showed that with 20 mg dosage and
20 ppm TC concentration of 1, the optimal degradation efficiency was achieved,
reaching 60.71 % within 150 min, indicating that the 1 exhibits a certain photocat-
alytic degradation capability toward TC. When 1 was combined with HyO», the
degradation efficiency for 20 ppm TC solution reached 82.99 % within 150 min,
which conformed to a first-order kinetic model with a rate constant (k) of 0.0115
min~1. This enhanced photocatalytic degradation performance demonstrates that
the coordination compound holds potential application prospects in the photocat-
alytic degradation of antibiotics.
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U3BO[
CHHTE3A, CTPYKTYPA U ®OTOKATAJIMTUYKA CBOJCTBA HOBOT JEOJUILEIHA
XPOMA KOJE CAOPXH N-CYIICTUTYUCAHY CUPRETHY KMCEJIMHY U
A30T-IJOHOPCKE JIMTAHJE

JIAQI LIANG'2, YAN WEI?, HAIYANG YIN?, QIANQIAN ZHANG? XIUYAN WANG'? u LIMIN CHANG'?

'Key Laboratory of Preparation and Applications of Environmentally Friendly Materials, Jilin Normal
University, Ministry of Education, Changchun 130103, China u *Department of Chemistry, Jilin Normal
University, Siping 136000, China

Y oBOM pafly yCHEIIHO je CHHTeTHCaHO HOBO KOMIUIEKCHO jenumere xpoma(lll) dopmyne
[Cr(L)(phen)(COO0)]2-:6H20 (1), [H2L = 3-xapdokcu-1-(kapdokcumeTun)-2-0KCUIONTUPUIUHHU-
jyM, phen = 1,10-beHaHTPONINH], IPUMEHOM CONBOTEPMaIHE MeTone. CTPYKTypa CUHTETHCA-
HOT KOMIUIEKCHOT jeIVbera I0TBpheHa je MpUMeHOM PeHATeHCKe CTPYKTYpHe aHanu3se. [lopen
TOTa, CHHTETHUCAHO jeNHmbene je OkapakTepucaHO MPUMEHOM HH@palpBeHe CIeKTPOCKOIIHje,
UV-Vis cnexrpodoromerpuje, TepmorpaBumerpujcke aHanuse (TGA) U peHArencke fudpak-
uuje npaxa. McnutuBaHa je pasrpagwa TeTpauukivHa (TC) mMpuMeHOM CHHTETHCAHOI KOM-
IUVIEKCHOT jefumbena y komOrHauuju ca H20; nop cumynupanum yarpasyondactum (UV) 3pa-
yeweM. JleTa/bHO MCITUTHBAKE KaTATUTUYKE Peakldje ¥ KUHEeTHKe T0Ka3ano je eHKacHOCT
pasrpajme TeTpauukivHa of 82,99 %, y3 koHcraHTy 6p3uHe 0,0115 min!, mTo yxasyje Ha TO
Ila 0BO KOMIUIEKCHO jeHbere [M0Kasyje 3HauajaH MoTeHHjal 3a GOTOKATaIUTHUKY pasrpammy
AHTHOHOTHKA.

(TTpumiseHo 6. anpuia, pesuaupano 13. Maja, mpuxsaheHo 27. jyna 2026)
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Abstract: This study describes the immobilization of a native lipase (LCPT29)
from Actinomadura keratinilytica strain CPT29 isolated from poultry compost
in the northeast of Algeria in order to detect ester pollutants in an aqueous
environment. For this purpose, this detergent-stable lipase was immobilized with
glutaraldehyde as a cross-linker, in the presence of bovine serum albumin (BSA)
onto a platinum (Pt) electrode. The prepared enzyme membrane was character-
ized by FT-IR spectroscopy, confirming its network formation, while its coating
of the Pt-electrode was evaluated using cyclic voltammetry. The effectiveness of
the cross-linked enzyme membrane-coated working electrode was evaluated
electrochemically by detecting propyl 4-hydroxybenzoate (PHB) as a model
analyte. Under optimal conditions and at an applied potential of —250 mV vs.
Ag/AgCl, the LCPT29-based biosensor showed a linear response over the con-
centration range from 1014 to 108 mol L-! (» = 0.991), with a detection limit of
10"'% mol L-!. The biosensor exhibited high sensitivity (0.0327 mA L mol!),
good stability (RSD = 0.37 %) and significant selectivity as well as the ability to
analyse trace amounts of PHB in real water samples, demonstrating its potential
for electrochemical biosensing applications.

Keywords: immobilization; enzyme membrane; biosensor; electrochemical; ester
pollutant.
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INTRODUCTION

Due to their catalytic nature, which accelerates biochemical reactions in living
organisms, enzymes play a crucial role in many biotechnological applications.
They are essential for analytical devices used in various environmental and med-
ical applications, including biosensors and biocatalysis.!-2 As recognition elements
in biodetection, they provide developed biosensors with high detection capabil-
ities, essential characteristics for analysing target compounds in complex mat-
rices.3** Alongside these technological advances, the application of enzymes in
biosensors is a current research area that is increasingly being explored.

Biosensors are devices that combine a biological recognition element, such as
an enzyme, with a physicochemical transducer, thus enabling the conversion of a
specific biochemical reaction into a measurable signal.> Although the exploitation
of commercial enzymes is widespread, their use often remains limited by their high
cost, availability and sometimes their stability under specific environmental con-
ditions.% As an alternative to commercially produced enzymes, those derived from
autochthonous microorganisms are cited. A wide variety of microorganisms pro-
duce enzymes, which differ in their microbial origin, chemical properties and
mechanisms of action. Generally, microbial enzymes catalyze hydrolysis, oxidat-
ion or reduction reactions.” Microbial lipases are the most widely used enzymes in
the industrial world because they are more economical, stable and easy to culture.®

Lipases (EC 3.1.1.3 triacylglycerol acylhydrolase) are enzymes of the hydro-
lase group, mainly involved in the degradation of fats.%10 They are common in
nature and are made by fungi, bacteria and actinomycetes, as well as plants, ani-
mals and other microorganisms.!! On an industrial scale, lipases are produced by
microbes.!2 Lipase is widely employed for detecting ester-based pollutants due to
its catalytic hydrolysis activity.13 In recent years, many enzyme electrochemical
biosensors have been conceived, developed and commercialized as user-friendly
and time-saving analytical methods.!# Their immobilization enhances stability,
reusability, and applicability in biosensing systems.! Recently, numerous immo-
bilization approaches, such as adsorption, entrapment, covalent binding and cross-
-linking, have been examined in the literature.!3

Exploiting a detergent-stable extracellular lipase from an autochthonous strain
of Actiomaudura keratinilytica (CPT29), we developed a platinum-electrode-
-based enzymatic membrane. This membrane was designed to create a cost-effect-
ive, highly sensitive and selective biosensor for detecting ester-type pollutants in
aquatic environments. The lipase was immobilized on a platinum electrode to form
an enzymatic membrane, which was characterized by FT-IR spectroscopy and
cyclic voltammetry.
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EXPERIMENTAL
Chemicals and reagents

Bovine serum albumin (BSA, 99 %), aqueous solutions of glutaraldehyde (25 %), buffer
solutions, glycerol (99 %) and an ester substrate were purchased from Sigma—Aldrich Chemie
GmbH (Munich, Germany).

Enzyme source

In this study, the lipase!® used as a biological recognition element, was previously pro-
duced from Actinomadura keratinilytica strain CPT29 (GenBank accession no. KC447297)
isolated from poultry compost collected from a local farm in the northeastern region of Annaba,
Algeria.l”

Apparatus and measurements

Electrochemical analyses were performed using a modular SP-300 potentiostat/gal-
vanostat (Biologic Science Instruments, France), controlled by EC-Lab software (v. 11.46) for
data acquisition and processing. Measurements were carried out in a three-electrode cell con-
sisting of a platinum working electrode (0.5 cm?), a platinum wire auxiliary electrode (0.1 cm
diameter), and an Ag/AgCl reference electrode. The working electrode had been previously
cleaned according to a previously described procedure.!3

Immobilization procedure

Immobilizing the enzyme on the electrode is a crucial step in biosensor development, as
its efficiency depends directly on the fixation method used. Several techniques, such as adsorp-
tion, covalent bonding, or encapsulation,'82! can be employed after prior activation of the sur-
face functional groups.?23

In this study, LCPT29 was immobilized on the surface of a platinum electrode by covalent
cross-linking in saturated GA vapor with BSA, in which the amino groups of proteins are exp-
ected to form a Schiff base.2* During the immobilization, GA acts as a bifunctional cross-linking
agent, enabling covalent bonding between the enzyme and the substrate, while BSA is often
used as a stabilizing and spacing agent, promoting membrane formation on conductive surfaces.
According to a previous study,? the developed biosensor was prepared by depositing a drop of
lipase-based solution containing enzyme/BSA (5 %) and glycerol (10 %) in 10 mol L-! PBS (90
% and pH 7.4) onto the surface of the Pt electrode. The modified working electrode was then
exposed to the vapor of the saturated GA for 30 min, followed by drying at room temperature
for another 30 min. Finally, it was stored at 4 °C until further use. Scanning electron microscope
images (SEM, Quanta 250, FEI Company, Eindhoven, Netherlands) and FT-IR transmittance
spectra (Shimadzu IR Spirit-X FTIR) were recorded to confirm the cross-linking and the mem-
brane formation.

Enzyme activity assay

The activity of LCPT29 towards the hydrolysis of PHB was measured titrimetrically. The
experiment was conducted using a method similar to that described elsewhere with slight modi-
fications.!3 Lipase (50 mg) was added to PHB (16.7 mol L!) in 40 mL of PBS (10 mol L'!; pH
8). The mixture was stirred in a water bath at 40 °C. The kinetics of the hydrolysis reaction,
were monitored using an automatic pH-stat titrator (TitroLine®7000, TitriSoft 3.0, SI Analytics
GmbH, Germany). The quantity of p-hydroxybenzoic acid (PHBA) released was titrated by
adding 0.1 mol L! of sodium hydroxide to the reaction medium. One unit (1 IU) of hydrolytic
activity corresponds to 1 pmol of released acid per minute under the assay conditions used. All
determinations were performed in triplicate.
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RESULTS AND DISCUSSION
Characterization of GA/BSA/LCPT29

FT-IR spectroscopy analysis. Fig. 1 shows the results of the FT-IR analysis
obtained after lipase immobilization. The GA spectrum shows a peak around 1680
cm~! (C=0 stretching vibration) attributed to the carbonyl group of the aldehydic
function.26 In the lipase-based membrane spectrum, this peak exhibits a slight
shift, suggesting the involvement of glutaraldehyde-derived aldehydes in a chem-
ical reaction. Furthermore, the peaks recorded around 1650 and 1540 cm™! can be
attributed to amide I (C=0 stretching vibration) and amide II (C-N stretching and
N-H bending), respectively, which are characteristic of proteins.2” Although a
minor contribution of residual GA in the 1650 cm™! region cannot be completely
excluded, this band is predominantly associated with the protein components of
the membrane (BSA and immobilized enzyme). Indeed, the same band is already
observed in the spectrum of pure BSA, confirming its protein origin. Furthermore,
the characteristic aldehyde band of free GA around 1680 cm™! is absent or strongly
attenuated in the membrane spectrum, suggesting that most of the GA was con-
sumed during the cross-linking reaction with the amino groups of BSA and the
enzyme.

—GA/BSA/LIPASE  ---BSA ——GA v (C=0)
~1680 cm™
r -“-"'\ ———_—
L . - o —
\ I, sl Ny
NN e b
\ \\ / et ™

Transmittance , %

Amide | (C=0)
~1650 cm™!

v (O-H) Amide 11 (N-H, C-N)
~73300cm™ ~ 1540 cm’

4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm™!

Fig. 1. FT-IR spectra of GA, BSA, and the prepared biomembrane GA/BSA/LCPT29.

The increased intensity of the amide I band in the membrane, compared with
that of BSA alone, may be attributed to the combined contribution of BSA and the
immobilized enzyme, as well as to structural and chemical modifications induced
by GA-mediated cross-linking. These interactions likely involve Schiff base form-
ation and/or imine bond generation between aldehyde groups of GA and amino
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groups of proteins.28 Since the amide I region is highly sensitive to the secondary
structure of proteins, changes in its intensity and profile may reflect modifications
in the local structural environment of the immobilized proteins.2® The FT-IR spec-
trum (Fig. 1) also shows a broad absorption between 3000 and 3400 cm!,
indicating O—H and N—H bonds stretching vibrations,3 reflecting the presence of
hydrophilic groups and bound water. These spectral characteristics together con-
firm the successful chemical integration of BSA and lipase within the GA-cross-
-linked membrane.28 In this region, a weaker band is observed around 2900-3000
cm~!, which may be associated with C—H bond stretching vibrations. On the other
hand, the absence of a clearly resolved imine (C=N) band in the spectrum could be
attributed to overlap with the intense region of amide I and the low intrinsic int-
ensity of this feature in complex protein matrices.

Morphological analysis

In accordance with the method described above, a morphological study was
performed to validate the fabrication of the enzymatic membrane on the platinum
electrode using SEM analysis under an accelerating voltage of 20 kV, using CBS
images at magnifications of 80x and 600x to compare the surface morphology
before and after immersion in PHB (Fig. 2a—d). In addition, ETD images at 300x
were recorded to further examine the surface changes before and after immersion
(Fig. 2a’ and b’).

Fig. 2. SEM analysis of the platinum electrode coated with an LCPT29-based biomembrane: a
and b — before; ¢ and d — after immersion in PHB using CBS images at 80x and 600x. Insets:
ETD images at 300x before and after immersion (a’ and b’, respectively).
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SEM analysis (Fig. 2a and b) revealed homogeneous and stable adhesion of
the biomembrane to the platinum electrode surface after deposition. The mor-
phology of the biosensor after immersion in the target analyte was examined (Fig.
2c—d) to assess analyte diffusion to the active sites. The images show a porous
structure and cavities within the BSA—GA—enzyme matrix, facilitating analyte
penetration and improving access to the active sites, thus promoting mass transfer.
These SEM images (Fig. 2c—d) also show brighter areas localized around the mem-
brane pores, suggesting adsorption and/or accumulation of products resulting from
the enzymatic hydrolysis of the analyte. Furthermore, ETD images (Fig. 2a’ and
b’) confirm the surface modification before and after immersion. These obser-
vations are consistent with data from the literature!3 and highlight the essential
role of porosity in the diffusion of the analyte.

Cyclic voltammetry (CV) analysis

The SEM analysis was then validated by electrochemical characterization of
the biomembrane after its deposition on the working electrode. For this purpose,
CV, as a widely used technique in biosensing,31-32 was employed to characterize
the surface of a platinum electrode33 before and after biomembrane deposition.
Measurements were performed in a 5 mmol L~! [Fe(CN)g]3~/4- solution prepared
in 10 mol L~ PBS buffer (pH 7.4), with a scanning potential from —0.7 to 0.7 V
at25mV s,

The voltammograms illustrated in Fig. 3a—b show two well-defined anodic
and cathodic peaks, indicating a quasi-reversible redox process. The bare electrode
(Fig. 3a) exhibits the highest peak currents, indicating rapid electron transfer, while

0,5
—(a) Bare electrode
0.4 _(b) Modified electrode (a)

03 \

AN

041
0

Current, mA

-0,1

02 - /
\/

0,3

0,4 ;

-800 -600 -400 -200 0 200 400 600 800 1000
E/mV (vs. Ag/AQCI)

Fig. 3. Cyclic voltammograms recorded for bare and modified electrodes (a and b,
respectively), using 5 mmol L-! [Fe(CN)¢]** in 10 mmol L-! PBS buffer (pH 7.4)
at a scan rate of 25 mV sl
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their decrease (Fig. 3b) after modification confirms the formation of a bioactive
layer that limits access to the redox probe, without, however, completely blocking
electron transfer.34.35

Evaluation of enzymatic activity

In this study, enzymatic hydrolysis of PHB was performed to evaluate the
hydrolytic activity of LCPT29 against this model analyte, prior to its use as a
bioreceptor in the development of a novel biosensor. Initially, PHB was converted
to PHBA by enzymatic hydrolysis using the titrimetric method described in the
experimental section. The proposed reaction mechanism is illustrated in Fig. 4.

1600

psp  His Ser Lot oH
7 05,0
1400 Step 1 o”l‘wcﬁ rfE(N E)’/\,,s — C3H,0H +
H{lva i/l
oo
OH i i
_ 1200 Active serine
=] Intermediate
e active acyl-serine
= 1000 psp M Ser OH
< Step 2 T H A 0.0 _ .
% 800 O%J\NMNJ/% | C3H;0H
y |
o HOH T ) < S & &
B S 800 -
w600 £ 700 -
= 2800 - y = 4350«
—_ m 1 2=
< 400 @ 300 Re=0997
0 300 -
B 200
@a 100 -
200 o 0 : :
2 0 005 01 015 02
Reaction Time,min
0

0 0,05 0.1 0,15 0,2 0,25 0,3 0,35 0,4 0,45
Reaction Time,min
Fig. 4. Kinetic curve recorded for the hydrolysis of PHB to PHBA, catalyzed by LCPT29. The
proposed mechanism for the hydrolysis of PHB and the linear portion of the curve are shown
in the inset. The reactions were carried out at pH 8 and 40 °C, and their kinetics were

continuously monitored using a pH meter. The error bars represent the standard deviation
of three measurements.

The hydrolytic activity of the produced LCPT29 was determined from the
slope of the linear portion of the kinetic curve, plotted against reaction time (inset
of Fig. 4). The enzyme exhibited high activity toward the hydrolysis of PHB (4359
IU) and a higher specific activity than previously described enzymes (Table 1),
highlighting its potential as a novel bioreceptor in a sensitive PHB biosensor.

Optimization of biosensor response

Scan rate effect. To investigate the scan rate dependence and diffusion-con-
trolled kinetics of the modified electrode, the [Fe(CN)g]3—/4~ redox couple was
used as a standard quasi-reversible electrochemical probe. CV measurements of the
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TABLE 1. Comparison of the specific activity of LCPT29 with that of certain enzymes des-
cribed in the literature, during the hydrolysis of PHB;LPP: lipase from porcine pancreas; PrbA:
esterase from Enterobacter cloacae strain EM; rAoPrbA: Aspergillus oryzae esterase

Biocatalyst Specific activity, IU mg™! of enzyme Reference
LCPT29 90.02+0.05 This work
LPP 53.25+0.02 10
PrbA 1.91+0.03 32
rAoPrbA 0.280+0.029 33

LCPT29-based biosensor were performed at scan rates ranging from 25 to 200 mV
s~! over a potential range of —0.7 to 0.7 V vs. Ag/AgCl. All experiments were
conducted in a 5 mmol L~! [Fe(CN)g]>~/4- solution prepared in 10 mmol L-! PBS
buffer solution (pH 7.4), in the absence of PHB.

The modified electrode exhibited two well-defined redox peaks (Fig. 5), with
peak currents increasing with the scan rate. The slight potential shift and the /p/Ia
ratio close to unity (1.03 at 100 mV s~!, Table II) indicate quasi-reversible behavior.

0,8

0.8 | wmipa alpc _ X
05 25mV s’
0.4 -
06 EO,Z /r_._-—r"’" 50
=< 0 75
0,2 FaN
04 o2 —— AN -100
06 AN 125
0,8 Jf A
E 02 j/ 150
. 175
c -200
0] 0,0
55 mEpa aFEpc
o —0,2 ._____r_"r""".
-0,4 N“*H—,.‘
-06 50
1 1214 16 18 2 22 24
Log VImVs?
-0,8

800 600 -400 200 0 200 400 600 800 1000 1200
E/mV (vs. Ag/AgCl)

Fig. 5. Cyclic voltammograms of the modified electrode at scan rates from 25 to 200 mV s’!
over —0.7 to 0.7 V vs. Ag/AgCl, using 5 mmol L' [Fe(CN)¢]*>"* in PBS buffer (10 mmol LI,
pH 7.4). Insets show plots of anodic/cathodic current vs the square root of the scan rate and
anodic/cathodic potential vs the logarithm of the scan rate.

The kinetic study of the effect of the scan rate on the anodic and cathodic peak
currents (Ipa and Ic) showed a linear relationship between the peak currents and
the square root of the scan rate (inset of Fig. 5):

Ipa = 0.0276v1/2+0.0468  r=0.9974 €))
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Ipe =—0.0231v12-0.0458  r=0.9968 )

indicating a diffusion-controlled process.3® The second inset of Fig. 5 reveals a
linear dependence of £y, and Ep on the logarithm of the scan rate, as well as an
increase in AE,, (Table II), confirming the quasi-reversible nature of the system.!3

TABLE II. Current and potential peaks analysis parameters recorded for the modified platinum
electrode at different scan rates

Scan rate, mV s’! Lo/mA  L./mA |/, E,/mV E,/mV AE,/mV
25 0.162 —0.133 1.22 273 159 114
50 0.269 -0.214 1.26 284 154 131
75 0.333 -0.244 1.37 286 154 131
100 0.341 -0.311 1.03 294 143 151
125 0.428 -0.296 1.44 301 136 164
150 0.455 -0.311 1.46 304 122 182
175 0.493 -0.327 1.51 313 124 188
200 0.526 —0.348 1.51 313 115 199

Concentration effect. The calibration curve developed to study the influence
of analyte concentration on the response of the biosensor designed for the detection
of PHB in aqueous media was established by successive additions of increasing
concentrations (from 10~14 to 10~4 mol L-1) to 100 mL of an electrolyte composed
of 5 mol L1 of [Fe(CN)g]>74in a 10 mol L-! PBS solution. All measurements
were carried out under optimized pH and temperature conditions, within a potential
window ranging from —0.7 to 0.7 V. Prior to analyte injection, the electrochemical
stability and repeatability of the biosensor were evaluated by recording fourteen
consecutive cyclic voltammetry cycles in the presence of the immobilized enzyme
and the redox mediator [Fe(CN)g]3~4~. The negligible variation observed during
these cycles confirmed the achievement of a stable and reproducible electrochem-
ical response, thus ensuring reliable baseline conditions for subsequent calibration
experiments. This behavior also suggests the absence of significant electrode sur-
face passivation under the experimental conditions used.

As illustrated in Fig. 6a, the redox peak currents changed significantly with
increasing PHB concentration, confirming the sensitivity of the modified electrode
to PHB detection. The calibration curve (Fig. 6b) was constructed by plotting the
absolute value of the cathodic peak current (|/¢|) versus the logarithm of PHB
concentration. The inset of Fig. 6b shows a strong linear relationship between the
cathodic peak current and the logarithm of the PHB concentration. According to
these results, this linear relationship was observed over the concentration range
from 1014 to 10-8 mol L1 (Eq. (3)). In contrast, nonlinearity between the current
and the concentration was observed up to 108 mol L1, which could be due to
saturation of the active sites on the surface of the biosensor:13

I, =0.0327log C+0.4908  r=0.991 3)
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(a) ~omol L1
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According to this analytical curve, the LCPT29-based biosensor demonstrated
significant sensitivity (0.0327 mA L mol~!) with a limit of detection (LOD) of 10~
14 mol L-1. In order to better evaluate the analytical performance of this biosensor,
a comparative study was conducted with previously published studies (Table III).

TABLE III. Comparison of PHB detection characteristics with previously published studies
using CV analysis

Biosensor LOD / mol L Linear range, mol L™! Optimum pH  Reference
1 1.0x10°14 10-14-108 8.0 This work
2 3.7x10713 10714107 7.4 13
3 1.1x107 2.7 x108-1.07x1077 6.0 39
4 8.0x108 2.0x10°% —20.0x10° 7.0 40

Effect of pH and temperature. pH and the temperature of the reaction medium
are physicochemical parameters that significantly influence enzyme activity. For
example, in hydrolysis reactions, these two experimental parameters play a crucial
role. pH generally affects the macromolecular stability of the enzyme protein,
while temperature increases molecular collisions and improves the solubility of the
substrate in the reaction medium.4!=44 It has been shown that, in the case of
enzymes such as lipases, optimizing these two parameters is essential to ensure
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their stability and maximize their enzymatic activity. Bacterial lipases are gen-
erally active in media with a wide pH range, from 3 to 12, and are thermostable
between 30 and 60 °C.45 These two parameters can also affect the response of a
biosensor in terms of stability, and their optimization is therefore essential. 46

For this purpose, we investigated the influence of these two physicochemical
parameters on the response of the developed biosensor in order to evaluate their
effect. The experiments were conducted according to the previously mentioned
operating protocol, at different temperatures between 20 and 50 °C, and by testing
the reaction medium at different pH values (from 4 to 10). The response obtained
at pH 7.4, corresponding to the initial experimental conditions, was included in
Fig. 7a as a comparative reference to evaluate the improvement achieved after pH
optimization. To facilitate interpretation, the results of the CV analysis applied for
this stage of the study are presented as graphs illustrating the evolution of the peak
current versus pH and temperature (Fig. 7a and b, respectively).

0,35 0,35
< 03 (a) 03 (®
£0,25 <éu,zs
£ 02 = 02
(] c
£0,15 @ 0,15
o S
0,1 3 o1
0,05 0,05
0 (]
0 2 4 6 8 10 12 0 10 20 30 40 50 60
pH t/°C

Fig. 7. Scatter plots of the current response of the biosensor as a function of pH and
temperature (a and b, respectively). Experimental conditions: PBS, 10 mM; PHB, 10-7 M.

The results shown in Fig. 7a indicate that the peak current is highly dependent
on the pH of the reaction medium. The biosensor response increases significantly
between pH 4 and 8, while a marked decrease is observed at higher pH values.
This reduction could be due to the accumulation of acidic products released during
the reaction, which may locally lower the pH and create unfavorable conditions
that reduce enzymatic activity and, consequently, the electrochemical response of
the biosensor.47

The results presented in Fig. 7b indicate that the biosensor response increases
with temperature between 20 and 40 °C, reaching a maximum at 40 °C due to
increased enzymatic activity and reaction kinetics. Above this temperature, a sig-
nificant decrease is observed, which could be attributed to enzyme denaturation or
biomembrane degradation,*8 consistent with previous studies.!6:49

Stability and selectivity of the biosensor

The stability of the LCPT29-based biosensor was studied by subjecting the
modified working electrode to fourteen successive cycles until the response
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stabilized. The results of the CV analysis were graphically represented by plotting
the current (mA) versus cycle number (Fig. 8a) to better visualize the current res-
ponse over successive cycles. Significant stability of the developed biosensor was
observed, with a relative standard deviation (RSD) of 0.37 % (<5 %). The select-
ivity of the developed biosensor was also evaluated by comparing different pot-
ential interfering substances (a-tocopherol, glycerol, phenol, bisphenol A and cre-
sol). a-Tocopherol and glycerol are frequently used in some industrial cosmetic
formulations.>0:31 Phenol, bisphenol A and cresol were included among the relev-
ant environmental pollutants frequently detected in industrial effluents and waste-
water.52:53 For consistency and reliable comparison, all interference experiments
were conducted under the same experimental conditions previously optimized. The
results were obtained by plotting the absolute value of the cathodic peak current
versus the logarithm of PHB concentration (Fig. 8b). The significant reduction in
the current signals recorded for the tested interfering substances confirms the high
specificity of this biosensor for PHB.
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0,1194
2 01102
50,1190
301188 -
0.1186
0,1184
(@
0,1182
001 2 3 4 5 6 7 8 9 10 11 12 13 14 -
Cycle number
0,28 APHB eo-tocopherol #Glycerol mBisphenol X Cresol X Phenol
0.24
A A A A A
< 02 N
Eos 4
T 012 4 .
5 . ° o
3 oos N v by .
oot Y% x Fox % Fig. 8. Evaluation of stability and sel
X X X X X X . 8. -
o BEEEEEEEEE ig. 8. Evaluation of stability and se
004 (by| ectivity of the LCPT29-based biosensor
S 4 A2 10 B 6 4 » for sensing PHB in aqueous media (a and
Log G/ mol L b, respectively).

Real sample validation of PHB

In order to evaluate the LCPT29-based biosensor’s performance in real mat-
rices, recovery experiments were carried out using tap water and river water
samples spiked with different known concentrations (from 10-8 to 10-11 mol L-1)
of the target analyte (PHB). The analyte concentrations in the real samples were
determined using the calibration curve previously established with standard sol-
utions by cyclic voltammetry (Eq. (3)), and the recovery values were calculated:>*
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Recovery = 100M €))
Cadded

where Cround and Cygdeq denote the concentrations of analyte determined in the
spiked sample and the added analyte, respectively.

As shown in Table IV, recovery rates between 90 and 97 % were obtained for
both matrices tested, demonstrating the good accuracy of the LCPT29-based bio-
sensor for the analysis of real samples. These values are within the generally
accepted range (70—120 %) for trace analysis in complex matrices,>*55 suggesting
a limited matrix effect. The low RSD values (< 5 %) confirm the biosensor’s good
accuracy and repeatability. Overall, the results show that the method is reliable and
suitable for analyzing the samples studied, thus confirming the applicability of the
proposed biosensor to real-world sample analysis.

TABLE IV. Recovery (%) of PHB in tap and river water samples measured using the developed
LCPT29-based biosensor. Blank (0 M) corresponds to unspiked samples. Results are based on
three replicate measurements (n = 3)

Sample Codded / mol L7 Ciound / Mol L1 Recovery, % RSD / %

Tap water 0 - - -
108 10-8.03 93.5 1.43
10 10902 94.8 1.06
10-10 10-10.02 95.9 1.98
1011 10-11.01 97.3 2.52

River water 0 - - -
108 10-8.04 90.8 1.50
10 10-9-02 95.3 1.05
10-10 10-10.04 914 2.10
1011 10-11.03 94.0 2.46

CONCLUSION

In this work, a native, detergent-stable lipase from the Actinomadura Keratin-
ilytica CPT29 strain was deposited onto a platinum working electrode for the env-
ironmental detection of organic pollutants. The formation of the membrane net-
work was confirmed by FT-IR spectroscopy and cyclic voltammetry (CV), demon-
strating successful deposition on the platinum electrode. Under optimal experi-
mental conditions, the enzyme membrane showed a markedly improved response
for the detection of PHB as a model analyte, leading to a 30-fold increase in sen-
sitivity compared to our previous study using a commercial lipase. The results
obtained in this study are satisfactory, and the successful recovery of PHB from
real water samples demonstrated the practical applicability of the biosensor, which
has encouraged us to consider further work to more precisely evaluate its perform-
ance in different media and with different analytes, with the aim of enabling large-
scale multisensory detection.
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H3BO[J

BOJITAMETPUICKO UCITUTHUBAKE INTATUHCKOI BUOCEH30PA CA JIMITA30M CPT29
U3 BAKTEPUIJE Actinomadura keratinilytica YHAKPCHO ITOBE3AHOM ITOMORY GA/BSA
U CTABUJIHOM HA JETEPTEHTE
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NOUREDDINE DADDA? u ALI LADJAMA*
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University, P.O. Box 12, 23000 Annaba, Algeria, *Laboratory of Environmental Engineering, Process
Engineering Department, Faculty of Technology, Badji Mokhtar University, P.O. Box 12, 23000, Annaba,
Algeria, 3Laboratory of Synthesis and Organic Biocatalysis, Chemistry Department, Faculty of Sciences,
Badji Mokhtar University, P.O. Box 12, 23000 Annaba, Algeria u ‘Laboratory of Applied Biochemistry
and Microbiology, Biochemistry Department, Faculty of Sciences, Badji Mokhtar University, P.O. Box 12,
23000, Annaba, Algeria

OBa cTynuja onucyje umodunusauujy HatusHe nunase (LCPT29) us coja Actinomadura
keratinilytica CPT29, M3070BaHOT W3 >XKUBHHCKOT KOMIIOCTA Y CEBEPOUCTOUYHOM AJDKUDY, Y
CBpXY JeTeKlHje ecTapcKkux 3arahyBauya y BOJEHOj CpesuHH. Y Ty CBPXY, OBa JIMINa3a CTadUIHA
y IeTepreHTHMa MMOOHMIM30BaHa je Ha IUIATUHCKY eleKTpojy IoMohy IyTapaiafexuia kao
YHaKpCHOT Be3uBa, y NpucycTBy roseher cepymckor andymuHa (BCA). ITpunpem/beHa eH3UM-
cka memOpaHa kapaxrepucaHa je momohy FT-IR crexrpockonuje, yume je norsphexHo hopmu-
pame BEHE MPEXE, Kao U BEHO HAaHOLIEHhe Ha IIaTUHCKY €1eKTPOAY KpO3 MPOLIeHy e1eKTPO-
XEMHjCKHUX MpoMeHa momohy uKiIHuHe BonaTameTpuje. EdukacHocT pagHe enextpone obio-
JKEHEe YHAKPCHO NOBE3aHOM eH3MMCKOM MeMOpaHOM eJIeKTPOXEMHjCKH je ITpolLiemheHa eTek-
uujoM nponun-4-xunpokcudensoata (PHB) xao mopen-ananura. [log onTUManHUM yCI0BUMa
U IIpYU NIpUMEBEHOM NoTeHuujany of —250 mV npema Ag/AgCl 6uocensop Ha dasu LCPT29
M0Ka3ao je JMHeapaH OfI3UB y omncery koHuentpauuja ox 107 go 1078 mol L (r = 0,991), ca
rpanunom perexuuje of 1071 mol L1, Bruocensop je mokasao Bucoky ocerssusoct (0,0327 mA
L mol™), nobpy cradunroct (RSD = 0,37 %) v 3HAYajHY CETEKTUBHOCT, Ka0 U MOTYhHOCT aHa-
nu3e TparoBa PHB y peasHUM y30pLiMa BOfie, IITO AOKa3yje HeroB NOTeHIHjall 3a MPaKTHYHY
IIPUMEHY.

(ITpumibeHO 7. MapTa, peBUAMpaHo 17. anpuna, npuxsaheno 23. jyna 2026)
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Abstract. This paper examines the influence of nanoparticles of the natural
mineral bentonite and aluminum hydroxide in obtaining nanocomposites that are
based on a compatibilized polypropylene random copolymer. A random copoly-
mer of ethylene and propylene modified with maleic anhydride was used as a
compatibilizer. The total amount of filler introduced into the polypropylene ran-
dom copolymer composition was 50 wt. %. To study the synergistic effect, using
a mixture of fillers, bentonite was included in the formulation at five different
concentrations (5, 10, 15, 20 and 25 wt. %). The composites were obtained by
mechanical mixing in the melt of a compatibilized polymer matrix. The struc-
tural, morphological, physical-mechanical, thermal properties and fire resistance
of the obtained composite materials were determined. The structural and mor-
phological properties were characterized using infrared spectroscopy (IR) and
scanning electron microscopy. Based on the results of IR and scanning electron
microscopy-energy dispersive X-ray spectra, the presence of elements and bonds
corresponding to the composition of bentonite and aluminum hydroxide, which
were used as fillers in the composition of the polypropylene random copolymer,
was confirmed. Morphological study revealed minor agglomerates of bentonite
nanoparticles. Thermal properties of the obtained composites were determined
using thermogravimetric analysis and differential scanning calorimetry. Ther-
mogravimetric analysis showed that the addition of bentonite increases the ther-
mal stability of composites, as evidenced by a decrease in the rate of mass loss.
Mechanical properties (tensile strength, elongation at break) decrease with inc-
reasing bentonite concentration. The synergistic effect obtained by the combined
use of aluminum hydroxide and bentonite was manifested mainly in an increase
in the melt flow index of the composite. The sample containing 25 wt. % natural
bentonite showed the highest melt flow index values, up to 3.12 g/10 min.
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INTRODUCTION

Improving the performance properties of polymer composite materials is one
of the current areas in the field of materials science. When developing a recipe, it
is necessary to improve the physical and mechanical properties while maintaining
technological effectiveness. One of the most promising approaches to the creation
of polymer composites is the use of bifunctional layered silicates as polymer fillers.
The main attractive feature of bentonite clay-polymer composites is that small
amounts of nanoclay can be used to enhance the functional properties of the polymer
without compromising other key characteristics. Bentonite, as an inorganic min-
eral whose main component is montmorillonite, has advantages such as large dep-
osits in Azerbaijan, availability and low cost. The introduction of cheap minerals
into the polymer composition helps to significantly reduce the cost of the com-
posite material. A number of studies!—3 have reported on the influence of bentonite
on the structure and properties of various polymers. However, individual frag-
mentary information on the modification of the properties of polyolefins by bento-
nite does not allow us to systematize the research into a single, comprehensive
theory. This is especially true for research in the field of developing fire-resistant
materials. It is known that bentonite and montmorillonite belong to the group of
clay minerals, distinguished by a unique combination of a layered structure with
high flame retardancy.* In the process of studying the influence of structural
features of layered silicates on the combustion process of polymer composites, two
mechanisms for reducing flammability were proposed.® The first mechanism con-
sisted of the formation of a carbonized layer, which affected the mass and heat
transfer between the combustion zone and the polymer material. The second mech-
anism was based on the possible catalytic activity of aluminosilicates in the process
of thermal destruction of the polymer. Also, it is necessary to take into account the
fact that bentonite, at a certain content in the composition of the composite, can
contribute to the improvement of their basic strength properties, in particular, ten-
sile strength, bending strength and impact strength.®-7 This is due to the ability of
bentonite, as a filler-reinforcer to act as a reinforcing agent, improving the overall
mechanical characteristics of the composite.8:9

Metal hydroxides are effective flame retardants that improve the environmen-
tal performance of fire-resistant composites. These flame retardants account for 40
% of the total polymer flame retardant materials market by weight.!0 Their flame
retardancy is due to strong endothermic decomposition with the release of water.
Aluminum hydroxide is a flame retardant that is widely used in various types of
polymers due to its ability to suppress smoke and prevent the spread of fire.!!
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When introduced into the polymer matrix, aluminum hydroxide performs two main
functions. It acts as a filler, as well as a flame retardant and smoke suppressant. For
effective action, the recommended loading of aluminum hydroxide in the polymer
composite is 40-65 wt. %.12-14 However, to achieve a satisfactory fire protection
effect a large amount of aluminum hydroxide is required, which to a certain extent
negatively affects the physical, mechanical and operational properties.

Yand et al. in their work!3:16 showed that the addition of a mixture of alu-
minum hydroxide with organic montmorillonite slows down the thermal decom-
position of the polymer composite and shows good thermal insulation properties
while reducing heat release during combustion. Kaleg et al. found that the addition
of aluminum hydroxide and montmorillonite did not result in significant changes
in the decomposition temperature of unsaturated polyester, but tended to decrease
the maximum mass loss rate.l” Based on the above ideas, we proposed a con-
venient strategy to replace part of the aluminum hydroxide with bentonite in a
compatibilized polypropylene random copolymer.

Overall, this work allows for a simple and environmentally friendly green
approach to using Azerbaijan’s natural mineral resources in conjunction with
flame retardants. In particular, this work examined the combined use of aluminum
hydroxide with bentonite clay for use as a multifunctional flame retardant system.
For this purpose, a study was conducted on the influence of different ratios of alu-
minum hydroxide to bentonite on the structural, morphological, physical-mech-
anical, thermal and fire-resistant properties of the obtained composites. The fol-
lowing composition was used as the base composition: polypropylene random
copolymer/compatibilizer/aluminum hydroxide with a component ratio (wt. %) of
47/3/50.

EXPERIMENTAL
Materials

The properties of the polymer-based components used in the studies are presented in Table I.

TABLE L. Properties of polymer matrix and compatibilizer

Material Name Brand Manufacturer Melt flow index Melting
temp., °C
Polymer Polypropylene Topilene® Hyosung 0.2 g/10 min 145
random copolymer R200P Chemical (230 °C,
—PP-R Corporation 2.16 kg)
Compatibiliser ~ Polypropylene DuPont™ DuPont 470 g/10 min 135
copolymer grafted Fusabond®  Company (190 °C,
with maleic anhydride ~ P353 2.16 kg)
— PPC-g-MAH

Concentration of fillers was fixed at 50 wt. % of total amount of composite. The fillers
used in studies differ in shape and size. To prepare to polymer composites aluminum hydroxide
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with particle sizes Dv(10) = 0.0197 um, Dv(50) = 0.0559 um, Dv(90) = 0.159 um were used
(Fig. 1).

T TTTTTY T oY T T T T =TT T T TTTTTY TTTTTm
001 01 1 100 1000 1,0000 10,0000
Size Classes (um)

aluminium hydroxide bentonite

Fig. 1. Particle size of fillers.

The dosage of bentonite (origin of the Dash-Salahli deposit of the Azerbaijan Republic)
varied in the range of 0-25 wt. %. The oriented particle size of the bentonite used is generally
less than 0.248 um: Dv(10) = 0.024 um, Dv(50) = 0.0855 um, Dv(90) = 0.248 um. The Ana-
lytical Center of the Institute of Geology and Geophysics of the Ministry of Science and
Education of the Republic of Azerbaijan determined the bentonites mineralogical (XRD Mini-
flex 600, Rigaku, Japan) and chemical (XRF S8 Tiger, Bruker, Germany) composition (Tables
1T and I1I).

TABLE II. Chemical composition of bentonite (in %); the amount of volatile components at
950 °C temperature: 0.83

NaZO MgO A1203 SIOZ P205 SO3 K20 CaO
1.61 2.00 12.57 58.71 0.22 0.10 2.70 8.05
TiO, MnO Fe203 BaO SrO V205 CI
1.11 0.14 8.83 0.002 0.07 0.02 0.02

TABLE III. Mineralogical composition of bentonite (in %)

SiO, (& quartz) Anorthite Montmorillonite Vesuvianite  Clinoptilolite
10 25 57 0 0
Lamontite Fe,O5 (hematite)  Fe;O4 (magnetite)  Amorphous  Other mixtures
0 8 0 0 0
Sample preparation

The polymer composite samples based on PP-R/PPC-g-MAH/AI(OH);/bentonite were
prepared in three stages. The first stage involved the preparation of polymer composites using
a twin-roll mixer at a temperature of 170 °C. The mixing time was 8—10 min and the rotor speed
was 50 rpm. The mixing of components was carried out in stages. PPC-g-MAH was added to
the PP-R melt, followed by fillers. At the second stage, the materials extracted from the rolls
were pressed at a temperature of 190 °C. The third stage involved cutting out blade samples
from the pressed plates to test their strength characteristics. Table IV shows the formulations
used and sample identification. The numbers in the sample designations indicate the content of
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the filler used. Using the mechanical melt mixing method, composite formulations were pre-
pared using two fillers, as shown in Table IV.

TABLE IV. Identification and formulations of all prepared samples (in wt. %)

Sample code PP-R PPC-g-MAH Al(OH); Bentonite
AHysBts 47 3 45 5
AHyBtq 47 3 40 10
AHj35Bt5 47 3 35 15
AH;3(Bty 47 3 30 20
AH,5Btys 47 3 25 25

Characterization methods

Fourier transform infrared spectroscopy (FTIR). An Agilent Cary 630 FTIR device from
Agilent Technologies (India) was used to record the samples infrared spectra. Every spectrum
was gathered at wavenumbers between 4000 and 600 cm!.

Scanning electron microscopy (SEM) analysis. A scanning electron microscope, model
JSM-6610 (JEOL, Japan), was used to investigate the surface morphology of the composites.

Particle size analysis. A Mastersizer 3000 laser analyzer from Malvern Instruments (Eng-
land) used to measure the particle size of fillers (bentonite, aluminum hydroxide). The range of
operation was 0.1 to 3500 um. Measurements were made in distilled water.

Melt flow index (MFI). The CEAST MF50 branded melt flow tester (Instron company,
Italy) was used to evaluate MFI of the filled PP-R composites in accordance with ASTM D1238.
The length and diameter of the capillary were 8 and 2.095 mm, respectively. With a preheating
period of 10 min and a 5 kg weight, the temperature was 190 °C. For every sample, four replicate
measurements were made.

Physical and mechanical properties. Using a WPM, VEB, Thuringer industriewerk,
Rauenstein R-40, TYP-2092 tensile testing machine in accordance with GOST 11262-80
(ASTM D 638), the physical and mechanical characteristics of the polymer composite materials
were investigated at a speed of 50 mm/min movable grips of (four samples were tested). This
study presents the average tensile strength value of the four specimens for each composite.

Thermal analysis. The thermal characteristics, decomposition process and thermal stability
of the composites were ascertained using thermogravimetric analysis (TGA), differential scan-
ning calorimetry (DSC) and differential thermogravimetric analysis (DTG). A Perkin Elmer
STA 6000 simultaneous thermal analyzer was used for measurements. A nitrogen atmosphere
was used to scan the sample weight of approximately10 mg between 25.00 to 750.00 °C at a
heating rate of 10.00 °C/min.

A Kanavets device was used to ascertain the samples thermomechanical characteristics.
With a load of 0.5 kg/cm? and a heating rate of 50 °C/h, the deformation was recorded at sequen-
tially varying temperatures (7). Tables with a flat surface that were 24 mm in diameter, 6 mm
high and weighed 3.5-4 g were pressed into a special mold in order to conduct research. Ther-
momechanical curves A = f{T) showing the dependence of polymer composites were created
using experimental data.

Resistance to burning. Standard Test Method for Measuring the Comparative Burning
Characteristics of Solid Plastics in a Vertical Position (ASTM D3801) was used for conducting
fire resistance investigations of polymer composite products.
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RESULTS AND DISCUSSION

PPC-g-MAH increases the polarity of polypropylene random copolymer. The
presence of a compatibilizer in the non-polar polymer matrix promotes adhesive
interactions between the incompatible dispersed and dispersion phases. FTIR ana-
lysis reveals possible structural information and examines the bond interaction
between all components in the composite system. Fig. 2 shows the FTIR spectra
of PP-R/PPC-g-MAH/AI(OH)3/bentonite composites.

The characteristic absorption bands observed across the FTIR spectra correspond
directly to the functional groups of the polymer matrix (PP-R), the compatibilizer
(PPC-g-MAH) and the inorganic fillers (Al(OH)3 and bentonite clay). Matrix and
compatibilizer bands (present in all spectra): 2950-2840 cm™! intense, sharp peaks
originating from the asymmetric symmetric C — H stretching vibrations of —CHj3
and —CH,— groups in the PP-R backbone; 1450-1460 cm~! medium peak corres-
onding to C—H bending deformations of -CH3 and ~CH,— groups; 1375-1380 cm™!
sharp peak assigned to the -CH3 umbrella mode (symmetric bendix vibration of
methyl side chains), a classic fingerprint for polypropylene; 1730-1750 cm!
(spectra b, ¢, d) a distinctive C=0 carbonyl stretching vibration band introduced
by the PPC-g-MAH compatibilizer (grafted maleic anhydride groups).

Aluminum hydroxide absorption bands (spectra b, c, d) are 3620-3300 cm™!,
a series of strong, sharp peaks (visible at approximately 3619, 3523, 3450 and 3393
cm1) representing the crystalline intermolecular and intramolecular O—H stretch-
ing vibrations of the gibbsite (Al(OH)3) structure and 1020960 cm~! as enhanced
absorption intensity caused by the AI-OH bending/deformation modes.

As the concentration of bentonite increases from 5 (¢) to 25 wt. % (d), several
distrinct aluminosilicate silicate bands appear and intensify. Bentonite clay absorp-
tion bands (spectra ¢ and d) are 1030-1050 cm™!, a massive, broad peak that prog-
ressively dominates the fingerprint region. It originates from the Si—O-Si in plane
asymetric stretching vibrations of the tetrahedral clay layers, 3620 cm™! overlap-
ping with Al(OH)3 peaks, corresponding to the structural hydroxyl stretching
within the clay lattice and 520 and 460 cm~! prominent bands at lowest frequency
range representing Al-O-Si stretching and Si—O—Si bending vibrations of the clay
framework.

The appearances of all characteristic peaks were correlated to the distribution
and dispersion of inorganic fillers in the composites. It can be confirmed from the
FTIR spectroscopy that the functional groups, which were present in the individual
materials had their influence in the composite formation and no new peaks were
found indicating that no additional functional groups were formed. The IR spec-
trum of composite show characteristic band of both the PP-R and bentonite which
ensures the incorporation of clay in the polymer. Referring to spectra of bentonite
filled composites in comparison to the PP-R/PPC-g-MAH/50 wt. % Al(OH)3, it
was found that all spectra were very similar to each another. However, the presence

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

(CC) 2026 Serbian Chemical Society.



ADVANCED POLYPROPYLENE RANDOM COPOLYMER NANOCOMPOSITES 90 1

(%)

Transmittance

‘Wavenumber cm-1

Fig. 2. IR spectra of PP-R (a), PP-R/PPC-g-MAH/50 wt. % Al(OH); (b), AH4sBts (c) and
AH,sBty5 (d) polymer composites.
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of bentonite caused slight changes in the position and intensity of the aborption
band. Moreover, the intensities of peak related to the Si-O-Si stretching band, were
more pronounced, which characterizes the presence of bentonite in the composites.

It is known that the supramolecular structure of a composite predetermines its
final properties. The dispersion state of bentonite in the PP-R/PPC-g-MAH/A1(OH)3
composition was further confirmed by SEM analysis (Fig. 3).

o @
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Fig. 3. SEM images and EDX spectra of AH45Bts (a) and AH,sBt,s (b) polymer composites at
different magnifications.

The surface structure of AHy45Bts and AHy5Btys composites observed via
SEM are compared in Fig. 3. Agglomeration morphology of bentonite in some
areas due its poor dispersion is noticeable in SEM. The EDX analysis of com-
posites showed the presence of K, C, Ca, O, Fe, Na, Mg, Si and Al element. The
obtained results confirm the fact of obtaining a composite of the composition
PP-R, PPH-g-MAH, Al(OH)3 and bentonite.
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In particular, changes in MFI can be used to judge the structural and rheolog-
ical changes occurring in the polymer matrix under the influence of various factors.
The study of the dependence of the MFI of PP-R/PPC-g-MAH/AI(OH)3; on the
bentonite content showed that it significantly affects the viscosity of the composite
melt. As can be seen from Fig. 4, the replacing of AI(OH)3; with bentonite leads to
a fairly sharp increase in the MFI values of the polymer. Obviously, this behavior
is associated with structural changes occurring in the polymer matrix. We do not
exclude that as a result of thermomechanical action, the layered structure of ben-
tonite decomposes with the release of surface-active substances, including gly-
cerin, which significantly leads to an increase in the MFI of the composites. In
general, the MFI values of the obtained PP-R/PPC-g-MAH/AI(OH)s/bentonite
composites are higher than those of the PP-R/PPC-g-MAH/50 wt. % Al(OH)3, as
well as the MFI values of industrial PP-R. This indicaes that the types/nature, size,
quantity and dispersion status of fillers are playing a major role in the properties
of the prepared composites more than the number of the used fillers.!18

Fig. 4 shows the results of studies of the physical and mechanical charac-
teristics of polymer composite materials based on PP-R/PPC-g-MAH/AI(OH)3/
/bentonite. The obtained results indicate a significant influence of bentonite con-
centration on physical and mechanical properties. With an increase in the concen-
tration of bentonite, a slight decrease in the mechanical characteristics of the com-
posite was recorded.

% MPa ¢/10 min
359 35 | 35
304 30 3
2549 25 4 S —— 925
2019 20 ? * * IS 2
154 15 » s
104 10 1
. Fig. 4. Physical-mechanical properies of
"1 %7 . %3 PP-R/PPC-g-MAH/AI(OH);/bentonite
0d oY ! | ! | o  based polymer composites: A— elongat-
L 5 10 15 20 25 ion at break, m — tensile strength, @ — MFI.

Generally, the strength properties of the composite strongly related to the
interfacial interaction between the filles and matrices. The specific surface area
and particle size resulted in better dispersion of filler. The agglomeration of fillers
can be a possible explanation for the reduction of tensile strength at higher filler
loading. Refering to Fig. 4, it can be concluded that the tensile strength was dec-
reased with the increase of bentonite concentration from 5 to 25 wt. %. Agglomer-
ation of fillers may be a possible explanation for the decrease in tensile strength at
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higher bentonite loading. It is believed that fillers with smaller particle sizes, such
as aluminum hydroxide, provide a larger contact area with the polymer matrix due
to their higher surface area compared to bentonite. The specific surface area and
particle size resulted in better dispersion of the filler. This is most likely why rep-
lacing aluminum hydroxide nanoparticles with bentonite resulted in a decrease in
strength.

On the other hand, Fig. 4 shows elongation at break of the studied composites.
The elongation at break decreased monotonically with increasing bentonite content
and decreased by approximately 27 % at a bentonite concentration of 25 wt. %.
Poor interaction between Al(OH)3 and bentonite, and with the matrix may have
contributed to lower properties in composites.

TGA has been used to evaluate the thermal stability of obtained composites.
Generally, inorganic species have good thermal stability. Introduction of inorganic
components into organic materials improve the thermal stability of the resulting
composite. The most prominent effect of particulate fillers on the crystalline struc-
ture of semi-crystalline thermoplastics is their ability to work as a nucleation agent.
Though there has been some debate over the effects of crystalline changes on
macro-mechanical properties, it seems clear that by increasing crystallinity, the
strength and deformability of PP-R decrease.

Thermogravimetric curves of both composites have two clearly defined stages
of mass loss. The decrease in mass of both composites began above of 240 °C. The
major thermal weight loss of PP-R/PPC-g-MAH/AI(OH)3/ bentonite composites
occured in the range of 240—450 °C, and the mass loss was about 65—60 %. A TGA
study of the obtained composites showed that their heat resistance depends on the
bentonite content. The increase in heat resistance with a low bentonite content is
due to intermolecular interactions and the features of the resulting phase structure.
The residue obtained at the end of the TGA scan (750 °C) showed a value of approx-
imately 34.181 % for the AH45Bts composite and 39.076 % for the AH,>5Bty5. The
increase in solid residue is primarily driven by replacing AI(OH)3; with bentonite.
At 750 °C, AI(OH)j3 fully decomposes into volatile HyO and Al,O3, while ben-
tonite is highly thermally stable, retaining a greater proportion of its mass to form
a denser residual structure. Bentonite is a clay mineral composed of alumino-
silicate. It is highly thermally stable and does not degrade or release volatile gases
at 750 °C like the polymer or hydroxide do. Thus, an increased bentonite content
leads to larger absolute mass of stable inorganic minerals in the final residue.

The thermal properties of PP-R/PPC-g-MAH/AI(OH)3/bentonite-based com-
posites with different bentonite loading levels were also studied by DSC and the
corresponding thermographs are given in Fig. 5. The melting enthalpy AH, and
melting temperature 7y, obtained from the DSC analysis for AHysBts and
AHjsBty5 composites were summarized in Table V. The results showed that the
melting temperature and melting enthalpy change of the composites increased with
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Fig. 5. Thermal analysis results for AH,5Bts (a) and AH,5Bt,5 (b) polymer composites.

the increase of bentonite amount. A strong endothermic peak average value around
138.61 °C is visible, which is most likely associated with the melting of the crystal-
line domains of the AH45Bts composite. Double melting peaks can be associated
with crystals having different morphology and, accordingly, thermal stability,
crystalline perfection or crystallite sizes, polymorphism.!9 The melting peak tem-
perature 7;,, of PP-R/PPC-g-MAH/AI(OH)3/bentonite composites increase with the
addition of bentonite. The melting enthalpy change (AHy,) of PP-R/PPC-g-MAH/
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/Al(OH)3/bentonite increased with the addition of bentonite. The increase in melt-
ing enthalpy change can be explained by amount of free volume between PP-R
chains capable of allowing bentonite to be intermixed.

TABLE V. Scanning calorimetry data corresponding to AHysBts and AH,sBtys polymer
composites

Parameter PP-R AHy;Bts AH,;5Btys
Onset mass loss temperature, °C 345.32 279.39 271.05
Maximum weight loss rate temperature, °C 451.48 428.86 416.88
Maximum weight loss rate, %/min —25.715 —8.808 -8.319
Solid residue under 750 °C, % 0.3 (at 700 °C) 34.181 39.076
Tm/°C 145.36 138.61 147.42
AHy, /Jg! 56.6878 28.1959 39.1271

The heating thermogram of AH,sBty5 shows a single melting endopeak with
a maximum at 147.42 °C and an enthalpy change of 39.1271 J g~1. Table V shows
the melting enthalpy changes of composites. The endopeak enthalpy of melting of
PP-R/PPC-g-MAH/50 wt. % Al(OH)3 was 48.2213 J g~1, while that of PP-R was
higher, reaching a value of 56.6878 J g~!. The melting enthalpy change charac-
terizes the energy required to break intermolecular bonds in a crystal during the
transition from a solid state to a viscous flow state.20 In similar PP-R, intermole-
cular bonds are determined by the van der Waals interaction energy. The decrease
in enthalpy change for AH,5Bty5 indicates a decrease in intermolecular interactions.

The thermogram of AHysBts and AH,5Bt)5 has a regular symmetrical shape,
which indicates a fairly homogeneous crystalline phase.2! The enthalpy change of
melting of AHysBtys was greater than that of AHysBts. If in AH,5Btos the
enthalpy change of melting was only 11 J g~1 higher than the enthalpy change of
melting of AHysBts, then in PP-R the enthalpy change was 56 J g-1. Obviously,
this is due to a decrease in the degree of crystallinity of PP-R due to the influence
of filler particles on the crystallization process.

A series of experiments with samples of different compositions showed that
they all have thermograms of similar shape. The positions of the maximum melting
temperature on the temperature scale are shifted relative to the melting temperature
of the original PP-R. Based on the DSC data, it can be said that the introduction of
25 % bentonite into PP-R leads to an increase in the melting temperature. It has
been established that the introduction of 45 % AI(OH)3/5 % bentonite leads to a
decrease in the melting temperature. When interpreting the DSC results, it can be
assumed that the increase in the enthalpy change of melting of AH,5Bt>5 as a result
of the introduction of 25 % of the amount of bentonite is due to the fact that bento-
nite promotes an increase in the number of heterogeneous nucleation centers, which
contributes to an increase in the total rate of crystallization of PP-R. An increase
in the rate of crystallization from two centers — homogeneous and heterogeneous
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nucleation centers — leads to the simultaneous formation of many small-sized crys-
tallites, which, as a result of steric limitations during their growth, form a crystal-
line phase with a minimum number of defects compared to the PP-R crystalline
phase.22

Similarly, thermomechanical analysis recorded an increase in the softening
temperature and viscous flow state of the composites (Fig. 6). By analyzing the
thermomechanical curves in Fig. 6, it can be established that the test samples are
not subject to deformation over a wide temperature range.23 According to this
method, the melting point of the samples changed in the following sequence:
AH»5Btys — 149 °C, AH30Btyg — 145 °C, AH35Bt15— 146 °C, AH40Bt19— 153 °C,
AHysBts — 155 °C. The difference in the values of temperature transitions obtained
by the DSC method and thermomechanical analysis is interpreted by the fundam-
ental features of the methodological approaches to assessing the value of thermo-
physical indicators.

A, cm
0,25

®— AH45BtS

AH40Bt10
AH35Bt15
AH30Bt20
0.1 —— AH25Bt25

0,15 0,15 1

0,1

DEFORMATION

DEFORMATION

0,05

140 150 160 170 180
TEMPERATURE, °C

TEMPERATURE, °C

Fig. 6. Thermomechanical curves of the dependence of deformation on temperature for
PP-R/PPC-g-MAH/AI(OH);/bentonite-based polymer composites.

Combustion tests were carried out in accordance with ASTM D3801. The Fig.
7 illustrates the results of a vertical burning flammability test performed on differ-
ent polymer composite formulations over time.

As you can see from the Fig. 7, PP-R ignites quickly and burns intensely. By
30 s, a large flame is visible, and the polymer rapidly melts and drips onto the
cotton. By 50 s, the sample is completely consumed, leaving the remaining time
slots blank. By 80 s, the sample is entirely consumed and completely gone from
the clamp, leaving nothing to record at 80 and 120 s. This indicates high flam-
mability.
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Composite
composition

10 sec 80 sec 120 sec

PP-R/PPC-g-AH/50%ANOH); PP-R

AHBts

AH:Btis

ﬁ
Fig. 7. Burning tests of PP-R and PP-R based composites.

For AHy4sBts, flame spread is slower compared to pure PP-R. At 30 and 50 s,
a char layer begins to form, reducing the dripping behavior.24:25 The sample sur-
vives longer than pure PP-R, remaining clamped and burning slowly up to 80 s.

Increasing the bentonite filler to 25 wt % significantly improves performance.
At 30 and 50 sec, the vertical specimen sustains much less severe structural
collapse. The additive creates a thick, protective carbonaceous char layer. This
layer blocks oxygen and heat transfer, delaing total degradation past 80 sec.

In samples containing bentonite, no burning droplets of the composite were
released during combustion. Although the best result was obtained for the PP-R/
/PPC-g-AH/50 wt. %Al(OH)3 sample, the samples filled with both fillers showed
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better results than the original RPP (Fig. 7). As can be seen from the figure, while
the original PP-R sample, which complies with the standard, burned for 50 s, the
burning time of the samples to which both fillers were added increased to 80 s.
Furthermore, unlike other samples, the sample with the addition of 25 % AI(OH)3/
/25 % bentonite did not burn cotton within 30 s when the alloy was dropped. The
figure demonstrates that adding flame retardant and synergistic additives / clays like
bentonite significantly reduces the flame spread rate and dripping of the polymer.

CONCLUSION

The obtained composites were characterized using FTIR, SEM, physical-
-mechanical, TGA and DSC analyses. The effectiveness of modifying the com-
posite with bentonite was assessed by changes in the physical and mechanical
properties of the composite. Physical-mechanical studies have shown that the
addition of bentonite clay to PP-R/AI(OH)3 composites helps maintain melt fluidity
even at high contents. DSC analysis revealed changes in the melting temperature
of composite samples with different bentonite concentrations. The results showed
that the inclusion of bentonite clay could effectively improve the thermal stability
of PP-R/PPC-g-MAH/AI(OH)3 composite. Thus, taking into account the results of
the assessment of the physical and mechanical properties of polymer composites,
it can be stated that the optimal content of bentonite in PP-R/PPC-g-MAH/
/Al(OH)3/bentonite is 25 %. The results of the conducted studies provide grounds
for recommending this composite as a promising material with improved operat-
ional and environmental characteristics. Enhanced fire-rated PP-R is ideal for com-
mercial hot/cold water, heating, and sprinkler system where flame retardancy is
required.

H3BOJ

HAIIPEOHMU ITOJIUITPOITWJIEHCKH HACYMHUYHH KOITOJIMMEPHH
HAHOKOMIIO3WUTH: YTUIAJ ITPUPOOHE BEHTOHUTHE I'NTMHE U
AITYMHUHHUIJYM-XUJIPOKCHIA HA MOP®OJIOTHJY U CBOJCTBA

FATIMA MUSTAFAYEVA!? u NAJAF KAKHRAMANOV'

"Institute of Polymer Materials of Ministry of Science and Education Republic of Azerbaijan, Sumgayit city, S.
Vurgun Str. 124, AZ5004, Azerbaijan u *Sumgayit State University, Sumgayit city, 43rd district,
Baku street 1, AZ5008, Azerbaijan

Y pamy ce ucnuTyje yTHLAj HaHOYECTHLA NPUPOJHOT MUHeEpaaa DEHTOHHUTa WU alyMH-
HUjyM-XUJPOKCHIA Ha A00Hjale HAaHOKOMIIO3MTa Ha Da3M KOMNATUOMIM30BAHOT IMOJIUIPO-
NHJIEHCKOT HAaCyMHUHOI Kkononumepa. Kao kommatudunusaTop kopHuuheH je HaCyMUYHH
KOIOJIMMED €THUIEHA U MPONUIeHa MOSU(HUKOBAH aHXUIPUIOM MaJIEMHCKE KUCENIHHE. YKYIIHA
KOJIMYWHA MTyHH/Ia Y NOJIMIPONUIEHCKOM Kononumepy ouna je 50 mac.%. [la bu ce nmpoyduo
CHHEPIUCTHUYKK edeKaT Kafa Ce KOPUCTH MEIUaBHHA IyHWIa, DEHTOHHUT je yK/byueH y (op-
MyJauyjy y neT pasnuIuTHX KoHueHTpanyja (5, 10, 15, 20 u 25 mac.%). Komnosurtu cy nodu-
jEHH MEXaHUUKHMM MEIIamkeM Yy PacToIly KOMIIaTHOMIN30BaHe MoauMepHe Mmartpuue. Ongpehena
Cy CTPYKTypHa, Mopdosomka, GU3NUYKO-MeXaHU4YKa, TEPDMUAUKA CBOjCTBA M OTIOPHOCT HA
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Mo’kap NoOHjeHuX KOMIO3UTHUX MaTtepujaia. CTpyKkTypHa U MopdoJIolka CBOjCTBA Cy Ope-
hena xopumrhewem wHppanpseHe cnexkTpockondje (IR) u ckeHupajyhe enexkTpoHcke
mukpockonuje. Ha ocHoBy pesynraTa IR cnexTpockonuje U ckeHupajyhe eeKTpoHCKe MUKpPO-
CKOTIHje-eHepreTCKU OUCIep3uBHE PEeHITeHCKe CIIeKTPOCKOIHje, TOTBPhEHO je MPUCYCTBO ene-
MeHaTa U Be3a KOje OAroBapajy cacTaBy DEHTOHHWTA M allyMUHHjyM-XUOPOKCHAA, KOjU Cy KO-
puurheHy Kao MyHUIA Y CacTaBy MOJUIPONUIEHCKOT HAaCyMHUYHOT Komoiaumepa. Mopdornomxka
CTyIHja OTKpWIA je Make arioMepare DEHTOHUTHHUX HaHOUecTHHa. TepMHUUKka CBOjCTBA HOOH-
jeHUX Kommo3uTa onpeheHa cy TepMOrpaBUMETPHUjCKOM aHAIM30M U JUdepeHLHjaTHOM CKe-
HUpajyhom kamopumetpujoM. TepMorpaBiMeTpHjcKka aHaau3a [okasasa je Ja AofaBame DeH-
TOHUTA noBehaBa TEPMUYKY CTaOUITHOCT KOMIIO3UTA, O YEMY CBELOYH CMameme Op3uHe ry-
duTka Mmace. MexaHMUKa CBOjCTBa (3aTe3Ha YBPCTOha, U3AyKewe TP MPEeKUIy) CMamyjy ce ca
nosehameM KoHIleHTpauuje beHTonnTa. CHHeprucTuuky edexar odHjeH KOMOMHOBAHOM YTIO-
TpeboM aTyMUHHUjYM-XUOPOKCHAA U OeHTOHWTA MaHH(GEeCToBao ce yIriIaBHOM y mosehamy
MHJIEKCa TOIUberha KOMIIO3UTa. Y30pak Koju cagpxu 25 mac. % MpUposHOr HeHTOHHUTA je MoKa-
320 HajBULIE BPeOHOCTH UHEKCca Tolubewa 10 3,12 g/10 min.

(TTpumisero 26. anpuina, pesuaupano 20. jyHa, mpuxsaheno 23. jyna 2026)
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Abstract: Novel magnetic lanthanum-iron oxide composites have been synthes-
ized using a one-pot method. The proposed approach simplifies the synthesis
process by eliminating traditional requirements such as pH adjustment and high-
temperature calcination, resulting in a more streamlined procedure and the prod-
uction of a magnetic material. The effects of the Fe-to-La ratio, reaction time,
and reaction temperature on the properties and adsorption performance of the
lanthanum—iron oxide composites were investigated. The synthesized composites
were characterized by scanning electron microscopy, X-ray diffraction, vibrating
sample magnetometry, Fourier-transform infrared spectroscopy, the Brunauer—
Emmett—Teller method, thermogravimetric analysis and X-ray photoelectron
spectroscopy, which indicated that the samples comprised of randomly oriented
particles with sizes ranging from 20 to 200 nm, and possessed excellent crystal-
linity, magnetic responsiveness and thermal stability. Additionally, this study
explored the application of lanthanum—iron oxide in tenofovir ((R)-9-(2-phos-
phonomethoxypropyl)adenine, PMPA) adsorption, with a maximum adsorption
capacity of 34.06 mg/g under the conditions of adsorbent dosage = 0.9 g/L, pH 4,
C=50mg/L and ¢ = 25 °C. The lanthanum—iron oxide was simple to prepare and
enabled rapid separation, which was beneficial for practical applications.

Keywords: one-pot synthesis; lanthanum—iron oxide; superparamagnetism; ads-
orption; pharmaceutical intermediates.
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INTRODUCTION

As a notable transition metal oxide, lanthanum—iron oxide predominantly
comprises variations including LaFeOs,! La;_Sr,FeO3_s2 and Fe/Lay03,3 exhib-
iting diverse compositions and valencies. Its widespread research interest stems
from its abundant availability, non-toxic nature and exceptional chemical stabil-
ity.# Lanthanum—iron oxide has been employed in various applications, such as
electrodes, chemical sensors,® adsorbents’ and catalysts.8:9 The performance of
magnetic composites is influenced by their stoichiometric composition and mic-
rostructure, shaped during the synthesis process. Therefore, the choice of synthesis
method varies depending on the intended application. Established synthesis tech-
niques include high-energy milling,10 the citrate-gel method,! co-precipitation,!!
the hydrothermal method!2:13 and the microwave-assisted method.!4 The first
three methods yield magnetic lanthanum—iron oxide compounds with particle sizes
ranging from 10 to 50 nm, and require high-temperature calcination to enhance
crystallinity.!5 The citrate-gel and co-precipitation methods additionally necessit-
ate pH adjustment. While microwave-assisted synthesis avoids calcination and pH
adjustment,!4 it produces gases during combustion, resulting in samples with
weaker magnetic properties.

In a pharmaceutical context, (R)-9-(2-phosphonomethoxypropyl)adenine
(PMPA), also known as tenofovir, is a key intermediate in immunodeficiency ther-
apy that contains a phosphate group.!® However, the pharmaceutical wastewater
generated during the production of PMPA contains about 1-2 % of the product,
which is considered a harmful pharmaceutical pollutant in the environment.
Therefore, it is of great importance to remove PMPA from wastewater generated
during the syntheses of pharmaceutical intermediates. In recent years, there have
been few reports on the removal of tenofovir, and the treatment methods for phar-
maceutical wastewater can generally be divided into two categories: quantitative
recovery and degradation elimination.!” Among them, quantitative recovery can
alleviate the pressure on downstream wastewater treatment, which has attracted
increasing attention from researchers. The commonly used methods for quantit-
ative separation in industry include multi-effect evaporation,!8 membrane separ-
ation,!? adsorption20-2! and recrystallization.22 Among them, adsorption has
become an attractive approach owing to its economic cost, high efficiency and ease
of operation.23 Extensive investigations have revealed that metal (hydr)oxides
have a strong affinity for phosphate due to the formation of inner-sphere com-
plexes between phosphate species and the functional groups of the adsorbents.24.25
So far, lanthanum-based materials have received widespread attention for phos-
phate removal even at low concentrations due to the strong affinity of La toward
phosphate and the low solubility product of LaPO4 (pKsp = 26.15).23:26 Xiong et
al. prepared La-doped Mn—Al bimetallic oxide composites for phosphate adsorp-
tion reaching equilibrium at pH 7 after 5 h.27 Qiu et al. fabricated a new composite
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Ws—N-La by anchoring nano-La(Ill) (hydr)oxides within quaternary-aminated
wheat straw for phosphate adsorption, the maximum adsorption capacity increased
from 19.6 to 67.1 mg P/g.28 However, due to the tedious separation problem
caused by highly dispersed materials, magnetization has received widespread
attention as an environmentally friendly approach, which can not only enhance the
recovery performance of materials, but also improve their adsorption capacity.

Currently, only Ajebli et al.,2% have conducted studies on the removal of ten-
ofovir; they utilized activated carbon prepared through phosphoric acid thermo-
chemical activation for PMPA adsorption. This process involved multiple steps
including washing, drying, and thermal activation of corn cobs, followed by pH
adjustment and drying of the resulting porous carbon. In contrast, we have dev-
eloped a novel one-pot synthesis method to prepare lanthanum—iron oxide com-
pounds, effectively avoiding the need for pH adjustment and high-temperature
calcination, thus significantly streamlining the synthesis process. The resulting
magnetic composite offers a rapid separation of PMPA from pharmaceutical
wastewater under an external magnetic field, demonstrating a more efficient and
potentially impactful approach for pharmaceutical waste management.

In summary, we have aimed to prepare lanthanum-iron oxide using a straight-
forward and efficient one-pot synthesis method. This novel approach not only
simplifies the preparation process but also shows potential for the adsorption of
PMPA from pharmaceutical wastewater. The performance of lanthanumiron oxide
was assessed using batch experiments, demonstrating its ease of preparation, rapid
separation, and exceptional adsorption properties.

EXPERIMENTAL
Materials

Analytical-grade reagents were procured for the experiments. Sodium acetate trihydrate
and ferric chloride hexahydrate were sourced from Shanghai McLean Biochemical Technology
Co., Ltd., while lanthanum nitrate hexahydrate and ethylene glycol (EG) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Tenofovir (PMPA, CyoH 4N504P) was obtained from
Jilin Sihuan Pharmaceutical Co., Ltd. The chemical structure of tenofovir is illustrated in Fig. 1.

NH,
N| X N\> o
LA~ L.
N
\_/ ~_ (L )
////CH3 Fig. 1. Chemical structure of tenofovir.
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Preparation of lanthanum—iron oxide compounds

The synthesis process involved heating 60 mL of EG to 70 °C, followed by the addition of
FeCl;-6H,0 and La(NO;3);-6H,0 in varying amounts to achieve Fe-to-La mole ratios of 0:1,
1:0, 6:1, 8:1 and 10:1. After magnetic stirring until dissolution, 7.2 g of sodium acetate trihyd-
rate was added and stirred for 10 min. The effects of temperature and reaction time on lan-
thanum-—iron oxide preparation were examined at 200 and 210 °C for reaction times of 6, 8, 10
and 12 h in a hydrothermal reactor. After the reaction, the product was cooled, washed and dried
at 70 °C to obtain brown lanthanum—iron oxide powders. Optimal preparation conditions (such
as molar ratios, temperature and time) were obtained based on the performance of lanthanum-
iron oxide for PMPA removal.

Characterization of the lanthanum—iron oxide compounds

Tenofovir concentrations were determined via UV-Vis spectroscopy (UV-2550, Shim-
adzu, Japan). The surface morphology and crystal structure of the composites were character-
ized by scanning electron microscopy (SEM, Regulus-8100, Hitachi, USA) and X-ray diffract-
ion (XRD, DSFOCUS, Bruker, Germany). The magnetic properties of the sorbents were ana-
lyzed using vibrating sample magnetometry (VSM, 7404, Lake Shore, USA). Fourier-transform
infrared (FTIR) spectroscopy (Nicolet 6700, Thermo Fisher, USA), Brunauer—Emmett-Teller
analysis (BET, JW-BK200B, JingWeiGaoBo, China) and X-ray photoelectron spectroscopy
(XPS, AXIS, Shimadzu, Japan) were used to analyze functional groups, specific surface area,
and the elemental chemical states of the samples, respectively. The thermal stability of the
nanocomposites was analyzed using a blast drying oven (DHG-9070A, Yiheng Technology Co.,
Ltd., China) and a thermogravimetric analysis and differential scanning calorimetry (TGA—
—DSC) high-temperature synchronous thermal analyzer (Discovery SDT650, Swart, USA).

Adsorption experiments

Adsorption of PMPA. The adsorption properties of lanthanum—iron oxide for PMPA
adsorption were extensively investigated under various conditions. The experiments assessed
the impact of lanthanum—iron oxide dosage, temperature and pH on PMPA adsorption. For the
dosage study, varying amounts of lanthanum—iron oxide (5 to 40 mg) were added to a three-
-necked flask containing 40 mL of a 50 mg/L PMPA solution at 25 °C, with stirring at 520 rpm.
Upon reaching adsorption equilibrium, samples were filtered through a 0.22 um organic mem-
brane for UV spectrophotometric analysis of the remaining PMPA concentration. The effect of
temperature on PMPA adsorption was examined by adding 35 mg of lanthanum—iron oxide to
40 mL of a 50 mg/L PMPA solution at 25, 35 and 45 °C. Additionally, the influence of pH was
explored by adjusting the pH of a similar PMPA solution to values ranging from 3 to 8 using
0.1 M hydrochloric acid or sodium hydroxide, followed by the addition of 35 mg of lanthanum—
—iron oxide. The adsorption capacity (g.) and removal efficiency (R in %) were calculated as:

V(Cy—-C
GRS m
m
Co—-C
qe=100—°C e ()

0

where Cj and C, are the initial and equilibrium concentrations of PMPA (mg/L), m is the mass
of the material (mg) and V is the solution volume (L).

Adsorption kinetics. A kinetic study involved dispersing 35 mg of lanthanum—iron oxide
in 40 mL of a 50 mg/L PMPA solution at room temperature (RT, 20 °C). Samples were collected
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at set intervals to determine the residual PMPA concentrations by UV spectrophotometric mea-
surement.

Adsorption isotherm. Subsequently, an adsorption isotherm experiment was conducted at
RT. Here, 35 mg of lanthanum—iron oxide was added to 40 mL of PMPA solution at concent-
rations ranging from 30 to 80 mg/L to ascertain the maximum adsorption capacity.

Adsorption thermodynamics. With all other conditions held constant, the adsorption ther-
modynamics of lanthanum—iron oxide were evaluated at 298, 308 and 318 K.

RESULTS AND DISCUSSION
Lanthanum—iron oxide compounds

Fig. 2a displays a histogram representing the adsorption of PMPA by samples
with different Fe-to-La mole ratios. The adsorption capacities were 15.61, 31.26,
28.32, 23.98 and 9.96 mg/g for mole ratios of 0:1, 6:1, 8:1, 10:1 and 1:0, respect-
ively. This trend indicates that the adsorption capacity decreases as the proportion
of La in the sample diminishes, underscoring the crucial role of La in the adsorp-
tion process. Given its superior performance in PMPA adsorption, the sample with
a 6:1 Fe-to-La mole ratio was selected for more detailed investigation in subsequent
experiments. Fig. 2b shows the adsorption capacities of PMPA onto the lan-
thanum—iron oxide were 27.93, 28.54, 31.26 and 25.94 mg/g, at reaction times of
6, 8, 10 and 12 h, respectively. When the reaction time is less than 10 h, the ads-
orption capacity gradually decreases, indicating that some of the raw materials had
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3 20 g 20
g &
§ §
= =
£ g
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2 % Z
0 T T f T 0 T T
0:1 6:1 10:1 1: 0 10 h 12 h
FeCl,-6H,011 La(NO,),"6H,0 Time (h)

w
=3
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2 5

210
Temperature (°C)

Fig. 2. The effects of Fe-to-La mole ratio (a), reaction time (b) and temperature (c)
on the removal of PMPA by lanthanum—iron oxide.
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not fully reacted to form lanthanum—iron oxide. The influence of temperature on the
adsorption capacity of PMPA on lanthanum—iron oxide was evaluated (Fig. 2c). As
can be seen, at temperatures of 200 and 210 °C, the adsorption capacities were
31.26 and 24.05 mg/g, respectively. Besides, high temperatures can cause damage
to the Teflon®-lined stainless steel autoclave. Moreover, the choice of 200 °C was
based on the objective of producing lanthanum—iron oxide with high adsorption
capacity and minimum waste of energy which is very interesting from an economic
point of view. Finally, it was determined that a sample with an iron—lanthanum
mole ratio of 6:1, a reaction temperature of 200 °C, and a reaction time of 10 h has
the highest adsorption capacity for PMPA.

Characterization of lanthanum—iron oxide

SEM characterization. The morphology of lanthanum—iron oxide samples
with varying Fe-to-La mole ratios was characterized by SEM, as shown in Fig. 3.
Fig. 3a shows that at a 6:1 ratio, the sample comprises densely packed, randomly
oriented particles with sizes ranging from 20 to 200 nm. In contrast, at higher ratios
of 8:1 (Fig. 3b) and 10:1 (Fig. 3c), the particles exhibit a spherical shape and a
uniform size distribution with a diameter of approximately 170 nm. This mor-
phological shift is attributed to the reduced mole ratio of La in the synthesis pro-
cess, favoring the predominant formation of Fe304 microspheres in the product.

]
o N

o Boo b

Fig. 3. SEM images of lanthanum—iron oxide compounds with different Fe-to-La mole ratios:
a)6:1,b) 8:1 and ¢) 10:1.

FTIR measurement. FTIR spectroscopy was utilized to analyze five lanthanum—
—iron oxide samples with varying Fe-to-La mole ratios, as depicted in Fig. 4a. The
peaks at 1600 and 3420 cm™! correspond to the stretching and bending vibrations
of O-H bonds on the surface of the material 393! The peak at 1450 cm™! is due to
the stretching vibration of the La-bound hydroxyl groups (La-OH bonds).32.33
Notably, the peaks at 575 and 636 cm™! are ascribed to Fe-O and La—O bonds,
respectively.10:34 A noteworthy trend was observed: the intensity of the La—O

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

(CC) 2026 Serbian Chemical Society.



SYSTHESIS AND APPLICATION OF LANTHANUM-IRON OXIDE 9 1 9

bond peak (636 cm™!) gradually diminished with increasing Fe amount. Particul-
arly for ratios of 8:1 and 10:1, the La—O bond peak vanished, whereas the Fe-O
bond peak (575 cm™!) became more prominent. At a mole ratio of 6:1, the FTIR
spectrum clearly demonstrated the coexistence of both characteristic Fe—O and La—O
bond peaks in the sample.
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Fig. 4. a) FTIR spectra of lanthanum-iron oxides with varying Fe-to-La mole ratios: 0:1, 6:1,
10:1 and 1:0. b) XRD Patterns of lanthanum—iron oxides with Fe-to-La mole ratios of 0:1, 6:1,
10:1 and 1:0. ¢) Comparison of the XRD patterns of lanthanum-iron oxide with a 6:1 Fe-to-La
mole ratio and reference materials. d) Vibrating sample magnetometry (VSM) analysis of
lanthanum—iron oxides with Fe-to-La mole ratios of 6:1, 10:1, and 1:0. ) Thermogravimetric
analysis (TGA) of lanthanum—iron oxide with a 6:1 Fe-to-La mole ratio.

XRD analysis. Fig. 4b presents the XRD patterns of lanthanum—iron oxide
compounds with five different Fe-to-La mole ratios. For a mole ratio of 1:0,
distinct diffraction peaks were noted at 26 values of 30.05, 35.43, 43.08, 56.96 and
62.45°, indicative of the sample’s excellent crystallinity. Moreover, these peaks
align precisely with the (220), (311), (400), (511) and (440) crystal planes of
standard Fe30y4 as per JCPDS card no. 19-0629 in the XRD library.35> The XRD
pattern of the as-synthesized magnetic sample with a mole ratio of 6:1 did not
match those of the LaFeOs, Fe3O4, FeyO3, La(OH)3, LayO3 and La reference
materials (Fig. 4c). With an increase in the La(NOj3)3-6H,O content and decrease
in the Fe-to-La mole ratio from 10:1 to 0:1, new diffraction peaks for lanthanum
oxide emerged at 7.68, 16.39 and 24.59°, each becoming progressively more int-
ense. The appearance of the peak at 7.68° indicates the generation of a new phase.
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As the lanthanum ion content increased, the intensity of the peak at 7.68° inc-
reased, as did the crystallinity. This finding indicates that a new crystal type of
lanthanum—iron oxide was obtained through the one-pot method, demonstrating
the potential for adjusting the Fe-to-La mole ratio to tailor the material’s structural
properties.

BET measurements. The specific surface areas and pore characteristics of lan-
thanum-iron oxides with different mole ratios are summarized in Table I. For Fe-
-to-La mole ratios of 6:1, 8:1 and 10:1, large specific surface areas of 73.64, 63.02
and 79.94 m2/g, respectively, were obtained. These observations indicate that the
incorporation of Fe and La metals in the Fe-to-La 1:0 and 0:1 (hydr)oxides differs
from that in the other three type. In addition, compared with Fe-to-La 1:0, the int-
roduction of lanthanum increases the specific surface area of the lanthanum—iron
oxide, which is conducive to the enrichment of target molecules.27-36

TABLE I. Physical characteristics of lanthanum—iron oxides with different mole ratios

) BET surface area Total pore volume  Average pore diameter
Fe:La 2 3
m-/g cm’/g nm
1:0 26.64 0.0136 1.92
6:1 73.64 0.0395 2.06
8:1 63.02 0.0345 2.01
10:1 79.94 0.0436 2.05
0:1 1.28 0.0009 2.6

VSM measurement. Fig. 4d illustrates the magnetic properties of the lanthanum—
—iron oxide compounds with varying Fe-to-La mole ratios. Notably, the saturation
magnetization values for molar ratios of 1:0, 10:1, 8:1 and 6:1 were 80.5, 65.6,
51.7 and 18.8 emu/g, respectively. None samples exhibited obvious remanence or
coercivity, indicating their superparamagnetic nature. The hysteresis loop diagram
highlights that the saturation magnetization decreases as the amount of La inc-
reases, which is attributable to the decreasing Fe content in the compounds. Des-
pite this, the sample with a 6:1 mole ratio maintained excellent magnetic respon-
siveness, as evident from the inset.

TGA analysis. The TGA of lanthanum—iron oxide have been presented in Fig.
4e. The decomposition process can be divided into three stages. The initial stage,
from RT to 184 °, involves a 5.65 % weight loss due to the evaporation of surface-
-adsorbed water. The second stage, spanning 184 to 418 °C, shows a minimal
weight loss of 6.85 %, mainly due to the minimal decomposition of acetate and
nitrate. The final stage, from 418 to 800 °C, involves weight-loss steps: 2.68 and
1.46 %. During this stage, the oxygen-containing groups on the surface of lan-
thanum—iron oxides were completely eliminated, leaving 83 wt. % of lanthanum—
—iron ash.
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XPS analysis. To further investigate the electronic valence of the elements,
XPS was used to characterize the sample with a 6:1 Fe-to-La mole ratio, as shown
in Fig. 5. The full spectrum (Fig. 5a) reveals characteristic peaks for La 3d, Fe 2p,
O 1s and C 1s, confirming the presence of La, Fe, O and C in the synthesized
material. The detection of C can be attributed to atmospheric moisture absorption,
leading to minor carbonate formation. In Fig. 5b, the La 3d3/; and La 3ds/; peaks
occur at 851.9 and 835.1 eV, respectively,2? with a binding energy of 16.8 eV,
indicative of La in the +3 oxidation state.37 The Fe 2p spectrum in Fig. 5c exhibits
Fe 2p1,2 and Fe 2p3/, peaks at 724.4 and 710.7 eV, respectively, characteristic of
both Fe2" and Fe3* states. The O 1s spectrum in Fig. 5d predominantly consists of
lattice oxygen, along with surface-adsorbed oxygen or hydroxyl groups, correspon-
ding to the Fe—O and La—O bonds and oxyhydroxides in the lanthanum—iron oxide
compound. These findings offer a comprehensive insight into the structural and
chemical properties of lanthanum-iron oxide, particularly in relation to its Fe-to-
-La ratio-dependent morphology and elemental composition.38

a La3d b

La3d
32 o1s La 3d3 2
La3p3p Fe2s| Fe2py,

Cls

counts (s)
counts (s)

|
' ' i
! !
8554 859 8385 8351

L

T T T T T T T T T T T T T T T T T T T T
1200 1000 800 600 400 200 0 860 855 850 845 840 835 8

Binding Energy (eV) Binding Energy (eV)
Fe2p Fe2p C o1 0
" iyuz R ) T d

counts (s)
counts (s)

L) ) ) L) L)
735 730 725 720 715 710 705 556 5_;,4 552 5:';0 5;8
Binding Energy (eV) Binding Energy (eV)

Fig. 5. XPS spectra of lanthanum—iron oxide with a 6:1 Fe-to-La mole ratio.
a) Lanthanum—iron oxide, b) La 3d, ¢) Fe 2p and (d) O 1s spectra.
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Adsorption of PMPA

Effect of adsorbent dosage on PMPA adsorption. Fig. 6a shows the relation-
ship between the dosage of lanthanum—iron oxide and its adsorption capacity for
PMPA. With increasing dosage, there is a noticeable decrease in PMPA adsorption,
while the removal rate increases significantly.20-39 This observation suggests an
increase in the number of available adsorption sites on the lanthanum—iron oxide
surface. However, the concentration of PMPA remains constant. This indicates that
the adsorption process has not reached saturation. The removal rate of PMPA not-
ably rises from 18.61 to 60.30 % as the lanthanum—iron oxide dosage increases,
indicating that 35 mg is the optimal dosage.
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Fig. 6. Influence of adsorbent dosage (a), temperature (b) and pH (c) on PMPA adsorption
and the zeta potential of lanthanum—iron oxide (d).

Effect of temperature on PMPA adsorption. Concerning the influence of temp-
erature on adsorption, as depicted in Fig. 6b, the process appears to be endother-
mic. With an increase in temperature from 25 to 45 °C, the maximum adsorption
capacity increases from 34.06 to 39.10 mg/g, suggesting that higher temperatures
favor the adsorption process. Consequently, 25 °C was chosen as the experimental
temperature based on energy-saving considerations.
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Effect of pH on PMPA adsorption. Fig. 6¢ shows the impact of pH on PMPA
adsorption by lanthanum—iron oxide. The adsorption capacity increases as the pH
increases from 3 to 4, which is primarily attributed to two factors: electrostatic
attraction between negatively charged PMPA and positively charged lanthanum—
—iron oxide (Fig. 6d). Ligand exchange occurs via the —OH in lanthanum—iron
oxide and phosphate group in tenofovir. Moreover, the protonation process that
occurs under acidic conditions likely facilitates the ligand exchange process. For
instance, -OH," (protonated state) has been reported to be more easily replaced
than —OH in its original state.*0 Considering these results, a possible removal
mechanism was proposed, as depicted in Fig. S-1 of the Supplementary material
to this paper. Therefore, these effects significantly enhance the adsorption cap-
acity. At pH 4.0, the adsorption capacity reaches a maximum of 34.48 mg/g.
Beyond pH 4.0, the removal rate gradually decreases due to competition from
hydroxide ions at higher pH levels with negatively charged PMPA 294! In sum-
mary, the primary removal mechanism involves electrostatic attraction and inner-
-sphere complexation through ligand exchange.

Adsorption kinetics. The adsorption kinetics were analyzed using pseudo-first-
-order (Eq. (S-1), Supplementary material) and pseudo-second-order (Eq. (S-2),
Supplementary material) kinetic models, providing a deeper understanding of the
adsorption mechanisms and kinetics under different experimental conditions. Fig.
S-2 of the Supplementary material presents the kinetic analysis of PMPA adsorp-
tion on lanthanum—iron oxide. The pseudo-first-order reaction model yielded a
correlation coefficient (R2) of 0.9603 (Fig. S-2a), indicating a poorer fit to the exp-
erimental data compared with the pseudo-second-order model, which displayed a
higher correlation coefficient of 0.9981 (Fig. S-2b). Furthermore, Table II com-
pares the experimentally obtained equilibrium adsorption capacity (¢e exp) With the
calculated values (geca1) from the pseudo-second-order model, showing close
agreement. This finding indicates that the adsorption capacity is directly related to
the number of active sites on the lanthanum-iron oxide surface and suggests that
chemical adsorption might be the rate-limiting step in this process.

TABLE II. Kinetic parameters for PMPA adsorption on lanthanum-iron oxide.

Co Qecexp Pseudo-first-order Pseudo-second-order
mg/L mg/g ki Geca/mgg! R ky _ Geca/mgg' R
50 33.92  2.57x1072 16.38 0.9603 8.85x1073 35.01 0.9981

Isothermal adsorption study. The study further involved fitting the adsorption
data to the Langmuir (Eq. (S-3), Supplementary material) and Freundlich (Eq. (S-
4), Supplementary material) isothermal adsorption models. Fig. S-3 of the Supple-
mentary material illustrates the adsorption isotherm plots of PMPA at various ini-
tial concentrations at RT; the correlation coefficients, Ry 2 and Rp?, for these
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models were 0.9937 and 0.5461, respectively. The higher R 2 value than Rg? sug-
gests that the Langmuir model, which assumes monolayer adsorption, provides a
better fit for the adsorption behavior of PMPA on lanthanum—iron oxide. Accord-
ing to Table III, the maximum adsorption capacity of lanthanum—iron oxide for
PMPA, as determined by the Langmuir model, was 37.36 mg/g. This value closely
aligns with the experimentally calculated maximum adsorption of 34.06 mg/g,
further supporting the applicability of the Langmuir model in this context.

TABLE III. Freundlich and Langmuir isotherm parameters for the adsorption of PMPA on lan-
thanum-—iron oxide

Temperature Qe.exp Langmuir Freundlich
K mg/g  guax/mggl  k /L mg! R? n kp/mg gl R?
298 34.06 37.36 0.49 0.9937 15.33 28.11 0.5461

Adsorption thermodynamics. The thermodynamic equations are shown in Egs.
(S5) and (S6) of the Supplementary material. As can be seen in Fig. S-4 of the
Supplementary material, the AH and AS parameters for PMPA were calculated
from the slope and intercept of the In K vs. 1/T plot. The related thermodynamic
values are shown in Table IV. Both AH and AS are greater than zero, indicating
that the process is an entropy-increasing and heat absorption process. The prefer-
ential polar interactions, which are associated with the release of water molecules
between the hydration layers of the adsorbent and adsorbate. All the values of AG
are negative at different temperatures and the Gibbs energy change decreases with
the temperature increasing, indicating that PMPA adsorption on lanthanum—iron
oxide proceeds spontaneously.

TABLE IV. Thermodynamic parameters for the adsorption of PMPA on lanthanum-iron oxide.

AG / kJ-mol’!
-l HK-lemal-1
AH / kJ-mol AS/J-K-'*mol 203K 308K 38K
0.0120 43.14 -12.85 —13.28 —~13.78

A comparison of lanthanum—iron oxide with other adsorbents, including mag-
netic, non-magnetic and bimetal materials, which widely used for the treatment of
pharmaceutical wastewater,20-2942.43 and the relevant data are summarized in
Table S-I of the Supplementary material. Clearly, it is easy for lanthanum—iron
oxide to separate from the solution by an external magnetic field, which is cond-
ucive to the separation and recovery of adsorbents. In addition, lanthanum—iron
oxide is easy to prepare and exhibits a high adsorption capacity.

CONCLUSION

In this study, we successfully synthesized lanthanum—iron oxide compounds
using a streamlined one-pot method, employing EG as the solvent and FeCl3-6H,O
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and La(NOj3)3-6H50 as the primary materials. This approach, in contrast to trad-
itional methods such as high-energy milling, the citrate-gel method, and co-pre-
cipitation, eliminates the need for step-by-step sample processing. Moreover, it
offers significant advantages over the microwave-assisted one-step method by
obviating the need for pH adjustment, thus enhancing efficiency and energy savings.
SEM analysis revealed that the lanthanum—iron oxide compound comprises den-
sely packed particles with sizes ranging from 20 to 200 nm. FTIR analysis con-
firmed the existence of Fe—O (575 cm™!) and La—O (636 cm™!) bonds, while XRD
analysis showed that a new crystal type of lanthanum—iron oxide was produced by
the employed one-pot method. VSM highlighted the superparamagnetic nature of
the samples, which enables rapid separation under an external magnetic field. XPS
results confirmed the presence of La, Fe, O and C in the sample. The synthesized
lanthanum—iron oxide was then used to study tenofovir ((R)-9-(2-phosphonometh-
oxypropyl)adenine, PMPA) adsorption. The kinetic and isothermal adsorption
models suggested that the adsorption behavior was best described by the pseudo-
-second-order kinetic model and the Langmuir isothermal model, indicative of a
monolayer chemical adsorption mechanism. Meanwhile, the spontaneous and
endothermic process is indicated by adsorption thermodynamics. The mechanism
of PMPA adsorption on lanthanum-iron oxide was identified as inner-sphere com-
plexation and electrostatic attraction. This study not only presents an innovative
method for synthesizing lanthanum—iron oxide materials but also demonstrates
their potential as adsorbents for the treatment of actual phosphate-containing
wastewater.

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/13599, or from the correspond-
ing author on request.
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KOPAKY U ITPUMEHA Y AICOPIIIHWJHY TEHOPOBHUPA
ZHIGANG LIUY, PING XU? SHIHUA YU?, XIANG LI', XIAODAN ZENG?, JIBO ZHANG' 1 JUNJING HAO*

ICollege of Petrochemical Technology, Jilin University of Chemical Technology, Jilin 132022, China, *College
of Chemical & Pharmaceutical Engineering, Jilin University of Chemical Technology, Jilin 132022, China,
3Centre of Analysis and Measurement, Jilin Institute of Chemical Technology, Jilin 132022, China u
“China Petroleum Jilin Chemical Engineering Co., Ltd., Jilin 132000, China

HoBM MarHeTHM KOMIIO3WTH JIaHTaH-TBOKHe-OKCHa CHHTETH30BaHU Cy KOpHLIIhemem
MeToge y jemrHoM Kopaky. [IpefnokeHy NpUCTYH N0jeqHOCTaBIbyje Mpoliec CHHTe3e 3axBasbyjyhu
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usderaBawy TpafIMIMOHAIHUX 3aXTeBa Kao 1ITO Cy NojeliaBawme pH BpeJHOCTH U KallMHal1ja
Ha BHCOKMM TeMmIlepaTypama, LITO pe3yaTHpa edHKacHHjUM MOCTYNKOM M IMPOU3BOAKOM
MarHeTHor Marepyjana. MicniuraH je yrtunaj ogHoca Fe/La, BpeMeHa peakuuje U TeMIeparype
peakuuje Ha CBOjCTBA M ancOpILUOHe NepdopMaHCe KOMIO3UTa JaHTaH-TBOXxDe-okcuia.
CHUHTeTH30BaHU KOMIIO3UTH Cy okapakTeprucanu metogama SEM, XRD, VSM, FTIR, BET, TGA
u XPS, yume je yTBpheHO a ce y30pLH cacToje O HaCyMHUYHO OPHjeHTHCAHUX YeCcTHLa
BennurHa of 20 zo 200 nm, 1a nocenyjy oIIMYHYy KPUCTATHHUYHOCT, MarHETHY OCET/BUBOCT U
TEpMHUYKY crabunHocT. Ilopen Tora, y OBOM HCTpaKMBailhy CHHTETHCAHM JlaHTaH-TBOXxbe-
-OKCUIM Cy NpUMEHeHH 3a afcopdoBame TeHOodoBUpa ((R)-9-(2-pocdoHOMETOKCUTIPOIIHII)-
ageHuHa, PMPA), ca MakCHMalHMM KanalMTeToM afcopnuuje on 34,06 mg/g, npu nosu
apcopbenta = 0,9 g/L, pH 4, C = 50 mg/L u t = 25 °C. OBO UCTpaKHBake je MoKasaao Aa je
IIPpUMemeHa MeToza jeHOCTaBHA 3a NMPUIPeMy JlaHTaH-TBOXxhe-okcuaa, Koju ce Jlako ofBaja
0Jl TPETHpaHe BOJie, IITO je KOPUCHO 32 NPaKTUYHY NPHMEHY.

(ITpumsseHo 25. oxrodpa 2025, peBunypaHo 26. janyapa, mpuxsaheHro 1. jyna 2026)
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Adsorption kinetics. The pseudo-first-order and pseudo-second-order kinetic models are
shown below:

logqe _qz) = logqe _Lt

2303 s

t 1 t
+_

% sze2 qe , (5_2)

where ¢ (mg/g) represents the adsorption amount of PMPA at time ¢, g. (mg/g) represents the
adsorption amount at equilibrium, while Ki (min™!) and K> (g/mg-min) denote the rate constants
for the pseudo-first-order and pseudo-second-order reactions, respectively.

msa2 g b
09603 Y=0.02856x+0.09216
171 0 1 R=0.99%1
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Fig. S-2. (a) Pseudo-first-order and (b) pseudo-second-order kinetic models for PMPA
adsorption on lanthanum-iron oxide.

Isothermal adsorption study. Langmuir and Freundlich adsorption isotherm models can be
expressed as:

C,_ 1 . C
qe qumax qmax , (S-3)

1
Ing, =—InC, - Ink,.
n : (S-4)
where Ce (mg/L) represents the equilibrium concentration, gmax (mg/g) represents the maximum
adsorption capacity, and n represents the parameter characterizing medium heterogeneity and

adsorption intensity. Additionally, & (L/mg) and kr ((mg/g)/(mg/L)""") denote the Langmuir and
Freundlich constants, respectively.
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Fig. S-3. (a) Langmuir and (b) Freundlich isotherm models for the adsorption of PMPA on
lanthanum-iron oxide.

Adsorption thermodynamics. The thermodynamic parametric equations are shown in Egs.

(Eq(S5), Eq(S6)):
AG'=-RTMK, (8-5)
Y g —— (S-6)
"TTRORT

where AS°(J/(mol/K)), AH’(kJ/mol) and AG°(kJ/mol) are the entropy, enthalpy and Gibbs free
energy changes, respectively. R(8.314 J/(mol-K) is the ideal gas constant and K¢(L/g) is the
adsorption equilibrium constant, Kc=qe/Ce.
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Fig. S-4. Van’t Hoff’s plot for PMPA uptake on lanthanum-iron oxide.
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Table S-I. Comparison of lanthanum-iron oxide with other adsorbent for the treatment of

pharmaceutical wastewater.

. . Adsorption
Adsorbent Preparathq method Pollutant Adsorbent Tlrpe capacity Refs.
conditions dose (g/L)  (min)
(mg/g)

- Tenofovir .
Lanthanum-iron One-pot (200 °C) 0.9 50 34.06 This
oxide (magnetic) (50 mg/L) work

Thermochemical Tenofovi
; vati ; enofovir
Activated car‘t_)on activation w1th 10 20 27 29
(non-magnetic) phosphoric acid (0.1 mM)
(H3PO4, 700 °C)
. Norfloxacin
Ni@Zn-MOF
. hydrothermal method (NOR) 4.0 300 11.65 20
(non-magnetic) (50 mg/L)
MIL101(Fe)-Fe304 two-step solvothermal TC, DC and 45.33,33.20
CFX (20 2.0 240 42
(magnetic) method me/L) and 31.30
i pHS.6, 200 °C As(III)(500
CA-LaFeNPs combined with sol-gel mg/L) 7.0 1440 91 43
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Abstract: This work explores the extraction of oil from olive pomace using
limonene as a green solvent, with particular emphasis on the effects of temp-
erature on yield, kinetics and thermodynamics. Results show that oil recovery
increases with time and temperature, following a two-stage mechanism: a rapid
washing phase dominated by surface oil removal and a slower diffusion-con-
trolled stage. Kinetic modeling show that the Patricelli model best fits the pro-
cess (R > 0.99), while mass transfer coefficients confirm the predominance of
washing at lower temperatures. The relatively low activation energy (16.98
kJ-mol") suggests a diffusion-limited process that is thermally accessible and
suitable for industrial application. Thermodynamic parameters support this inter-
pretation, with negative Gibbs energy change confirming spontaneity, an endo-
thermic enthalpy change (AH = 1.68 kJ-mol'!), and a positive entropy change
(AS =17.39 J-mol!-K-1) reflecting increased molecular disorder during extract-
ion. Overall, limonene demonstrates high efficiency and sustainability, offering
a viable alternative to hexane in line with green chemistry principles.

Keywords: oil recovery; alternative solvent; azeotropic distillation; activation
energy; process efficiency; spontaneous extraction.

INTRODUCTION

Olive pomace, alternatively termed olive mill cake or foot cake, is a solid
byproduct resulting from oil extraction processes. This residue comprises pulp,
skins, endocarp fragments, and water remaining after olive processing. Its chemical
profile typically features a high moisture content (40-60 %), organic constituents
including cellulose, hemicellulose, lignin and residual lipids (2-8 %), alongside
various phenolic compounds, minerals, nitrogenous substances and trace fatty

* Corresponding author. E-mail: hamida.iboukhoulef@ummto.dz
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acids.!-2 From an environmental standpoint, olive foot cake presents distinct chal-
lenges and opportunities.3 On the negative side, its substantial organic load and
phytotoxic phenolic constituents hinder biodegradation; improper management may
trigger pollution, offensive odors and soil or water contamination.3:# Conversely,
effective valorization enables diverse sustainable applications. It can serve as com-
bustible biomass or a substrate for biogas production via anaerobic digestion.!
Following specific treatments, it can function as a soil conditioner or livestock
feed, although phenolic concentrations restrict immediate utilization. Furthermore,
high-value components, including polyphenols and antioxidants, are extractable
for integration into cosmetic, food and pharmaceutical industries.>

Olive mill residue can be converted into biochar or activated carbon for envi-
ronmental remediation purposes.®’ This solid byproduct retains a significant
amount of residual oil, typically 5 to 10 % by mass, representing a lucrative sec-
ondary source for edible and industrial applications.8 Valorizing olive cake via oil
recovery facilitates waste mitigation and environmental sustainability while simul-
taneously bolstering the economic viability of olive oil manufacturing. Various sol-
vent-based techniques are used for extraction, differing in efficiency and eco-
logical footprints. Conventionally, hexane remains the predominant solvent owing
to its superior lipid solubility and capacity for maximizing residual oil yields.®
Nonetheless, increasing apprehensions concerning its toxicity, flammability and
overall environmental impact have catalyzed research into greener alternatives.
Ethanol, a bio-based and less hazardous solvent, has emerged as a viable substitute,
offering good extraction performance while being safer and more environmentally
friendly.? Additionally, limonene — a natural solvent sourced from citrus rinds — has
garnered significant interest recently due to its biodegradability, minimal toxicity
and exceptional solvating capacity for nonpolar substances like vegetable lipids.!10
Comparative studies have shown that while hexane may achieve slightly higher
yields, ethanol and limonene offer more sustainable solutions, especially when
combined with process optimization strategies such as temperature control, solvent
recycling, and pretreatment of the biomass.!!

Modeling olive pomace oil recovery using limonene as a sustainable solvent
has attracted significant interest as a promising alternative to conventional hexane.
Mathematical frameworks are widely used to describe extraction kinetics, pro-
viding valuable insights into mass transfer mechanisms and the influence of pro-
cess variables on extraction yield, thereby facilitating process optimization.%-12.13
Numerous models have been proposed to explain solvent extraction from oilseeds
and agro-industrial by-products, allowing the estimation of extraction rate const-
ants, equilibrium yields, and model coefficients for process prediction and optim-
ization.® Recent studies have further highlighted the growing interest in green ext-
raction technologies and bio-based solvents for olive pomace valorization.14-16 In
particular, Pagliaro et al.17 reviewed the application of limonene as a renewable

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

(CC) 2026 Serbian Chemical Society.



GREEN EXTRACTION OF OLIVE POMACE 93 1

and recyclable solvent for natural product extraction, including its successful use
in microwave-assisted olive pomace oil extraction. However, despite these adv-
ances, quantitative investigations describing the extraction mechanism of olive
pomace oil using limonene under conventional heating conditions remain scarce.
In particular, studies combining kinetic modeling, mass-transfer analysis, activat-
ion energy determination and thermodynamic evaluation have rarely been rep-
orted. Therefore, this study employed limonene to recover residual lipids from
olive pomace under conventional heating conditions and provided a comprehen-
sive kinetic and thermodynamic assessment of the extraction process, enabling a
quantitative understanding of the extraction mechanism and the feasibility of limo-
nene as a sustainable extraction solvent.

EXPERIMENTAL
Raw materials

The olive pomace was sourced from a modern oil mill located in Tizi Ouzou (Northern
Algeria). Its initial moisture content of 46.9 % was reduced to 5.4 % by oven-drying (Memmert,
model 854 Schwabach) at 103 °C. The resulting olive cake was used in its raw state, without
further grinding. All extraction procedures were performed using limonene with a purity of 97 %.

Oil extraction

Extractions were conducted in a double-walled glass reactor with a capacity of 5x10* m3,
equipped with a mechanical stirrer to ensure homogeneity. For each experiment, 5x10-2 kg of
olive pomace was mixed with 1.5x10"* m? of limonene, maintaining a liquid-to-solid (L/S) ratio
of 31073 m*kg'!. The mixture temperature was kept constant via water circulation within the
reactor jacket. Oil yield kinetics were investigated at four temperatures (25, 35, 45 and 65 °C) for
extraction times ranging from 5 to 60 min, with a constant stirring rate of 450 rpm.

Limonene, with an average density of 0.84 kg m™ at 20 °C, was used as the solvent. Each
reported result represents the average of three replicates for both the kinetic and equilibrium
studies. The total oil content of the samples was determined via exhaustive extraction for 24 h,
in accordance with the NF V03-924 standard. For each procedure, a constant mass of 5x102 kg
of olive cake was used. Following extraction, the solid and liquid phases were separated by
vacuum filtration using a Busch pump (model RB 0004 B NFO0), and the oil was subsequently
recovered by distillation.

Following the extraction step, the separation of limonene from the extracted oil was per-
formed via vacuum distillation. Due to the relatively high boiling point of limonene (175 °C at
atmospheric pressure!®) direct distillation requires elevated temperatures that may induce the
thermal degradation of heat-sensitive components within the 0il.!® To mitigate this effect and
lower the distillation temperature, distilled water was added to the limonene—oil mixture to pro-
mote the formation of a heteroazeotropic system. This azeotrope exhibits a boiling point of
approximately 97.4 °C,10 which is significantly lower than that of pure limonene. The formation
of this azeotrope stems from the non-ideal behavior of the mixture; specifically, positive devi-
ations from Raoult’s law, resulting in a minimum-boiling point.!® Operating under reduced
pressure further decreases the boiling point, facilitating efficient separation under mild thermal
conditions. This strategy prevents the decomposition of heat-sensitive constituents while imp-
roving the overall energy efficiency of the process.20
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After azeotropic distillation, the limonene and extracted oil were recovered separately. The
oil and water remaining in the distillation flask were separated by decantation, and any residual
water was removed by oven-drying at 103 °C. The limonene in the distillate was similarly rec-
overed by decantation. The oil yield was determined as:

Mass of oil (g)

Oil yield (%) = 100 -
Mass of olive pomace sample (g)

(M

Kinetic models

Various mathematical models, traditionally used to describe the falling-rate period in dry-
ing processes, were adapted to characterize the oil extraction kinetics. In this study, the Patri-
celli, Peleg, diffusion and logarithmic models were evaluated (Table I). For each model, R rep-
resents the yield (g 0il/100 g solid), ¢ is the contact time (min), & is a kinetic constant (min!)
and a and b are model-specific constants, R, and Ry: extraction yields associated with the wash-
ing and diffusion stages, respectively, while K, and K: rate constants. The parameters k; and
ky are the Peleg model constants, and &, a and b are empirical constants of the diffusion and
logarithmic models.

TABLE I. Mathematical models

Name Model

Patricelli R =Ry, (1-exp(—ky?)) + Ry (1 —exp(—kqgt)) ()

Peleg -t (3)
kg + kot

Diffusion model R = aexp(—kt) + (1—a)exp(—kbt) )

Logarithmic model =~ R=alogs+b (5)

The goodness-of-fit was assessed using several statistical indicators, the coefficient of
determination (R?), the chi-square statistic (y%) and the mean square error (MSE). These criteria
provide a quantitative basis for comparing model performance. Following established method-
ologies,!32! the optimal model was identified by the highest R? and the lowest »* and MSE
values. The statistical parameters were calculated using the following equations:

. N
Residual = zi:l (Rexp,i - Rthe,i) (6)
N 2
/’{2 _ Zizl(Rexp,[ _Rthe,[) (7)
N-Z
I o~
MSE = (ﬁzi:l (Rexp,i - Rthe,i)2)2 3

Reyp 1s the experimental value, Ry, is the calculated (predicted) value, N is the number of
observations and Z is the number of constants.
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RESULTS AND DISCUSSION

Oil extraction yield

Fig. 1 illustrates the evolution of oil yield as a function of time at different
extraction temperatures. A detailed kinetic analysis reveals two distinct phases: a
rapid initial extraction rate followed by a plateau or a significantly slower rate after
approximately 30 min. Notably, at a constant extraction time of 15 min, the oil
yield rose from 12 to 37 % when the temperature was increased from 25 to 65 °C.
In comparison, at a constant temperature of 25 °C, extending the extraction time
from 5 to 60 min resulted in a more substantial yield increase — approximately 87
%. This behavior suggests that the extraction process is initially driven by the
solubilization of surface oil, followed by a diffusion-controlled mechanism that
prevails as the easily accessible oil is depleted. These findings indicate that extract-
ion time exerts a more pronounced influence on oil yield than temperature, parti-
cularly during the early stages. This trend aligns with the observations of Meziane
et al.,? regarding hexane extraction from olive pomace, where a rapid initial phase
was followed by a slower, diffusion-limited stage.

8 v v ‘
v A
v A ° ™
v A b =
A [ ]
64 Y A e "
° [ ]
]
A u
3 °
244 o
B 25°C
@ 35°C
A 5°C
v _65°C|
2
0 T T T T T T
0 10 20 30 40 50 60

tmin

Fig. 1. Evolution of extraction efficiency with time (L/S=3, V=450 rpm) at temperatures of
25,35, 45 and 65 °C.

Similar results were reported by Chemat et al.?? regarding the microwave-
-assisted extraction of essential oils, where the bulk of the oil was recovered within
the first few minutes, with longer extraction times yielding only marginal improve-
ments. In the context of supercritical CO, extraction of rapeseed oil, it was also
noted?3 that extraction time exerted a more pronounced effect on recovery than
moderate variations in pressure or temperature, particularly during the initial phase
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dominated by external mass transfer. Likewise, Soxhlet extraction studies of pea-
nut and sesame oil by Luque-Garcia et al.24 demonstrated that yield increases
significantly with time up to a threshold, beyond which a plateau is reached
regardless of further temperature increases. Collectively, these findings underscore
the dominant role of extraction time in oil recovery kinetics, especially in solid—
liquid systems where rapid initial solubilization is followed by slow diffusion from
internal cellular structures.

Modeling results

The experimental data shown in Fig. 1 were fitted to the mathematical models
listed in Table I, with the resulting model constants for each temperature summar-
ized in Table II. Nonlinear regression analysis was performed using Statistica 7
software to estimate the parameters, providing a quantitative description of the
extraction kinetics across the investigated temperatures.

TABLE II. Model constants at 25, 35, 45 and 65 °C and comparison criteria 2, CME and R?
for the different models

Temperature, °C

Model Constant
25 35 45 65
Patricelli Ry, 4.063 4.724 4.695 5.367
Ry 3.943 3.274 3.348 2.752
ky 0.356 0.341 0.501 0.731
kq 0.028 0.035 0.045 0.076
R2 0.999 1 0.999 1
7 0.01050 0.00200 0.00625 0.00175
CME 0.07246 0.03162 0.05590 0.02958
Peleg & 0.720 0.549 0.430 0.234
ky 0.132 0.126 0.124 0.120
R2 0.991 0.997 0.995 0.999
7 0.01946 0.05383 0.03750 0.00917
CME 0.12081 0.20094 0.16771 0.08292
Diffusion k 0.196 0.205 0.256 0.324
a -4.259 0.205 -5.192 -6.118
b -0.028 -0.020 -0.016 -0.008
R2 0.969 0.974 0.973 0.997
X2 0.22696 0.21297 0.23858 0.22824
CME 0.37663 0.36483 0.38615 0.37769
Logarithmic a 3.053 2.866 3.756 1.953
b 1.780 2.577 1.647 4.857
R2 0.991 0.989 0.799 0.966
X2 0.01237 0.01272 0.19607 0.01719
CME 0.09632 0.09767 0.38347 0.11354
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Fig. 2a—d compares the experimental extraction yields and the values pre-
dicted by the different kinetic models at each temperature. All models demon-
strated strong agreement with the experimental data, as evidenced by the close
overlap between the predicted and experimental curves. This strong agreement,
further supported by Fig. 3a—d, indicates that each model accurately captures the
extraction kinetics across the entire temperature range studied.
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Fig. 2. Time courses of the experimental and calculated yield values at different temperatures.
a) 25; b) 35; ¢) 45; d) 65 °C.

The coefficients of determination (R2), chi-square (y2) values and mean square
errors (MSE) calculated for each model at the different extraction temperatures are
summarized in Table 11.2526 Among the tested models, the diffusion model
showed the weakest agreement with the experimental data, with R? values ranging
from 0.969 to 0.997. In contrast, the Patricelli and Peleg models demonstrated
superior fits, with R2 values between 0.991 and 1, indicating a much closer cor-
respondence with the observed data.
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Fig. 3. Comparison between experimental and calculated values for the various models
considered: a) Patricelli; b) Peleg; c) diffusion model; d) logarithmic model.

The use of multiple statistical indicators strengthens the evaluation of model
performance. While R? provides a general measure of fit quality, the y? and MSE
values are more sensitive to discrepancies between observed and predicted values.
The fact that the Patricelli model performs best across all three indicators rein-
forces its validity and suitability for representing the extraction process. This
makes it a reliable tool for further kinetic modeling and potential scale-up of the
extraction process.

Evaluation of the Patricelli model

Oil extraction from oleaginous seeds, fundamentally based on lipid solubil-
ization in a solvent, is primarily governed by diffusive mechanisms. The proposed
mathematical model characterizes the extraction as a two-stage process:

i) Surface wash: the initial rapid removal of accessible surface oil via imme-
diate solvent contact.
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i) Internal diffusion: the subsequent recovery of intracellular lipids through a
biphasic diffusion process. This internal phase comprises a relatively slow, unhin-
dered diffusion from ruptured cells (Step 1), followed by a significantly more
constrained diffusion from intact cellular structures (Step 2).

The extraction of oil from olive cake is fundamentally governed by the sol-
vent’s capacity to solubilize lipophilic compounds sequestered within the solid
matrix. Various kinetic models have been developed to characterize this pheno-
menon; among them, the Patricelli model has proven particularly robust, especially
in applications involving olive oil recovery.?

In the current study, the application of the Patricelli model demonstrated close
agreement with the experimental results, validating its predictive accuracy under
the investigated parameters. These findings are in strong agreement with the work
of Meziane et al.,” who similarly observed a high degree of correlation between
empirical data and model simulations during hexane-based extraction.

Consequently, the present results not only substantiate the validity of the
Patricelli model for olive cake extraction but also underscore its robustness and
versatility across diverse solvents and operational parameters. The extraction yield
is thus defined by Eq. (2).

The mass transfer coefficients &y, and kg and equilibrium oil yields Ry, and Rg
were numerically determined using a nonlinear least-squares fitting method using
Statistica software. Table Il summarizes these kinetic parameters across the invest-
igated temperature range. At all temperatures, the yield attributed to the washing
stage consistently exceeded that of the diffusion phase. Notably, at 65 °C, the
washing yield was approximately double that of the diffusion yield, underlining
the predominance of surface oil removal during the initial extraction phase.

The calculated mass transfer coefficients further corroborate this trend. At 25
°C, the washing coefficient (ky) was approximately 12-fold higher than the dif-
fusion coefficient (kq), reflecting the rapid desorption of accessible surface oil.
Both coefficients exhibited a linear temperature dependence, indicating that ther-
mal energy enhances both surface washing and internal diffusion mechanisms.
However, while ky roughly doubled between 25 and 65 °C, the diffusion coef-
ficient increased by a factor of three. This disparity suggests that temperature
exerts a more pronounced influence on internal mass transfer resistance than on
surface washing kinetics.

Extraction rate

The kinetic behavior is further elucidated by the extraction profiles. As illus-
trated in Fig. 1, the oil yield exhibits a sharp initial increase followed by an asymp-
totic plateau, signifying the transition from the rapid washing phase to the rate-
-limiting diffusion-controlled phase. This kinetic pattern is corroborated by the
extraction rate calculations derived from Eq. (4). The data in Table I1I indicate that
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the initial extraction rate (V) is highest at the onset of the process but undergoes
a rapid exponential decay over time. Furthermore, the natural logarithm of the
initial rate (In V) displays a linear correlation with temperature. This relationship
confirms that mass transfer processes are thermally activated, following a temp-
erature-dependent acceleration consistent with Arrhenius-type behavior.

TABLE III. Variation in the extraction rate with time

Rate of extraction, % min’!

Time, min
25°C 35°C 45 °C 65 °C

0 1.55761 1.72547 2.50257 4.13347
5 0.33927 0.38901 0.31343 0.24443
10 0.12414 0.13398 0.11225 0.10043
15 0.07921 0.07746 0.07820 0.06696
20 0.06407 0.05866 0.06140 0.04575
30 0.04765 0.04016 0.03893 0.02139
40 0.03605 0.02826 0.02473 0.01001
60 0.02066 0.01403 0.00998 0.00219

The extraction rate is determined by the first derivative of the Patricelli equat-
ion with respect to time:

dr
V= m = ky Ry, exp(—kyt) + kg Ry exp(—kgt) )
The initial extraction rate is defined at # = 0 and can be expressed as follows:
VO = (%) = kWRW + ded (10)
dr Ji=o

Parameters of the Arrhenius equation

The activation energy for the extraction process was calculated using rate
constants derived from mass transfer coefficients via the Patricelli model (Eq. (11)).
These constants were used to determine the Arrhenius equation parameters:2’

k:Aexp(_RE;‘J (1)

where & is the rate constant (min1), £, is the activation energy (J mol-!), 4 is the
frequency factor (min~!), R is the universal gas constant (J mol~! K1), T is the
absolute temperature (K).

The linear Arrhenius equation facilitates the determination of activation
energy from the slope (—E,/R) of the In &k versus (1/T) (Fig. 4), while the intercept
yields In 4. The analysis yielded an activation energy of 16.98 kJ-mol-!l. This
relatively low value has significant implications for process design and industrial
scalability. Primarily, it suggests that the rate-limiting step is governed by physical
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phenomena — such as solvent penetration, lipid solubilization and matrix diffusion
— rather than chemical transformations. From a process engineering perspective,
this is advantageous, as physical mechanisms are generally more predictable and
easier to optimize than chemically controlled reactions. Furthermore, this low
energy barrier indicates reduced sensitivity to temperature fluctuations, potentially
enhancing operational stability and minimizing energy consumption in large-scale
applications. Consequently, moderate temperatures can be effectively used to
achieve high extraction efficiencies, supporting the economic and technical feas-
ibility of using limonene as a sustainable alternative.

a2z -
03 By
1.4 4 e
5 “
206 ~ "
0.7 4 .
0,84 -

144 o

-1.0 4 A
o0uze 00030 --oous - oome - ooss . Fig. 4. Arrhenl.us plot of the extraction rate con-
sk stant as a function of reciprocal temperature.

In this study, the activation energy was determined to be 16.98 kJ mol !,
indicating a diffusion-controlled mechanism. This result aligns closely with liter-
ature values for solvent-based lipid recovery from oleaginous matrices. For ins-
tance, Meziane et al. reported an E, of approximately 17.4 kJ mol-! for olive
pomace extraction using hexane, which is highly comparable to the current find-
ings.” Conversely, Usenu et al. identified E, values of 6 508 kJ mol~! for palm
kernel oil,28 while Perez et al. documented values ranging from 11 to 33 kJ mol-!
for soybean oil, depending on specific conditions.?? Furthermore, Baidoo et al.,
observed activation energies near 60 kJ mol~! during oil extraction from cashew
kernels, confirming that such processes are predominantly governed by internal
mass transfer (diffusion).30 The strong correlation between our data and estab-
lished values further supports the experimental methodology and supports the
applicability of the kinetic framework employed in this research.

Thermodynamic study

The Gibbs energy change (AG) associated with the oil extraction process was
calculated using the following thermodynamic relation:

AG=-RTInK, (12)
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where R is the universal gas constant (J-mol-!-K-1), T'is the absolute temperature
(K) and K, is the equilibrium constant, which quantifies the distribution of oil
between the solvent (miscella) and the solid phase at equilibrium. The equilibrium
constant K, is defined as:

K — Rmiscella (13)

) Rsolid
Here, Rpiscella Tepresents the equilibrium yield of oil extracted at a given tem-
perature, while Ryq1ig is the residual oil content remaining in the solid matrix at
equilibrium at the same temperature. The residual oil content was calculated based
on the initial oil content of the sample, determined to be 9.94 %, through exhaust-
ive extraction using 97 % limonene.

The AG values presented in Table IV provide critical insights into the spon-
taneity of the extraction process. Negative AG values indicate that oil recovery
occurs spontaneously under the investigated conditions. Elevated temperatures
generally yield more negative AG values, reflecting improved solubilization and
accelerated mass transfer. Similar trends were documented by Meziane et al., for
olive cake extraction with hexane, where AG decreased from —4.52 to —6.80 kJ
mol~! between 30 and 60 °C.% Dagostin et al.30 reported AG values ranging from
—0.41 to —15.86 kJ mol~! for soybean oil extraction using ethanol between 25 and
55 °C. Similarly, Sunday et al. observed negative AG values (—1.37 to —3.61 kJ
mol~!) for neem oil recovery between 50 and 74 °C. Collectively, these findings
confirm that lipid extraction is thermodynamically spontaneous and enhanced at
elevated temperatures due to improved diffusivity and solute—solvent interactions.
To further elucidate the thermodynamic behavior of the system, AH and AS were
determined utilizing the van’t Hoff equation, expressed as follows:

AH A
anez——+—S (14)

RT R
The linear relationship observed in the In K. versus 1/T plot (Fig. 5) aligns
with the van’t Hoff equation, where the slope represents (—AH/R) and the intercept
denotes AS/R. Linear regression analysis yielded AH of 1.68 kJ-mol~! and AS of

17.39 J-mol-1-K-1.

TABLE IV. Thermodynamic parameters and equilibrium constants for olive pomace oil
extraction using limonene.

t/°C K. AG / kJ mol!
25 4.14 -3.53
35 3.10 -3.62
45 4.24 -3.83
65 4.46 —4.21
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The positive AH value indicates that olive pomace oil extraction is an endo-
thermic process requiring thermal input. The positive AS reflects increased mole-
cular disorder resulting from matrix disruption and oil diffusion into the liquid
phase. Thermodynamic parameters (AH, AS) thus provide insight into the extract-
ion mechanism. Comparable behavior was reported by Liauw et al.3! for neem oil
extraction using hexane (AH = 25.33 kJ mol-!; AS = 0.09 kJ K-!-mol-!), con-
firming an endothermic and irreversible process. Dagostin ef al. similarly observed
elevated AH (95 kJ mol-!) and AS (320 kJ K-!-mol-!) values during soybean oil
recovery.30 Furthermore, Meziane and Kadi reported a AH of 12.91 kJ mol-! for
olive pomace oil extraction with hexane, indicating substantial energy require-
ments. Collectively, these investigations indicate that lipid extraction is generally
endothermic and thermodynamically favored at higher temperatures due to accel-
erated diffusion and enhanced solute—solvent interactions.

CONCLUSION

This investigation evaluated olive pomace oil recovery using limonene, spe-
cifically examining temperature’s influence on yield, kinetics, and thermodynamic
properties. The findings indicated that oil yields correlate positively with both ext-
raction time and temperature. The process follows a biphasic progression: an initial
rapid “washing” stage characterized by surface oil removal, followed by a slower
diffusion-limited phase. Statistical evaluation of various kinetic models revealed
that the Patricelli model provided the most accurate representation of experimental
observations. This was rigorously validated by high correlation coefficients (RZ >
0.99) and low error values (y? and MSE), confirming its suitability for predicting
extraction behavior.

Calculated mass transfer coefficients confirmed that the washing mechanism
dominates the early extraction stages, especially at lower temperatures, whereas
both washing and diffusion rates enhance near-linearly with thermal increase. The
determined activation energy (16.98 kJ-mol~!) is relatively low, indicating a phys-
ical extraction process that is diffusion-limited and thermally accessible — essential
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characteristics for industrial scalability. Thermodynamic evaluation yielded negative
Gibbs energy changes (AG), confirming process spontaneity which intensifies at
higher temperatures. The extraction was identified as endothermic (AH = 1.68
kJ-mol-1) and characterized by a positive entropy change (AS = 17.39 J-mol-1-K-1),
suggesting increased molecular disorder as lipids transition from the solid matrix
into the solvent phase. These parameters collectively validate limonene as an effi-
cient, thermodynamically favorable green alternative for the sustainable recovery
of residual olive oil. In summary, limonene demonstrates efficacy as an environ-
mentally benign solvent for olive pomace oil recovery, achieving performance
comparable to hexane while adhering to green chemistry principles. The process
is thermodynamically favorable and kinetically predictable, exhibiting significant
potential for sustainable industrial integration as a viable alternative to conven-
tional, petroleum-based extraction methods.

H3BO[J

3EJIEHA EKCTPAKIIMJA ¥ BAJIOPU3ALIMJA KOMUHE MACJIMHE [TPUMEHOM
JIMMOHEHA: TTPUCTYII 3ACHOBAH HA KHHETU4YKOM MOJEJIOBABY U
TEPMOJWHAMHYKOJ AHAJIU3U

ROKIA HATEM'?, HAMIDA IBOUKHOULEF"#, HOCINE KADI' u ABDELHAMID ELIAS"?

"Department of Chemistry, Faculty of Science, Mouloud Mammeri University, Tizi-Ouzou, Algeria u
2Laboratory of Applied Chemistry and Chemical Engineering, Mouloud Mammeri University,
Tizi-Ouzou, Algeria

Y oBOM pafly U3BDLIEHO je €KCIIEPUMEHTAHO UCIHUTHUBAWE €KCTpaKlHje yba U3 KOMHUHE
Mac/IvHe TPUMEHOM JTMMOHEHa Kao 3eJIeHOT pacTBapaya, ca MocedHUM HaraackoM Ha yTHIA]
TEMIepaType Ha MPUHOC, KHHETUKY W TePMOJHUHAMUKY Tpoleca. Pe3yntatu nokasyjy na ce
uckopuurheme yba nosehasa ca BpeMEHOM U TeMIIEPATypoOM, npaTehu OBOCTENeHW MeXaHH-
3am: Op3y dasy ucnupama, KOjOM HOMHUHHPA yKiIakamke MOBPIIMHCKOT Yiba, U CIOPHUjy ¢a3y
KOHTponucaHy nudysujom. KuHeTHUKo MopesnoBame je mokasano ga [laTpuyenujeB mMomen
Hajbose onucyje mpouec (R% > 0,99), 1ok KoedHIHjEHTH IPEHOCA MACe OTBPhYjy JOMUHALIK]Y
MeXaHM3Ma HCNHpawma Ha HWKUM TeMrepartypama. PelaTHBHO HHCKAa eHepruja akTHBaLHje
(16,98 kJ-mol™) ykasyje Ha To #a je mpouec orpaHuyeH fudy3HjoM, KOjH je TEPMUYKH TIPUCTY-
nayvaH Y II0rojaH 3a UHAYCTPHUjCKy MprUMeHy. TepMOJUHaMUYKH NTapaMeTpH MoTBPhyjy oBakBo
TyMauemwe: HeraTUBHE BpeIHOCTH nmpomeHe ['ubcoBe eHepryje moTBphyjy ClIOHTAHOCT mpoueca,
IOK eHJoTepMHa npoMeHa edtannuje (AH = 1,68 kJ-mol™) u mo3uTHBHaNpoMeHa EHTPOMHjE
(AS = 17,39 J-mol*-K™!) ykasyjy Ha moBehame MOJEKYICKOT HEpela TOKOM eKCTpakuuje. Y
LEeJIMHY TI0CMaTpaHo, INMOHEH IM0Ka3yje BUCOKY e(UKAaCHOCT U OPKUBOCT, MpencTaBbajyhu
OIPXKMBY aJITEPHATHBY XEKCAHY y CKJIa[y ca MPUHIUINUMA 3e/IeHe XeMHje.

(ITpumsbeHo 3. neuembpa 2025, peupupano 15. ampuna, mpuxsaheno 27. jyna 2026)
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Abstract: The experimental design methodology was investigated to model and
optimize the adsorption process for removing phenolic compounds (PC) from
olive mill wastewater (OMW) using magnesium—aluminum layered double hyd-
roxide (LDH). The LDH powders were synthesized by the co-precipitation
method. The structural, textural and morphological characterizations were per-
formed. To evaluate quickly and effectively the effects of five parameters (initial
PC content, contact time, solid/liquid ratio, initial pH and temperature) on the
adsorption efficiency, a Hadamard matrix was employed for screening. Sub-
sequently, a central composite design was utilized to optimize the adsorption
process based on four key parameters. The correlation coefficient for the poly-
nomial model was found to be 94 %. Predicted values generated from the res-
ponse function matched the experimental data closely, indicating a good agree-
ment. Under the selected optimal conditions, a maximum PC removal efficiency
of 80.85 % was achieved. The reusability of the regenerated LDH by calcination
at 500 °C in the adsorption process was assessed over four consecutive runs
under the selected optimal conditions. The removal percentages of PC and chem-
ical oxygen demand indicated that calcined LDH could be a viable alternative
for treating OMW.

Keywords: olive mill wastewater; magnesium-aluminum layered double hydro-
xide; chemical oxygen demand; Hadamard matrix; regeneration.
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INTRODUCTION

The olive oil industry is constantly innovating to improve the oil production
process in Mediterranean countries. Paradoxically, this industry generates by-
-products with a high environmental impact, in particular olive mill wastewater
(OMW).I OMW constitutes the residual liquid effluent from the two- or three-
phase extraction process, which is characterized by a high pollution load due to its
high content of biodegradable organic matter, toxic phenolic compounds, sus-
pended solids and fatty compounds.2 Every year, olive-growing countries produce
large quantities of this effluent. In Algeria, the production of 30,000 tons of olive
oil generates 105,000 tons of OMW .3

The polluting activity of OMW is linked with its high organic load represented
especially by an important phenol compound content, a very high chemical oxygen
demand (COD), an equally high biological oxygen demand BODs and an acid pH.#

As a source of harmful pollution to the environment, OMW must be treated to
remove the phenolic content fraction before being discharged in receiving water
bodies or soils. Among the various studied approaches proposed for treating this
effluent, chemical processes offer effective solutions for reducing its toxicity. Tech-
niques such as advanced oxidation (Fenton, electro-oxidation, ozonation, etc.),>-¢
coagulation—flocculation,” adsorption on activated materials® and co-precipitat-
ion? were used to degrade or extract the PC responsible of OMW’s pollutant load.

The adsorption technique is a promising technology widely used for treating
various types and removing pollution from the environment. Its advantages include
simplicity, short treatment, ease of operation and handling, high efficiency and the
ability to regenerate adsorbents.10:11

Activated carbon was considered as a primary adsorbent for removing organic
and inorganic pollutants from wastewater due to its high specific surface area.
However, the high costs of manufacturing and regenerating after saturation limit
its widespread use. To find alternatives, several studies have explored inorganic
adsorbents that are more accessible and cost-effective, offering increased regener-
ability and recyclability, which is crucial for sustainable large-scale applications
for treating wastewater, including OMW. In this sense, Yahiaoui et al.? studied the
co-precipitation of PC and organic matter from OMW using synthetic hydroxy-
apatite as adsorbent, achieving reduction rates of 87.30 % for PC and 76.30 % for
COD. Additionally, Beccari et al.!2 demonstrated that bentonites can reduce the
COD of OMW by approximately 61.6 % at a pH of 6.5. Other researchers applied
this adsorption process to Fes clays and, after optimizing the treatment system,
achieved a COD reduction rate of nearly 86 %.!3

Lamellar double hydroxides, whether in their original form or after thermal
decomposition, represent a unique family of clay materials characterized by dis-
tinct chemical and physicochemical properties, such as varied composition, easy
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synthesis, low cost, low toxicity and high specific surface area. The general for-
mula of the LDH materials is [M_ M’ (OH),**(X)y/-nH20, where M and M’
are bivalent and trivalent cations, respectively, with similar radii, and X is the
interlayer anion. The cations in the layer can be changed using a wide range of
main group cations (Mg and Al) or transition metal cations (V, Zn, Cr, Mn, Fe, Co,
Ni,...). All these materials, having various compositions, share typical common
characteristics: layered structure and the formation of mixed-metal oxides after
thermal treatment.14 Moreover, the “memory effect” is a very interesting property
of this kind of compound that is based on the ability of the oxides derived from the
calcination of LDH in reconstructing, the layer structure when rehydrated in the
presence of anions.!5 Consequently, the literature has documented numerous stu-
dies related to their applications in industrial, medical, and environmental fields.16:17

Due to their high specific surface area and the flexibility of their inter-filament
space, LDHs can effectively trap negatively charged species through surface ads-
orption and anion exchange, such as nitrate, phosphate, and chromate anions, !8 as
well as toxic molecules like agricultural pesticides!® from wastewater. Several
researchers have utilized these compounds as adsorbents for PC in OMW.20.21 The
obtained results showed that the adsorption capacity is significantly influenced by
the nature and structure of the LDHs used. A study conducted by Zhang et al.22
demonstrated that aluminum- and magnesium-based LDHs (Mg—Al LDHs) have a
strong affinity for anionic compounds due to their exceptional stability and high
positive charge density. Their structure is similar to that of the natural LDH known
as brucite, making them environmentally friendly, non-toxic and cost-effective.23
Calcining these LDHs at temperatures between 400 and 600 °C produces mixed
oxides with high porosity and specific surface area. Additionally, the memory
effect resulting from hydration enhances their adsorption capacity for both organic
and inorganic compounds.!3

These interesting results led us to investigate and optimize the adsorption effi-
ciency of Mg—Al LDH, and its calcined product at 500 °C (LDH-500), in reducing
the load of PC from OMW using experimental design methodology.

The experimental design approach is a powerful tool for understanding and
optimizing experimental parameters by combining multiple variables in a single
study; rather than conducting separate studies for each one, the number of required
trials is significantly decreased. This approach allows for the extraction of more
information with less experimentation, ultimately leading to reduced costs.24

The centred composite design (CCD) is one of the methods used in response
surface methodology (RSM) that allows for the study of a phenomenon across a
broad experimental range. This is achieved by including axial points, which enhan-
ces the reliability and accuracy of the modeling, especially when interaction and
quadratic effects are present, all while minimizing the number of required experi-
ments.24
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This study aims to optimize the adsorption process for the removal of PC from
OMW by using experimental design. Consequently, an empirical relationship (a
second-degree polynomial) was established using CCD to calculate the optimal
rate of PC removal accurately. The reusability of the LDH was also investigated.

EXPERIMENTAL

Fresh OMW used in this study was obtained by crushing Chemlal olives harvested during
the 2024/2025 olive growing season. This vegetation water was extracted using a continuous
system at a modern oil mill located in Tizi-Ouzou, northern Algeria.

To remove solids and fats, the raw OMW was first filtered and then centrifuged at 5000
rpm for 20 min, to eliminate suspended matter. The mixture was further decanted using a separ-
ating funnel to remove any remaining fat. The pretreated and homogenized OMW was stored
in plastic bottles in a freezer at —5 °C until needed. Table I presents the main characteristics of
the effluent.

TABLE I. Physicochemical characteristics of OMW

Parameter Unit Value
pH - 4.96
Conductivity mS-cm! at 25 °C 16.42
Turbidity NTU 109
Dry matter content gL 49.25
Water content % 95.02
Ashes gLl 5.75
Volatile matter content gL 43.50
Chemical oxygen demand (COD) go, L 167
PC content gL! 4.21

The measured chemical oxygen demand (COD) of the crude OMW was 167 go, L,
indicating a high concentration of organic matter, particularly PC (4.21 g-L!). This value is
significantly higher than those reported in the literature by Yahiaouiet et al.? and Lateb et al.”,
which recorded COD values of 86 and 131 go,'L!, respectively. The discrepancy can be attri-
buted to differences in the nature and/or method of olive crushing used during oil extraction.

LDH with chloride in the interlayer particles was prepared by a direct co-precipitation
process at room temperature following the procedure described previously by Ulibarri et al.25
Briefly, A solution containing MgCl, (0.25 mol-L!) and AICI; (0.125 mol-L'!) was added
dropwise under vigorous stirring at room temperature to NaOH solution at pH 10. The sus-
pension was kept at this pH by adding 2 mol-L-! Na,COj5 solution. After complete addition, the
resulting mixture was aged for 24 h under thermal treatment at 80 °C. The obtained precipitate
was washed several times with distilled water, then recovered by vacuum filtration through a
porcelain funnel containing a filter cloth. The obtained compound was dried in an oven at 70
°C for 24 h. The prepared LDH was crushed, and sieved to have a uniform particle size and
calcined at 500 °C in an oven for 4 h, to improve the structural properties and those of porous
exchange. The final compound is denoted LDH-500.

Characterization

The surface morphology of the synthesized LDH and LDH-500 was performed using a
scanning electron microscope (SEM) (Philips ESEMXL30 with tungsten filament). The

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

(CC) 2026 Serbian Chemical Society.



PHENOLIC COMPOUNDS ADSORPTION: CCD OPTIMIZATION 949

elemental composition of the powder’s surface was analyzed by energy dispersive spectroscopy
(EDS). The specific surface area, volume, and mean pore diameter of the powder particles were
measured through a nitrogen physisorption at —196 °C using a Quantachrome Nova 2000e
apparatus. The specific surface area was determined using the Brunauer—-Emmet-Teller (BET)
method; while the average pore volume was calculated using the Barrett—Joyner—Halenda (BJH)
method.

The crystalline structure was analyzed via X-ray diffraction (Panalytical Empyrean X-ray
diffractometer with CuKa (1.5406 A) radiation at 45 kV) over a 26 range from 0 to 80°.The
synthesized particles were also characterized by Raman spectroscopy (spectrometer from Reni-
shaw) using a visible laser with a wavelength of 632.8 nm.

The infrared spectroscopic analysis was conducted using a Shimadzu brand FTIR8400
Fourier transform spectrophotometer in the wavenumber range of 400-4000 cm™! to identify
the functional groups present in the products.

Sorption experiments

Preliminary tests were performed to identify the most effective adsorbent. Specifically, we
investigated the batch adsorption of PC from OMW using LDH and LDH-500 over different
time intervals. A mass of 0.5 g of each adsorbent was added to 25 mL of OMW, and the mixture
was continuously stirred at 300 rpm for contact times ranging from 5 to 120 min.

Sorption experiments for PC were conducted in 200 mL glass beakers using two doses (1 g
and 10 g) of LDH-500 mixed with 100 mL of OMW at varying concentrations of PC (1.40 and
2.80 g-L1). The pH of the solutions was adjusted to 7 and 12 by adding a 2 M NaOH solution.
The mixture was continuously stirred at 300 rpm for 5 and 90 min at temperatures of 25 and 45
°C. Once the designated contact time was reached, the suspension was centrifuged at 5000 rpm
for 10 min. The recovered supernatant was analyzed for PC content, g-L'! by the Folin—Ciocal-
teu colorimetric method using gallic acid for calibration, as described by Macheix et al.26 The
analysis were expressed as gallic acid equivalents, with RZ = 0.996.

The percentage removal R, %, of PC was calculated using the following equation:

R=10050"CF (1)
Co
Cp and Cy, g-L°L, represent the initial and final concentrations of the PC, respectively.

A study was conducted using experimental design methodology (EDM) to quickly and
accurately identify the factors that significantly affect the PC removal rate. The process began
with screening the factors, followed by optimization. This step aims to identify the factors that
significantly influence the removal rate of PC from OMW. To estimate the weight of each fac-
tor, a Hadamard matrix was implemented.2” Table II presents the factors considered and their
corresponding experimental domains.

TABLE II. Factors and their levels in experimental design

Factor Unit Symbol Code Level (=) Level (+)
Contact time min T X 5 90
Solid/liquid ratio (S/L ratio) gL! S/L X, 1 10
pH - pH X3 7 12
Temperature °C t Xy 25 45
Initial PC content gLl C X 1.40 2.80
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In screening factors with a Hadamard matrix, the number of experiments, N, must be a
multiple of 4 and should satisfy the condition N > k + 1. In our study, with £ =5, the minimum
number of experiments required was N = 8. However, this experimental design didn’t provide
enough degrees of freedom to accurately calculate the experimental variance and assess with
precision the significance of the factors' effects. To resolve this issue, we doubled the design to
N = 16 experiments.2*28 Table III presents the experimental matrix using both coded and real
variables. The response being investigated is the PC removal percentage, denoted as R.

TABLE III. Design matrix of screening and results obtained for the studied response (R)

Code variables Real variables

Run - R/ %
Xl X2 X3 X4 X5 7/ min S/L pH t/°C C/ g'L'l
1 1 1 1 -1 1 90 10 12 25 2.80 83.45
2 1 1 1 -1 1 90 10 12 25 2.80 79.14
3 -1 1 1 1 -1 5 10 12 45 1.40 33.81
4 -1 1 1 1 -1 5 10 12 45 1.40 25.18
5 -1 -1 1 1 1 5 1 12 45 2.80 76.26
6 -1 -1 1 1 1 5 1 12 45 2.80 74.10
7 1 -1 -1 1 1 90 1 7 45 2.80 56.47
8 1 -1 -1 1 1 90 1 7 45 2.80 54.68
9 -1 1 -1 -1 1 5 10 7 25 2.80 67.27
10 -1 1 -1 -1 1 5 10 7 25 2.80 73.02
11 1 -1 1 -1 -1 90 1 12 25 1.40 49.64
12 1 -1 1 -1 -1 90 1 12 25 1.40 43.17
13 1 1 -1 1 -1 90 10 7 45 1.40 10.43
14 1 1 -1 1 -1 90 10 7 45 1.40 15.11
15 -1 -1 -1 -1 -1 5 1 7 25 1.40 33.09
16 -1 -1 -1 -1 -1 5 1 7 25 1.40 39.92

The four parameters used for this modeling were selected based on the results of the
screening experiments for the central composite design: S/L, pH, temperature and initial PC
content, referred to coded variablesX,, X3, X; and X5, respectively. A centered composite matrix
with four factors was employed to develop the mathematical model, enabling the calculation of
response values throughout the experimental domain.2# The experimental range of factors was
consistent with that established in the screening stage (Table II). This matrix comprises N = 34
experiments, which are divided into:

Ny=2%= 16 factorial points;

N, =2x4 = § axial points;

Ny =5 central points (to determine the experimental variance);

N, =5 test points (to check the validity of the postulated model);

The postulated mathematical model, which is a polynomial of the second degree, is given

by the following equation:
R= ag + a2X2 + a3X3 + a4X4 + a5X5 + a22X22 +(133X32 +a44Xf + a55X52 + (2)
+023X2X3 + a4X2X4 + a25X2X5 + a34X3X4 + a35X3X5 + a45X4X5

where X,, X3, X; and X5 represent the coded variables of the system; ay, a; (i = 2,3,45), a; (i =
=2345) and a;; (i = 2,3,4; j = 3,4,5) are the regression coefficients for intercept, linear,
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quadratic and interaction terms, respectively. Table IV displays the experimental matrix, inc-
luding both coded and real values as well as the response values for all experiments. The exp-
erimental data were used to estimate the model coefficients via the least squares method with
Nemrodw software (version 2007.3).2

TABLE IV. Central composite design and the resulting experimental results obtained for the
response (R)

Coded variables Real variables
Run R/ %
X2 X3 X4 XS S/L pH t/°C C/ g'L_l
1 -1 -1 -1 -1 1.00 7.00 25.00 1.40 77.70
2 +1 -1 -1 -1 10.00 7.00 25.00 1.40 78.42
3 -1 +1 -1 -1 1.00 12.00  25.00 1.40 79.86
4 +1 +1 -1 -1 10.00 12.00  25.00 1.40 79.14
5 -1 -1 +1 -1 1.00 7.00 45.00 1.40 78.10
6 +1 -1 +1 -1 10.00 7.00 45.00 1.40 76.26
7 -1 +1 +1 -1 1.00 12.00  45.00 1.40 78.42
8 +1 +1 +1 -1 10.00 12.00  45.00 1.40 79.86
9 -1 -1 -1 +1 1.00 7.00 25.00 2.80 44.60
10 +1 -1 -1 +1 10.00 7.00 25.00 2.80 43.88
11 -1 +1 -1 +1 1.00 12.00  25.00 2.80 42.25
12 +1 +1 -1 +1 10.00 12.00  25.00 2.80 49.76
13 -1 -1 +1 +1 1.00 7.00 45.00 2.80 37.41
14 +1 -1 +1 +1 10.00 7.00 45.00 2.80 41.01
15 -1 +1 +1 +1 1.00 12.00  45.00 2.80 41.01
16 +1 +1 +1 +1 10.00 12.00  45.00 2.80 42.45
17 -1 0 0 0 1.00 9.50 35.00 2.10 59.71
18 +1 0 0 0 10.00 9.50 35.00 2.10 56.83
19 0 -1 0 0 5.50 7.00 35.00 2.10 70.75
20 0 +1 0 0 5.50 12.00 35.00 2.10 64.62
21 0 0 -1 0 5.50 9.50 25.00 2.10 64.62
22 0 0 +1 0 5.50 9.50 45.00 2.10 57.11
23 0 0 0 -1 5.50 9.50 35.00 1.40 66.46
24 0 0 0 +1 5.50 9.50 35.00 2.80 47.77
25 0 0 0 0 5.50 9.50 35.00 2.10 59.00
26 0 0 0 0 5.50 9.50 35.00 2.10 59.00
27 0 0 0 0 5.50 9.50 35.00 2.10 59.71
28 0 0 0 0 5.50 9.50 35.00 2.10 52.52
29 0 0 0 0 5.50 9.50 35.00 2.10 57.57
30 -040 -023 -0.16 -0.13 3.72 8.93 33.39 2.01 58.64
31 +0.40 -0.23 -0.16 -0.13 7.28 8.93 33.39 2.01 59.26
32 0 +0.46 -0.16 —0.13 5.50 10.64 33.39 2.01 61.15
33 0 0 +0.48 -0.13 5.50 9.50 39.84 2.01 51.14
34 0 0 0 0.50 5.50 9.50 35.00 2.45 49.61
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RESULTS AND DISCUSSION

Fig. 1 displays SEM micrographs and EDS spectra of LDH powders syn-
thesized before (Fig. la—c) and after (Fig. 1d-f) calcinations at 500 °C. The
samples exhibit irregular morphology, with grains stacked in layers, indicating the
formation of a lamellar structure. As shown in Fig. 1d, the flat stacked structure
was maintained after the calcination process. However, a reduction in particle size
was observed and the resulting particles formed agglomerates. The EDS spectra
reveal the presence of O, Al, Mg, Cl and C. Compared to LDH, the LDH-500
sample shows a slight decrease in Cl, Na and C content probably due to the rinsing
process for Cl and Na and desorption of carbon dioxide from the surface of the
formed oxides for C content. The results of the elemental composition of the
powder surface analysis were summarized in Table V.

T T T L T

Fig. 1. SEM images and EDS spectra of: a—c) LDH and d—f) LDH-500 samples.

Nitrogen adsorption/desorption analysis was conducted on LDH and LDH-
-500 powders. The specific surface area was determined using the BET method,
while pore size and volume were obtained through the BJH method. The results,
including specific surface area, pore volume and mean pore diameter, are presented
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in Table VI. The results indicate that the synthesized LDH is mesoporous, feat-
uring a medium specific surface area and small pore diameters. For LDH-500, a
slight increase in the average pore volume and an enlargement of the average pore
diameter were observed, without affecting the specific surface area. These changes
can be attributed to the development of more porous structures due to the formation
of thermally stable oxide phases such as spinel, MgO and AlO, as well as likely
the formation of grain boundaries within the agglomerates.

TABLE V. Quantitative results of LDH and LDH-500 powders (wt. %)

Powder
Element
LDH LDH-500

(0] 63.34 63.29
Na 3.55 2.02
Mg 17.95 19.34
Al 11.67 13.70
Cl 3.49 1.66

TABLE VI. Textural properties of the LDHs

Powder Specific area, m?-g"! Average porous volume, cm3-g"! Average pore diameter, nm

LDH 45.67 0.085 3.73
LDH-500 46.38 0.107 4.65

3.

X-ray diffraction (XRD) analysis was performed on both the layered double
hydroxide (LDH) and the LDH-500. Fig. 2 displays the corresponding diffraction
patterns. Phase identification and diffraction peak indexing, conducted using
High’Score-Plus software, reveal a predominant phase corresponding to dialum-
inum tetramagnesium dodecahydroxide trihydrate, with the chemical formula
MgsAly(OH)12CO3 3H50, as referenced in the JCPDF database (98—017—-2994).
This phase crystallizes in a hexagonal lattice (R3m symmetry), characteristic of
double-layer hydroxides.

The characteristic peaks of LDHs are observed at low angles of 26 of 11.81
and 23.53°, corresponding to the (003) and (006) planes, respectively. These peaks
indicate the interlayer spacing of the material and illustrate the lamellar structure
of LDHs. A high value of dog3 = 7.587 A, typical for hydrated carbonate LDH,
confirms the presence of water molecules and carbonate anions (CO32") in the
interlayer space of the structure.30

Additionally, indexing reveals peaks corresponding to aluminum(Il) oxide
with a cubic structure (JCPDF 01-075—-0278), where the main peak (200) is obs-
erved at 26 of 31.86°, corresponding to an interlayer spacing of approximately 2.83
A. This phase may result from partial decomposition or impurities in the LDH
material during synthesis.
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The presence of the hydrated LDH phase in both samples enhances the ads-
orption of PC, as the layered structure and hydroxylated surface provide numerous
sites for ion exchange and hydrogen bonding interactions.3!

The XRD pattern of LDH-500 shows additional peaks attributed to the form-
ation of a spinel phase Al,MgO4 (JCPDF 98-009-6839) and magnesium oxide
(JCPDF 98-016-2607). These phases appear after calcination at 500 °C, which
induces the decomposition of the hydrated LDH phase and the recombination of
the oxides.

It is important to note that the intensity of the characteristic peaks of the hyd-
rated phases (LDH and AlO) decreases, indicating a partial loss of crystallinity and
the thermochemical transformation of the material during heat treatment.

The Raman spectra obtained for the samples are illustrated in Fig. 3. They
reveal several characteristic bands corresponding to the phase identified by XRD
as Mg4Aly(OH);,CO3 3H,0. The intense band observed around 1060 cm~! for
LDH and the band at approximately 1057 cm~! for LDH-500 correspond to the
symmetric v; stretching mode of the carbonate group intercalated between the
layers. This is in good agreement with the values reported for similar carbonate
hydrotalcites. Frost et al.32 report peaks between 1055 and 1086 cm™! for carbo-
nated LDHs, while Frederick et al.33 identify two distinct bands at 1046 and 1062
cm~! for natural quintinite. A clear band at 560 cm™! can be attributed to M—O or
M-OH vibrations in the octahedral layers, involving Mg—O and Al-O bonds.34-35
These studies systematically associate this spectral range (540-560 cm™!) with the
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vibrational modes of the hydroxyl network. Finally, the presence of a low-fre-
quency mode at 150—155 cm!, which is rarely discussed in the literature, can be
interpreted as an M—O-M deformation vibration34-36 or as OH vibrations.32

——LDH
|—— LDH-500; 1060
155
1500
£l
i
@ 560
o
& 1000
o
3
[=]
1723
O
<
500 -
0 1 T ] L] T T
0 200 400 600 800 1000 1200

Raman schift cm™)
Fig. 3. Raman spectra of LDH and LDH-500 samples.

As shown in Fig. 4, the infrared spectra of the hydrotalcite samples exhibit
characteristic bands of the double-lamellar hydroxide phase. In the uncalcined
sample, the intense band at 3375 cm™., is attributed to O—H stretching vibrations
of hydroxyl groups, water molecules within the lamellar structure, and physically
adsorbed water.37 The significant band around 1348 cm™! is associated with the
presence of carbonates in the interlayer galleries.>8 The bands observed around
947, 783 and 551 cm™! correspond to metal-oxygen stretching modes.2! Addit-
ionally, Luiz. et al.3%ttributed the band near 653 cm! to Mg-O or Al-O bonds.
After calcination, a decrease in the intensity of most previously mentioned bands
was observed. The reduction in intensity in the spectral region, corresponding to
hydroxyl groups indicates dihydroxylation and the conversion of metal hydroxides
to metal oxides.2! Additionally, the decrease in intensity of the band at 1348 cm™!,
associated with interlayer carbonates, can be attributed to the desorption of carbon
dioxide from the surface of the formed oxides.4? This result is consistent with that
of EDS, XRD and Raman results.

The kinetic adsorption results shown in Fig. 5 reveal that calcined LDH-500
achieved the highest elimination rate of 70.40 % for PC within just 5 min. In
contrast, LDH reached equilibrium after 60 min, with an elimination rate of 63.50
%. The higher adsorption capacity of LDH-500 can be attributed to its larger
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porous surface area developed during thermal treatment, which promoted the form-
ation of metal oxides.#! Additionally, the memory effect, which upon rehydration
gave a native LDH with increased adsorption capacity.4?
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Fig. 4. FTIR spectra of LDH and LDH-500 samples.
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Fig. 5. Removal percentage of PC over time.

Referring to the literature data, particularly the research on LDHs, the rapid
adsorption followed by a plateau observed in the case of LDH-500 indicates a two-
-step mechanism. This mechanism involves initial surface adsorption followed by
a second step controlled by diffusion, which typically aligns with second-order or
interparticle diffusion kinetic models.2!-43.44

Based on these findings, calcined LDH-500 was chosen for the subsequent
phase focused on optimizing the adsorption process for PC using experimental
designs.

The experimental values of the response R (Table III) were used in screening
to determine the coefficients by, by, b3, b4 and bs, which represent the weights
associated to the variables 7, S/L, pH, t and C, respectively; by is the intercept.

Using the Student’s t experimental (Zexp) and the degrees of freedom (ddl), the
significance level (%) was determined according to Student’s #-distribution. The
coefficients and other statistical parameters were calculated with Nemrodw soft-
ware.27 The results are presented in Table VII.
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TABLE VII. Estimates and statistics of coefficients (screening); @ — significant at the level of
95 %; b — significant at the level of 99.9 %; Standard deviation: 0.891

Name Coefficient Inflation factor Texp Significance, %
by 50.921 — 57.13 <0.01b

b; -1.910 1.00 -2.14 5.8

b, -2.495 1.00 -2.80 1.882

b3 7.173 1.00 8.05 <0.01b

by —7.666 1.00 -8.60 <0.01b

bs 19.627 1.00 22.02 <0.01b

It is established that an effect is considered significant if the significance level
is below 5 %. The results presented in Table VII indicate that initial PC content,
pH, S/L and temperature were the main factors influencing the response. However,
the contact time had no significant effect (p = 5.8 %) on the PC removal. Fig. 6.
presents the Pareto chart established to support these statistical results and showed
the standardized effects in decreasing order as follows: initial PC content (76.24)
> temperature (11.63) > pH (10.18) > S/L (1.23) > contact time (0.72), clearly
indicating that contact time didn’t influence the retention of PC by this material.
Therefore, the contact time for the remainder of the study was fixed at its minimum
level of 5 min.

PC content
Temperatute
pH
IS/L ratio

Contact time

Fig. 6. Pareto chart displaying the standardized effects of factors (screening).

Before carrying out experiments, it is necessary to verify the quality of pre-
diction given by the variance function and isovariance by rotation.

A variance function (d) is considered to provide an acceptable prediction if its
maximum value, dyy. is less than or equal to unity dax < 1, in the studied matrix,
dmax =0.79. Since this value is less than unity, any response predicted by the model
within the experimental domain will have an accuracy that is at least equal to that
obtained from actual experiments. Additionally, the isovariance by rotation was
verified, indicating that the responses calculated by the postulated model had the
same prediction error for all the points located at the same distance from the center
of the studied domain (Fig. 7).
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pH x2
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l.00 lSSO IIO.OO
S/Lratio
Fig. 7. Isovariance by rotation in the S/L—pH plane with: temperature = 35°C and
C=210g L

To establish the mathematical model that describes the relationship between
the factors, a central composite design was applied in the experimental domain
outlined in Table II. The experimental results for the response R, as shown in Table
IV, were used to determine the 15 coefficients of the second-degree polynomial
model, without the inclusion of checkpoints.

The coefficient of determination of 0.95 and the adjusted determination coef-
ficient of 0.91 indicate that the model fits well. The postulated model, expressed
in coded variables, is represented by the following equation:

R=59.21+0.51X; —16.89.X5 +7.10.X35 3)

To validate the model’s accuracy, we carried out experiments on test points
located as far as possible from the experimental points. The results of statistical
tests performed at these points indicated clearly that the differences between the
experimental and predicted responses Rexp—Rine for each test point fell within the
range of experimental error, meaning that they were not statistically significant
according to the ¢-test. Additionally, the coefficient of determination value of 0.94
and the adjusted coefficient of determination value of 0.90 indicated that the model
is significant.

To enhance the previous model, the response values obtained from check-
points were included in the coefficient calculation. The refined model was exp-
ressed as follows:

R=58.07+0.52X; —16.79X5 +7.57X3 (4)

Table VIII compares the coefficients of the two models. Most effects remain
unchanged after including the test points; however, slight differences have been
observed for the intercept effect g and the quadratic effects a»;, a3z and ass. A
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change in sign has been noted for the agq effect; this discrepancy is likely due
which does not significantly impact predictions or optimization. All these non-
-significant variations justified the better refining of the model using test points.

TABLE VIII. Model coefficients with and without test points

Coefficient Without test points Whit test points
ag 59.21 58.07
a, 0.48 0.48
as 0.51 0.52
ay -1.59 -1.77
as -16.89 -16.79
[25%) -2.32 —1.88
ass 7.10 7.57
ayy 0.28 -0.07
ass -3.47 -2.83
ax 0.49 0.49
ay -0.13 -0.14
ays 0.16 0.16
asy 076 076
ass 0.11 0.11
ays —-1.01 -0.98

Fig. 8 illustrates that the residuals are randomly distributed around zero, show-
ing no discernible pattern. This confirms the validity of the model and indicates a
strong agreement between the predicted and the experimental response values.

Residuals
L 4
7.00
*
L d
3.50 ¢
. *
® o 0 s
0.00 1% - >
38.45%6.57 54.8962.31 70.93 ¢
3.50 * e Calculated Y
S ¢ ¢ Fig. 8. Residuals distribution according to the calculated
’ . response R.

Furthermore, the variance analysis results applied to the refined model (Table
IX) indicated that the probability significance of the risk was greater than 5 %.
However, the main effect of the regression was significant p-value < 0.05; there-
fore, we concluded that the proposed empirical model was suitable for predicting
the removal of PC from OMW.
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Response surface methodology (RSM) and the desirability function were
combined to identify the optimal values of the process variables for maximum PC
removal, based on the model generated from the experimental data. The optimal
conditions and maximum response zone was pinpointed using RSM, while the
desirability function provided precise values for these parameters24.

TABLE IX. Variance analysis results; ® — significant at the level of 99.9 %

Source of variation Sum of squares Degrees of freedom Mean square F ratio Significance, %

Regression 5468.30 14 390.59 21.617 <0.01b
Residuals 343.30 19 18.07

Lack-of-fit 309.13 15 20.61 2412 20.4
Pure error 34.17 4 8.54

Total 5811.60 33

Fig. 9a—f show the 2D contour plots and the three-dimensional (3D) response
surfaces plots which play a crucial role in demonstrating the relationship between
independent variables and their corresponding responses while maintaining a
variable at the zero-level. Fig. 9 a and b illustrates a significant interaction between
pH and initial PC concentration. The percentage reduction increases with pH,
indicating a positive quadratic effect on the response, while it decreases signific-
antly with initial concentration. The optimal region was found at high pH and low
C values, peaking at around pH 12 and C of 1.4 g-L~1. The other response surfaces
in 9 ¢ and d and 9¢ and f illustrate the effects of temperature and S/L, which result
in only slight variations in response within the studied range. Consequently, these
parameters were maintained at their central levels: temperature at 35 °C and S/L at
5.5 g-L-1. The percentage removal achieved was 82.40 %.

Desirability function is a widely used method. The values of this function (d;)
range from O to 1. A desirability of 0, referred to as “elementary desirability”,
indicates an unacceptable solution for the selected objective, while a desirability
of 1 signifies maximum performance, meaning no further improvement is pos-
sible.#5 In our study, the aim was to maximize the removal percentage of PC to
achieve a target desirability of 100 %.

The desirability function applied to the refined model indicated that the max-
imum theoretical value of PC removal was 80.85 % reached at pH 12, C 1.4 g-L-1,
S/L 5.58 g-L-! and temperature 35.58 °C; these results align with those obtained
using the RMS. To validate the model, a test was carried out by setting the oper-
ating parameters at their optimal values; the laboratory findings yielded 80.60+
+0.44 %, which was quite close to the predicted optimal value. The difference
between the experimental and the predicted PC removal was in the range of 5 %,
confirming the validity of the model.
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f * ) Iazlw (b)

2.10 -

1.40 ~f

Temératre x3 () i o (d)

45.00 1700
\ / 64,40
0.50
p4. 40
x2
35,00 o
1 50 00 .50 .00

25.00 +o0
T T T
00 92.50 12.00
[l
R
oH x2 (e) (f)
I 82.40
12.00 - e ... =
l55.40 XL
950 [ >
.00 0.50 .00 0.50 00
/’—m\. c

7.00 ~1700°

Fig. 9. The 2D contour plot (a,c,e) and the 3D surface plot (b,d,f); a,b) interaction effect of pH
and C on PC removal, ¢ = 35 °C and S/L= 5.5 g-L"!; c,d) interaction effect of pH and
temperature on PC removal, C =2.5g-L-! and S/L = 5.5 g-L!; interaction effect of pH and S/L
ratio on PC removal, t=35°C and C=2.1 g-L'L.

Table X summarizes the adsorption efficiency of various adsorbents for the
removal of CP from OMW in recent years. The results indicate that the adsorption
capacity of Mg—Al LDH (500 °C) powder, studied in this work, is relatively high
compared to other adsorbents reported in the literature, such as Zn—Al LDH (500
°C), polymeric resins, zeolite, clay soil and bentonite. This suggests that Mg—Al
LDH is a favorable material for CP removal from aqueous solutions. Additionally,
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its adsorption capacity is comparable to that of other adsorbents like hydroxy-
apatite, silicas and activated carbons, highlighting its potential as an effective alter-
native for treating liquid effluents.

Table X. Capacities of different adsorbents used for PC removal from OMW

Adsorbent Conditions Efficiency, % Reference
Zn-Al LDH (450°C) Batch experiment, shaking, 25 °C, 73 De Martino
S/L 1.25 mass ratio, 24 h, natural et al 20
pH sorbent/sorbate
Activated carbon Batch experiment, shaking, 25-27 87 Baransi
°C, adsorbent dosage 0.45 g-L-! et al. %6
Activated carbon Batch experiment, 100450 rpm, 98 Bouharat
10-50 °C, pH 1.0-10.0, 0-30 min, et al¥’
adsorbent dosage 5-50 g-L"!
clay soil, bentonite and ~ Continuous experiment, adsorbent 67 for clay so0il,29 Santi
zeolite dosage 67 g-L! for bentonite and 37 et al.*8
for zeolite
Hydroxyapatite Batch experiments, 200 rpm, 25 87 Yahiaoui
°C, 30 min, pH 12, adsorbent etal®
dosage 10 g-L!
Polymeric resins Batch experiment, 200—-1000 rpm, 75 Vavouraki
25 °C, 1 h, adsorbent dosage et al®
10-200 g-L!
Silicas and activated Batch experiment, 150 rpm, 87 for activated ~ Yangui et
carbon 22 °C, 24 h, adsorbent dosage  carbon, 6775 for al.>®
60 g-L-! silicas
Volcanic tuff, natural clay, Batch experiment, shaking, 30 °C, 21-80 Azzamd!
activated charcoal and 18-24 h, adsorbent dosage
combinations 40 g-L!
Mg—Al LDH (500 °C) Batch experiments, 300 rpm, 80.60+0.44 This work

5min, pH 12, C 1.4 g-L'L,
S/L 5.58 g'L!, 35.58 °C

The LDH recovered from treating OMW under the selected optimal conditions
was first dried in an oven at 100 °C for 24 h. It was then calcined in a muffle
furnace at 500 °C for 1 h. Following calcination, the treated LDH was reused for
OMW treatment using the adsorption method under optimal conditions.

The reusability of LDH in the adsorption process was evaluated over four
consecutive runs and the removal percentages of PC and COD were recorded. As
shown in Fig. 10, the percentage of PC removal decreased slightly from 80.60 to
79.4 % at the third cycle, remaining stable during the fourth cycle. However, a
gradual decline in COD was observed, decreasing from 76 % in the first cycle to
67 % in the second cycle, and further to 60 and 59 % in the third and fourth cycles,
respectively. Furthermore, the error bars displayed on the graph indicate that the
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experimental results are highly reproducible, demonstrating the stability of LDH
during its repeated use for PC removal, in contrast of COD which shows significant

error variability.

80 A

X
]
& 60
c
8 mPC
[
2 40 1 m COD
©
>
£
£ 20 -
o
0 - . oqe .
1 2 3 4 Fig. 10. Reusability of the LDH in the
Cycle adsorption process.

The observed COD removal percentages after each decontamination cycle can
be explained by the sorption of phenols and other polar compounds, such as sugars,
organic acids and polyalcohols present in OMW.20 Additionally, the decline in
these reduction rates is likely attributable to the decrease in the LDH pore surface
area after each calcination, which is in accordance with reported result.”

CONCLUSION

The optimization strategy by CCD of phenolic compounds removal for OMW
treatment with the adsorption process was conducted successfully. The experimen-
tal conditions were optimized by considering the effects of some factors, namely
S/L, pH, temperature and initial PC content on PC removal using a CCD. The
results demonstrated that the predicted values were close to the experimental ones
and the high R? value confirmed that the accuracy of the proposed polynomial
model was acceptable. The regenerability and reusability of the LDH was con-
firmed in four successive adsorption batches without producing any new pollution.
Therefore, this eco-friendly process is suitable and presents a promising tech-
nology for eliminating the organic pollution from wastewaters.
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n3BOJ

ANCOPITIHJA ®EHOTHUX JEOIUILELA U3 OTITAOHUX BOOA HACTAJIUX Y
[MTPOU3BOOHY MACITMHOBOT YJbA IPUMEHOM METOZOJIOTHUJE
EKCITEPUMEHTAJTHOT JU3AJHA: CKPUHUHT U OIITUMU3ALIUJA HEHTPAJTHUM
KOMITIO3UTHUM JU3AJHOM

NOUARA YAHIAOUI!, RACHIDA DOUANI'!, M'HAND OUGHANEM!, NOUARA LAMRANTI', KAHINA IKKOUR*?
1 SADIA DEKKAR!

"Laboratory of Applied Chemistry and Chemical Engineering, Faculty of Exact Sciences, University Mouloud
MAMMERI of Tizi-Ouzou, 15000 Tizi-Ouzou, Algeria u Laboratory of Physico-Chemical of Materials and
Catalysis, Faculty of Exact Sciences, University of Béjaia, Algeria

Mertopornoryja exciepuMeHTaTHOT AW3ajHa MPHUMeEeHa je 3a MOJEeNOBalke U ONTHMH-
3auujy mpotieca afcopniyje y Uuby ykiamaka QEeHONHUX jefuberha U3 OTIaJHUX BoJa HacTa-
JIMX y NPOU3BOAKBU MACIMHOBOI y/ba, KOPUIIhEHEM [JBOC/IOJHUX MarHesujyM—alyMHHHjyM-
-xuppokcupa (LDH). ITpamkacty LDH cuHTeTHCaH je MeTOgOM Konmpenunuranyje. M3spuena
je merosa CTPYKTypHa 1 Mopdorouka KapakTepusanuja. Y nuby op3e U edukacHe NpoLeHe
yTHLaja MeT NMPOLeCcHUX Mapamerapa (Io4YeTHa KOHLeHTpaluja (GeHONHUX jesumerna, BpemMe
KOHTaKTa, OJHOC YBPCTe U TeuHe ¢a3e, moueTHa pH BpenHocT u reMneparypa) Ha epUKacHOCT
azcoprnudje, mpuMemheHa je AgamapoBa MaTpuiia. HakoH Tora, 3a ONTHMM3alHjy mpoleca
aficOpILMje NPUMEEH j€ LEeHTPaTHU KOMIIO3UTHH [M3ajH, 3aCHOBAaH Ha YETHUPHU K/by4yHa IpO-
necHa napamerpa. KoeduuujeHT kopesnanuje MOJIMHOMHOT Mofena usHocuo je 94 %. Bpen-
HOCTH TpenBuheHe (pyHKUHjOM on3uBa OWe Cy y JoOpoj carmacHOCTH ca €KCIIEpUMEHTATHO
IoOWjeHUM pesyiTaTHMa, LITO NOTBphyje anexBaTHOCT pas3BHjeHOT mozena. [lof onTUMaHO
nedVHUCaHUM EKCIIepUMEeHTaTHUM yCJI0BUMa IIOCTUTHYTA je MakCHManHa eUKacHOCT yKia-
wamwa GQeHOoNHUX jenumena of 80,85 %. MoryhHoct noHoBHe ynorpede perenepucanor LDH,
nodujeHor kanuuHauyjom Ha 500 °C, ucnuTaHa je TOKOM 4eTHUPH y3acTOIHa LUKIyca afcop-
L¥je Mpy YTBpheHUM ONTUMaIHUM yCiI0BUMa. Pe3ynTaT Koju ce ofHOCe Ha yKilambamwba (peHom-
HUX jeIUenha Kao U Ha XEMHUjCKY NMOTPOLIBY KUCEOHUKA, TOKa3aau Cy Oa KaanuHucanu LDH
IpeZCcTaBsba epPCIeKTHBHY a/ITePHATHUBY 3a pedrInhaBame OTIaJHUX BOZIa U3 TPOLieca MPor3-
BOJHE MaC/IHHOBOT yJba.

(ITpumsbeno 15. HoBembpa 2025, peupupano 17. janyapa, npuxsaheno 31. jyna 2026)
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Abstract: Investment in fundamental chemical research represents a key factor
in the advancement of healthcare, which is increasingly facing the challenges of
modern society. Nevertheless, the importance of chemistry in medical education
is often insufficiently recognized, resulting in a weak connection between theor-
etical and practical aspects of instruction. Numerous studies highlight the need
for a deeper integration of chemical content into vocational medical subjects.
This paper analyses the attitudes of vocational subject teachers in secondary
medical schools regarding the impact of chemistry curriculum reform on the
quality and effectiveness of vocational instruction. The research was conducted
using a descriptive method and an anonymous questionnaire on a sample of 73
teachers from medical schools across the Republic of Serbia. The findings indi-
cate the importance of chemistry education for vocational medical training and
suggest the need for improved curricular integration in secondary medical
schools. These findings may serve as guidelines for the development of edu-
cational policies in the field of vocational education.

Keywords: chemical education; curriculum reform; teaching syllabus; medical
profession; interdisciplinarity.

INTRODUCTION

In order for healthcare systems to adequately respond to the growing health-
-related challenges of modern society, continuous investment in fundamental
chemical research is essential, as it represents a critical foundation for the future
development of medicine.! Many aspects of medical practice rely on a basic con-
ceptual understanding of chemistry, and scholars emphasize that the significance
of chemical concepts in the healthcare profession is of vital importance for the
advancement of society as a whole.2 In secondary vocational schools with a health-
care focus, chemistry is often insufficiently integrated with vocational subjects,
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968 RASIC et al.

which limits students’ ability to connect theoretical knowledge with professional
practice. Curricula commonly treat chemistry as an isolated theoretical subject,
lacking a functional connection with professional disciplines.

Students often struggle to recognize the relevance and applicability of chem-
ical knowledge within the context of their future professional roles. The lack of
interdisciplinary integration and practical application contributes to the perception
of chemistry as an abstract and disconnected body of knowledge.3 As Hofstein and
Mamlok-Naaman emphasize, “the effectiveness of science education is deter-
mined not only by the content delivered, but also by the extent to which students
are able to connect that content with real-life and professional experiences.”* Con-
temporary didactic approaches, such as problem-based learning, contextualized
instruction and laboratory work, demonstrate significant potential for increasing
student motivation and fostering deeper understanding of scientific concepts.d
Practical applications of chemistry in healthcare contexts, including diagnostic
procedures and sterilization processes, may contribute to more positive student
attitudes and deeper cognitive engagement.® Such teaching requires active collab-
oration between chemistry teachers and vocational subject teachers, clearly def-
ined priorities and the use of methods that promote functional and interdisciplinary
knowledge.” As Fraser notes, teacher enthusiasm, instructional flexibility, and a
supportive classroom atmosphere significantly influence students’ perception of
science, fostering curiosity, critical thinking and long-term motivation for learning
chemistry.8

Curriculum reforms represent an important contextual factor influencing sci-
ence teaching in vocational education. In the Republic of Serbia, the reform of
secondary vocational education, introduced in 2014 through official national cur-
riculum regulations® was part of a broader educational modernization process
aimed at aligning vocational education with labor market demands, improving the
efficiency of schooling and optimizing the structure of subject curricula in accord-
ance with European educational standards. The reform was implemented within
the framework of national educational policy initiatives focused on increasing the
relevance of vocational programs and improving student employability through
curriculum rationalization. In this context, changes included a reduction in the
number of chemistry teaching hours in secondary medical schools, as well as the
revision and partial removal of certain chemistry contents specific to medical edu-
cational profiles. These modifications were intended to increase curricular effi-
ciency but also raised concerns regarding the adequacy of students’ chemical pre-
paration for vocational subjects and professional practice.”

Although the study is grounded in the 2014 curriculum reform, available sec-
ondary sources indicate that chemistry education in secondary vocational schools
in Serbia, including medical vocational programs, has not remained static in the
period 2014-2025. A continuous reduction in the number of chemistry teaching
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hours in secondary schools, particularly within vocational education, together with
a decline in chemistry-related content and instructional emphasis, has been rep-
orted, leading to calls for increased support and greater consideration of teachers’
views in the implementation of educational reforms.!0 These changes are con-
sidered to have implications for students’ foundational chemical knowledge and
their preparedness for vocational and further academic studies.

In addition, the Institute for the Improvement of Education has published
multiple amendments and updates to curricula for secondary vocational education
in recent years, including programs in the field of chemistry, non-metals and
graphic technologies.! 112 These updates indicate that curriculum development has
been a continuous process rather than a single reform event.

Furthermore, this suggests that the prior chemical knowledge of students
entering secondary medical schools may not be fully homogeneous across cohorts.
Consequently, differences in curriculum content and teaching hours over time rep-
resent an important contextual factor that may influence teachers’ perceptions of
students’ prior knowledge and its relevance for vocational subjects.

In secondary vocational education, chemistry represents an important found-
ation for understanding vocational subjects and clinical practice. However, a dec-
line in student interest in chemistry, particularly in higher grades, has been widely
observed and is often associated with insufficient connections between curriculum
content and professional practice.®13 Strengthening the relationship between
chemistry and vocational subjects may therefore contribute to greater student mot-
ivation and improved applicability of acquired knowledge.

EXPERIMENTAL

This study investigates teachers’ perceptions of chemistry education in secondary medical and
social care schools, with emphasis on the integration of chemical content within vocational subjects
and curriculum reform effects.

Research objectives

The research objectives include:

1. Determining the significance of students’ prior chemical knowledge for vocational subject
teachers in the process of vocational education.

2. Investigating the impact of reduced chemistry teaching hours on the implementation of
instructional units in vocational subjects.

3. Conducting a quantitative analysis of teachers’ attitudes toward the quality of vocational
subject learning before and after the chemistry curriculum reform.

Research hypotheses

The following hypotheses were formulated:

1. Prior knowledge of chemistry represents an essential foundation for the successful mastery
of most vocational subjects in medical schools.

2. Vocational subject teachers frequently need to explain chemical concepts, particularly
within interdisciplinary teaching areas.
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3. Vocational subject teachers perceive that the reduction in chemistry teaching hours negat-
ively affects the quality of learning and understanding vocational content.
Research instrument

The study uses an anonymous electronic questionnaire applied in a cross-sectional design. The
questionnaire consisted of twelve questions and was administered online using the Google Forms
platform. The internal consistency (reliability) of the questionnaire was not formally tested (e.g.,
Cronbach’s alpha was not calculated), which is acknowledged as a methodological limitation due to
the exploratory nature of the study and the use of a non-standardized instrument adapted for this
specific research context. The data were statistically processed, and the results presented in textual,
tabular, and graphical formats.
Research sample

The study was conducted on a sample of 73 vocational subject teachers from secondary medical
schools in the Republic of Serbia. The research was carried out anonymously, and the questionnaire
did not include any questions that would allow identification of participants (such as name, surname,
or email address), while participation was voluntary. The surveyed teachers are directly involved in
the vocational education process and are relevant for assessing the effects of the chemistry curriculum
reform.

RESULTS AND DISCUSSION

Research results are presented using tables and a chart. The questions were
grouped into three sections: Demographic Characteristics, Work Experience, and
Teachers’ Attitudes toward the Reform of Chemistry Education.

Demographic characteristics

The sample included 73 vocational subject teachers employed in secondary
medical schools across the Republic of Serbia. Respondents provided basic demo-
graphic information (gender, age, and years of experience), which served as the
basis for further analysis. A total of 81 % of respondents were female, while 19 %
were male. Similar trends are reported in Horvat et al. (2023), where near 88 % of
the 497 surveyed chemistry teachers were women, demonstrating a consistent pat-
tern in both general and vocational science education.!4 Regarding age distri-
bution, the largest proportion of respondents belongs to the 35-45 age group (38
%), followed by 4654 (34 %), Chart 1. This indicates that mid-career teachers
represent the largest group in the sample. Comparable findings were reported pre-
viously.!4

Work experience of respondents

Most respondents (39.7 %) have more than 20 years of teaching experience,
while 31.5 % have between 11 and 20 years of service. Teachers with fewer than
5 years of experience constitute 15.1 %, and the smallest category includes tea-
chers with less than one year of experience (1.4 %), Table I.
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02534 3545 w4655 = OverSsyearsofage Chart 1. Age of respondents.

TABLE I. Work experience of respondents

Experience Frequency Percentage, %
1-5 years 11 15.1
11-20 years 23 31.5
6—-10 years 9 12.3
Less than 1 year 1 1.4
More than 20 years 29 39.7
Total 73 100.0

This distribution shows a strong presence of highly experienced teachers,
while younger teachers are less represented in the sample. Similar results appear
in previous research. !4

The fourth survey question examined the educational profiles in which tea-
chers are engaged (Chart 2). Most participants teach in the medical nurse—tech-
nician program, which is included among the educational profiles affected by the
chemistry curriculum reform.

In which educational profile is the teacher engaged?

Nurse Educator
Pediatric Nurse Technician
Dental Nurse Technician

Nursing Technician

|
|
|
. _____________________________|
Gynecological and Obstetric Nurse W —
Cosmetology Technician
Laboratory Technician
Sanitary-Ecological Technician P
Physiotherapy Technician |
Dental Technician F—=—
|

Pharmacy Technician

Chart 2. Educational profiles in which teachers are engaged.
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Teachers’ attitudes towards the reform of chemistry education

Within the framework of statistical data analysis, particular emphasis was
placed on examining teachers’ attitudes regarding the impact of the reform on the
functional acquisition of content in vocational subjects within the fields of health
and social care. The fifth question examined how frequently chemistry content is
integrated into vocational subject. Respondents were offered the following options
to choose from: very often, often, occasionally, rarely, never.

The results obtained from this question are presented in Table II.

TABLE II. Teachers’ attitudes towards the importance of chemistry in vocational subjects

To what extent is chemistry content integrated into the vocational subjects in which the
teacher is engaged?

Extent Percentage, % Frequency
Very often 22 30.1
Often 30 41.1
Occasionally 19 26.1
Rarely 2 2.7
Never 0 0
Total 73 100.0

According to the results presented in Table II, the majority of teachers (41.1 %)
report that chemical content is often integrated within the framework of profes-
sional subjects. An additional 30.1 % of teachers consider this integration to be
very frequent. Thus, more than 71 % of teachers acknowledge frequent inter-
disciplinary integration. Comparable results are found at the University of San
Francisco, where chemistry was identified as a foundational discipline for under-
standing core health science competencies. !

Teachers were also asked to evaluate the role of chemical literacy in vocat-
ional subjects (Table III).

TABLE III. Teachers’ attitudes regarding the importance of chemical literacy for studying
professional subjects

To what extent do you consider chemical literacy important for the effective study of
professional subjects in the fields of healthcare and social care?

Importance Percentage, % Frequency
Very important 36 49.3
Important 29 39.7
Moderately important 8 11.0
Slightly important 0 0

Not important 0 0
Total 73 100.0
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The results indicate a high level of agreement among teachers regarding the
functional role of chemistry in vocational learning. This finding is consistent with
contemporary literature on critical chemical literacy, which views chemistry as a
multidimensional tool for professional and societal engagement.!© In addition, the
findings parallel the perspective that socio-scientific issues help students integrate
conceptual knowledge with real-world contexts, thereby strengthening motivation
and applicability.!”

In the subsequent phase of the study, participants were presented with state-
ments related to the reform of chemistry education, aimed at examining their atti-
tudes toward its impact. Teachers expressed their level of agreement using a Likert
scale from 1 to 5, where 5 indicated “strongly agree” and 1 “strongly disagree.”
For analytical purposes, the values were interpreted within three categories: neg-
ative attitude (1-2), neutral attitude (3) and positive attitude (4-5), in accordance
with the validation conducted by Xu and Lewis.!8 The results are presented in
Table I'V.

TABLE IV. Assessment of teachers’ attitudes as descriptive statistics; N =73

Mean Standard
value deviation
Has the reduction in the number of 2 5 4.36 0.788
chemistry lessons affected the quality of

learning in professional subjects?

Do students experience difficulties in 2 5 4.18 0.839
studying instructional units that involve

integrated chemical content?

Does the reduction in the number of 1 5 4.05 1.039
chemistry lessons necessitate additional

instructional time in professional

subjects that require a solid foundation in

chemistry?

Question Minimum Maximum

Teachers strongly agree that reducing chemistry teaching hours negatively
affects the quality of learning in vocational subjects. They also report that students
struggle with content requiring chemical understanding. Opinions on whether
additional chemistry lessons should be introduced within vocational subjects are
somewhat more varied (M = 4.05), indicating differences in the perceived feasib-
ility of such measures.

The following question addressed the importance of prior knowledge in chem-
istry for teaching vocational instructional units, offering a binary choice of answers
(“yes” or “no”). The results indicate a high level of agreement among teachers
regarding the importance of prior knowledge in chemistry for the successful mas-
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tery of vocational instructional units, with 91.8 % of respondents stating that chem-
ical literacy is essential for this process. Only 8.2 % of teachers expressed an
opposing view. These findings are consistent with existing literature emphasizing
the role of chemistry in healthcare education.!?

In the next question, the study examined teachers’ perceptions regarding the
impact of the reduced number of chemistry lessons in upper secondary grades on
the need for additional explanations during vocational instruction. The question
posed was: “Do you believe that the absence of chemistry as a subject in the upper
grades requires vocational subject teachers to explain related chemical concepts?”’
A large majority (89 %) believe that eliminating chemistry from upper secondary
grades requires vocational teachers to explain chemical concepts themselves.
These findings correspond with Pienta’s perspective on the importance of chem-
istry in professional formation.2

The next question focused on assessing the teachers’ self-evaluation of their
competence in explaining chemical concepts. It was phrased as follows: ,,Do you
consider yourself, as a vocational subject teacher, sufficiently competent to explain
to students the chemical concepts included in the teaching units? Only 37 % of
vocational subject teachers consider themselves sufficiently competent to explain
chemical concepts, whereas 63 % do not. In the following question, teachers were
presented with various options as potential solutions to this issue. The research
results indicate that a significant proportion of the surveyed teachers (78.1 %) sup-
port increasing chemistry hours and initiating a new curriculum reform. Further-
more, 15 % of teachers emphasize aligning chemistry and vocational curricula. On
the other hand, a relatively small percentage of teachers (5.5 %) support the need
for additional professional development in chemistry. The remaining 1.4 % of res-
pondents selected other responses not specified within the predefined categories.

Regarding the impact of the reform on the quality of students’ knowledge,
three options were examined: positive impact, negative impact, and inability to
assess, with the aim of obtaining a comprehensive picture of teachers’ perceptions
concerning the effects of the reform. The results indicate that 46.6 % of teachers
believe that the reduction in the number of chemistry classes has negatively
affected the quality of learning in vocational subjects, while 30.1 % did not recog-
nize a significant impact. The remaining 23.3 % of respondents were either uncert-
ain or lacked sufficient data to form a clear opinion. In the subsequent analysis, a
possible correlation was examined between the teaching experience of respondents
and their views on the impact of the chemistry curriculum reform. The aim was to
determine whether teachers with more extensive professional experience exhibit a
more critical stance toward the reform changes, or whether the opinions are evenly
distributed regardless of years of service. The results presented in Table V.

Although negative perceptions of the reform were predominant at the overall
sample level, the distribution of responses within individual experience groups
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revealed a more differentiated pattern of attitudes. Positive assessments were more
frequent in several categories of teaching experience, whereas more critical views
were observed among some groups of more experienced teachers. However,
statistical analysis showed no significant relationship between years of teaching
experience and perceptions of the reform’s impact (» = 0.153, p = 0.197). These
findings suggest that teachers’ attitudes toward the reform cannot be explained by
differences in professional experience alone.

TABLE V. Correlation between teachers’ years of service and their attitudes (in %) toward the
impact of the curriculum reform

Years of service

Attitude
<1 1-5 6-10 11-20 20+
Positive 100 54.55 66.67 30.43 51.72
Unable to assess 0 18.18 22.22 30.43 20.69
Negative 0 27.27 11.11 39.13 27.59
CONCLUSION

The results of this study indicate that the majority of vocational subjects’
teachers recognize the importance of prior chemistry knowledge for the successful
mastery of those subjects. In the context of the reduced presence of chemistry in
the curriculum, vocational subject teachers increasingly assume the role of explain-
ing fundamental chemical concepts, thereby revealing perceived challenges asso-
ciated with the educational reform.

A considerable proportion of teachers reported that the reduction in the num-
ber of chemistry hours has negatively affected the quality of vocational education.
Although some respondents consider themselves capable of compensating for these
deficiencies, the findings point to the need for improved curricular coherence and
stronger integration between chemistry and vocational subjects in secondary medi-
cal education. However, the findings also suggest that teachers’ perceptions are
not entirely uniform and should not be interpreted as strictly predominantly neg-
ative. Instead, the results indicate a more nuanced and differentiated pattern of
responses across the sample.

The results of this study largely support the proposed research hypotheses.
The first hypothesis was confirmed, indicating that prior chemistry knowledge
represents an important foundation for the successful learning of vocational sub-
jects in medical secondary schools. The second hypothesis was also confirmed, as
vocational subject teachers reported a frequent need to explain chemical concepts,
particularly within interdisciplinary teaching contexts. The third hypothesis was
only partially supported, suggesting that although many teachers perceive reduced
chemistry teaching hours as having a negative impact on learning vocational con-
tent, this perception was not equally strong across all respondents. Overall, the
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findings emphasize the close relationship between chemistry and vocational sub-
jects in medical education. They further highlight the importance of maintaining
adequate chemistry instruction and strengthening the integration of chemical con-
cepts within vocational curricula. Such efforts may contribute to improving stu-
dents’ understanding of professional content and the development of relevant com-
petencies.

The findings provide partial support for the initial research assumptions reg-
arding the importance of chemistry knowledge and the perceived impact of cur-
riculum reform on vocational education. Although differences were observed
among teachers with varying levels of professional experience, the correlation
between years of service and attitudes toward the importance of prior chemistry
knowledge was not statistically significant (» = 0.153, p = 0.197).

Overall, the findings highlight the importance of aligning curriculum reforms
with the educational and professional needs of vocational education, particularly
through stronger interdisciplinary integration and the functional application of
chemistry knowledge in professional practice. Rather than indicating a uniform
negative evaluation of the reform, the results point to a complex set of perceptions
that reflect both perceived challenges and adaptive responses among teachers.

The findings of this study should be interpreted in light of several limitations.
First, the research was conducted on a small sample of vocational subject teachers,
which may limit the generalizability of the results. Second, the study was based
only on teachers’ perceptions, students’ opinion was not included. Finally, the
questionnaire was developed specifically for this study and did not undergo formal
psychometric validation, which should be taken into consideration when inter-
preting the findings. Future research will include larger samples, validated instru-
ments and student opinions in order to provide a more comprehensive evaluation
of the impact of chemistry curriculum reforms.

Acknowledgement. The authors gratefully acknowledge the financial support of the Min-
istry of Science, Technological Development and Innovation of the Republic of Serbia (Grants
No. 451-03-137/2025-03/200125 and 451-03-136/2025-03/200125).

H3BOI

3HAYAJ HACTABHOT IT/TAHA U ITIPOTPAMA XEMUJE 3A ObPA30BHE ITPO®UJIE ¥
CPEOBEM MEOULITMHCKOM CTPYYHOM OBPA30BARY

IAHULIA PAILIWE, CALLA A. XOPBAT, IYILIULIA JI. POIUR n TAMAPA H. POHYEBHR
Ipupogro-mattiemamiuuky paxyniiein, Ynusepsuitewi y Hosom Cagy, Tpi ocuwieja Odpagosuha 3,
21000 Hosu Cag

Ynarawme y ¢dyHAaMeHTaaHa XEMHjCKa HCTpakMBawa IpenCcTaBba KbYYHH (akTop y
HaIllPETKy 3[0paBCTBEHE 3alUTHTE, KOja CE CBE BUIIE Cyo4yaBa Ca H3a30BUMa CaBPEMEHOT
IpywTBa. Mnak, 3Hayaj XeMHje y MEJULIMHCKOM 0Dpa3oBamy Y€CTO HHje JOBOJBHO MPENO3HAT,
ITO JJOBOAU IO (yiade MOBE3aHOCTH TEOPUjCKUX M MPAKTUYHUX aclekarta HacraBe. bpojHe
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CTynvje ykasyjy Ha noTpedy 3a Oyd/bOM MHTErpalljoM XeMHjCKHUX Cafpikaja Y MeIULIMHCKe
crpyuHe npegmete. OBaj pas aHATM3Upa CTABOBE HACTABHHUKA CTPYYHUX MTPEIMETa Y CpefHBUM
MEeJULMHCKUM LIKOTaMa O YTHLAjy ped)opMe HACTABHOT IJIaHa U MPOTrpaMa Xemuje Ha KBaJIu-
TeT ¥ e()UKACHOCT CTPy4YHe HacTaBe. McTpaXkuBame je ClIpOBeieHO JECKPUIITHBHOM METOJIOM U
AHOHMMHHM YIIUTHUKOM, Ha Y30PKY OZ 73 HacTaBHHKA W3 MEOULIMHCKHX IIKOJA ITUpOM Pery-
dmuke Cpbuje. Pe3ynraTi enuMU4YHO TOTBPYYjy MONas3He XUIOTe3e U yKa3yjy Ha norpedy 3a
CUCTEMATCKUM yHanpehuBameM HacTaBe XeMHje Y MEJULMHCKUM IIKosama. OBY Hajla3u MOTy
HOCTIY’KUTH Kao CMEpPHHUIIE 33 Pa3B0Oj 00pa30BHUX MOIUTHKA y 00/1aCTH CTPYYHOT 00pa3oBama.

(ITpumieHo 14. nenemdpa 2025, peBunupano 7. jaHyapa, npuxsaheno 18. aBrycra 2026)
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ERRATUM

Correction of author’s name in the article: Bimetallic
polyaniline/silver—palladium nanocomposite for rapid and
sustainable degradation of eosin yellow dye from wastewater

NOOR ZAMAN!, FARAH NAZ TALPUR!, ABDUL QADEER LAGHARI?**, JAMEEL
BAIG!, ARSHAD IQBAL?, SHOUKAT ALI NOONARI4, ZULFIQAR ALI BHATTI?,
AAMNA BALOUCH!, IMRAN HASSAN AFARIDI! and MASROOR ABRO?

! National center of Excellence in Analytical chemistry, University of Sindh, Jamshoro, Sindh,
Pakistan, 2Process Simulation and Modeling Research Group, Chemical Engineering
Department, Mehran University of Engineering and Technology Jamshoro, Sindh, Pakistan,
3Chemical Engineering Department, Dawood University of Engineering and Technology,
Karachi, Pakistan and *Department of Mechanical Engineering, Isra University, Hyderabad,
Sindh, Pakistan

This corrects the article “Bimetallic polyaniline/silver—palladium nanocom-
posite for rapid and sustainable degradation of eosin yellow dye from wastewater”

published in volume 91, number 1, page 55 (https://doi.org/10.2298/JSC2507020-
732).

CONTENT OF THE CORRECTION

For author Aamna Balouch, the name was incorrectly written in the list of
authors.

Previous list of authors was:

NOOR ZAMAN!, FARAH NAZ TALPUR'!, ABDUL QADEER LAGHARI?**, JAMEEL
BAIG!, ARSHAD IQBAL?, SHOUKAT ALI NOONARI4, ZULFIQAR ALI BHATTI?,
AMANA BALOCH!, IMRAN HASSAN AFARIDI' and MASROOR ABRO?

Corrected list of authors is:
NOOR ZAMANI, FARAH NAZ TALPURl, ABDUL QADEER LAGHARIZ*, JAMEEL

BAIG!, ARSHAD IQBAL3, SHOUKAT ALI NOONARI4, ZULFIQAR ALI BHATTIZ,
AAMNA BALOUCH!, IMRAN HASSAN AFARIDI! and MASROOR ABRO?

* Corresponding author. E-mail: abdul.qadeer@admin.muet.edu.pk
https://doi.org/10.2298/ISC260910056Z
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