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DNA/bovine serum albumin interaction studies and 
immunomodulatory effects of dinuclear platinum(II) complex 

with aromatic 1,5-naphthyridine bridging ligand 
JOVANA Z. MARINKOVIĆ1, MIRJANA D. JAKOVLJEVIĆ1, ISIDORA 

STANISAVLJEVIĆ1, MILICA OBRADOVIĆ1, KATARINA MIJAČIĆ1, NEVENA 
GAJOVIĆ1, BOJANA SIMOVIĆ MARKOVIĆ1, MILAN JOVANOVIĆ2, MARIJA 

ŽIVKOVIĆ3**, SNEŽANA RAJKOVIĆ4* and MILENA JURIŠEVIĆ1,3 
1University of Kragujevac, Faculty of Medical Sciences, Center for Molecular Medicine and 
Stem Cell Research, Svetozara Markovića 69, 34000 Kragujevac, Serbia, 2Military Medical 

Academy, Department of Abdominal Surgery, Crnotravska 117, 11000 Belgrade, Serbia, 
3University of Kragujevac, Faculty of Medical Sciences, Department of Pharmacy, Svetozara 
Markovića 69, 34000 Kragujevac, Serbia and 4University of Kragujevac, Faculty of Sciences, 

Department of Chemistry, Radoja Domanovića 12, 34000 Kragujevac, Serbia 

(Received 11 April, revised 24 April, accepted 16 July 2025) 

Abstract: The DNA and bovine serum albumin binding evaluation of the dinuc-
lear platinum(II) complex, [{PtCl(NH3)2}2(μ-1,5-nphe)](ClO4)2 (1,5-nphe is the 
bridging 1,5-naphthyridine ligand) was investigated by UV–Vis and fluores-
cence emission spectroscopy. Influence of platinum(II) complex on immune 
response was also estimated. Peritoneal splenocytes isolated from BALB/c mice 
were treated with Concanavalin A (ConA) and platinum(II) complex. Concen-
trations of IFN-γ, IL-1β, IL-17, TNF-α and IL-10 were measured and immuno-
phenotyping was performed. Results showed notable immunomodulatory effects. 
Pt(II) complex has an inhibitory effect on the release of proinflammatory cyto-
kines in ConA activated splenocytes and CD3+ T cells. 

Keywords: immune response; splenocytes; cytokines; platinum(II) complex. 

INTRODUCTION 
In addition to the widely utilized platinum-based drugs in clinical practice for 

cancer treatment – cisplatin, carboplatin and oxaliplatin – there is a growing array 
of compounds still under various stages of development.1–3 These platinum Pt(II) 
complexes have been evolving significantly, and research has demonstrated that 
direct DNA binding, though historically considered the primary mechanism of 
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action, is just one of many pathways to achieve antitumor activity.4,5 This opens 
up exciting opportunities for new therapeutic strategies. 

For instance, Pt-based complexes show potential as photosensitizers in photo-
dynamic therapy, enabling precise targeting of cancer cells when exposed to spe-
cific wavelengths of light.6–8 Additionally, they show promise as immune modul-
ators for chemoimmunotherapy, especially when used in combination with 
immunotherapeutic agents. Together, these approaches have the potential to 
enhance anticancer immune responses by synergistically integrating different 
mechanisms of action.6 

Such complexes could play a pivotal role in triggering the release and pre-
sentation of tumour antigens, which in turn activates immune effectors. This act-
ivation may lead to remodelling of the tumour microenvironment (TME), making 
it less hospitable to cancer growth and increasing overall antitumor efficacy.6 The 
multifaceted nature of these complexes' activity makes them particularly appealing 
for combinatorial treatment approaches. 

DNA molecules play a crucial role in regulating cellular functions, making 
them an excellent drug target, especially in cancer therapy. Reactive ligands can 
form covalent bonds with DNA or interact non-covalently through electrostatic 
forces, hydrogen bonding and π–π stacking.9,1 The primary binding modes include 
intercalation and minor-groove binding. Minor-groove binding offers higher DNA 
sequence selectivity and efficiency, targeting AT-rich regions, while intercalation 
affects DNA conformation and is often directed at GC-rich regions.9–12 Proteins 
frequently bind in the major groove, but their biological activity can be influenced 
by minor-groove binding drugs. Additionally, highly-charged polynuclear plat-
inum(II) complexes represent a novel class of antitumor agents with unique DNA 
binding mechanisms, such as backbone tracking and groove spanning.13 The 
interaction between metal complexes and blood components, such as human serum 
albumin (HSA), can significantly affect their bioavailability and the activity of 
biomolecules. Bovine serum albumin (BSA) is frequently used in studies due to its 
structural similarity to HAS. Investigation of BSA–drug interactions is crucial for 
understanding of drug activity in organism. 

Building on previous findings, where the cytotoxic effects of dinuclear Pt(II) 
complexes with 1,5-naphthyridine-bridging ligands were demonstrated in vitro,14 
further exploration has been conducted to examine their immunomodulatory 
effects. The results suggest that these complexes not only show promising cyto-
toxic capacity but could also unlock novel immunotherapeutic avenues, paving the 
way for innovative cancer treatment paradigms. The interaction of 
[cis-{Pt(L)Cl}2(μ-1,5-nphe)](ClO4)2 complex with calf thymus DNA (CT-DNA) 
and BSA were examined using UV–Vis absorption and fluorescence spectroscopy 
techniques. 

(CC) 2025 Serbian Chemical Society.
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EXPERIMENTAL 
All chemicals and chemical methods used in this study are presented in the Supplementary 

material to this paper. 
Isolation of splenocytes 

In order to determinate the effects of Pt-complex on cytokine production by splenocytes 
derived from healthy BALB/c mouse, isolation of splenocytes was performed according to a 
previously published protocol.15 Prepared suspension of freshly isolated splenocytes in com-
plete DMEM medium was placed in 96-well microtiter plate (2×105 cells in a well). Based on 
treatment, there were four groups: control group treated with complete Dulbecco’s modified 
eagle medium (DMEM) medium (complemented with 10 % heat-inactivated fetal bovine serum 
(FBS), 1 mmol/L penicillin-streptomycin, 1 mmol/L mixed nonessential amino acids (Sigma), 
and 2 mmol/L L-glutamine) only, platinum(II) complex treated group, Concanavalin A (ConA) 
treated group (0.5 µg/ml), and ConA and platinum-complex co-treated group. The concentration 
of the platinum(II) complex used in the experiment was based on its IC50 value determined in 
our previous study.14 Cells were incubated for 24 h and then their viability was assessed using 
the trypan blue assay, which confirmed that viability exceeded 90 % in each well, with no dif-
ferences observed between the groups (data not shown). 
Measurement of cytokine concentrations 

Cytokine concentrations were measured in supernatants of the cells using Elisa assay kits 
from R&D Systems (Minneapolis, MN, USA) according to the manufacturer’s instructions. 
Levels of following cytokines were measured: interferon-γ (IFN-γ), interleukins (IL) IL-1β, 
IL-17, tumor necrosis factor-α (TNF-α) and IL-10. The data are presented as mean ± standard 
error of the mean (SEM).   
Flow cytometric analysis of splenocytes 

After incubation period, cells were collected and stained with fluorochrome-labeled anti- 
-mouse antibodies specific for CD3 (cluster of differentiation 3) and CD69. For intracellular 
staining, cells were stimulated with phorbol 12-myristate 13-acetate (PMA) (50ng/ml, Sigma– 
–Aldrich), ionomycin (500 ng/ml, Sigma–Aldrich) and GolgiPlug (BD Pharmingen, NJ) for 4 
h and labeled with fluorochrome-conjugated anti-mouse antibodies specific for TNFα, IFN-γ, 
IL-10, IL-1β and IL-17. FACSCalibur flow cytometer was used (BD Biosciences, San Jose, 
CA, USA) and the data were analyzed using FlowJo software (Tree Star). 
Statistical analysis 

The data were analyzed using SPSS (version 23.0). All results were analyzed using Stu-
dent’s t-test or Mann–Whitney U test, where appropriate. Data are presented as mean ± standard 
error of the mean and statistical significance was set at p < 0.05. 

RESULTS AND DISCUSSION 

Dinuclear [cis-{PtCl(NH3)2}2(µ-1,5-nphe)](ClO4)2 complex, which contains 
the bridging ligand 1,5-nphe, was synthesized.14 Fig. 1 depicts the structural for-
mula for the synthesized platinum(II) complex, while the NMR spectra of 1,5-nphe 
and complex are given in Figs. S2 and S3 (Supplementary material). The inter-
actions of [cis-{PtCl(NH3)2}2(µ-1,5-nphe)]2+ complex with DNA were inves-
tigated using UV–Vis and fluorescence spectroscopy. Additional studies were 
focused on the immunomodulatory effect of this complex. 

(CC) 2025 Serbian Chemical Society.
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Fig. 1. Structural formula of [cis-{PtCl(NH3)2}2(µ-1,5-nphe)]2+ 

complex. 

Interactions of platinum(II) complex with CT-DNA 
UV–Vis measurements. The UV–Vis spectra of the [cis-{PtCl(NH3)2}2(µ-1,5- 

-nphe)]2+ complex was recorded in the absence and presence of different con-
centrations of CT-DNA, ([Pt(II)]/[CT-DNA] in 0.0–1.6 range; Fig. 2A). Based on 
the UV–Vis spectroscopic data, it can be concluded that after the addition of CT- 
-DNA to the solution of platinum(II) complex, a hyperchromic effect occurs, based 
on which it can be concluded that the complex interacts with CT-DNA. The int-
rinsic binding constant (Kb) was calculated based on the change in absorbance at 
256 nm after the addition of CT-DNA according to the Eq. (S-1) of the Supple-
mentary material and determined from the ratio of the slope of the line and the 
section on the y axis (Fig. 2A, Table I).  

 
Fig. 2. A) UV–Vis spectra of the Pt(II) complex before and after addition of CT-DNA; 

B) emission spectra of CT-DNA/EB in the presence of Pt(II) complex (inset: plot of F0/F 
versus [Pt(II)]; r is the mole ratio of Pt(II) and CT-DNA). 

Based on the Kb value, it can be concluded that the studied Pt(II) complex, 
which has a rigid bridging 1,5-nphe ligand with CT-DNA achieves weak inter-
actions. The negative value of the Gibbs energy indicate the spontaneity of the 
interactions of platinum(II) complex with CT-DNA (Table I). Based on the com-
parison of the Kb value of the tested complex with Kb of the classic intercalator 
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ethidium bromide (EB) for DNA, which is 1.23×105 М–1,16 it is clear that the Kb 
value obtained in experiments are lower (≈ 100 times) compared to Kb for EB, 
based on which it can be concluded that the interactions of the investigated 
complex is weaker compared to the interactions of EB. The assumption is that the 
examined complex with CT-DNA achieve interactions that are electrostatic in 
nature and are a consequence of the interaction of the positively charged complex 
cation (+2) and the negatively charged phosphate groups in CT-DNA. 

TABLE I. Parameters obtained by investigating the reaction of Pt(II) complex with CT-DNA 
and BSA using UV–Vis and fluorescence measurements; %H = 100(A∞–A0)/A∞: hypo-
chromism 
Interaction Method Parameter 
CT-DNA  UV–Vis Kb / M-1 1.80×103 

ΔG298 / kJ mol-1 −19.30 
Fluorescence measurements (EB) Ksv / M-1 

Ka / M-1 
n 

1.06×104 
0.17×102 

0.3 
Fluorescence measurements (Hoe) Ksv / M-1 

Ka / M-1 
n 

0.51×104 
2.51×102 

0.5 
BSA UV–Vis Kb / M-1 

%H 
7.30×103 

71.59 
Fluorescence measurements Ksv / M-1 1.72×104 

Ka / M-1 1.70×104 
kq / M-1 s-1 1.72×1012 

n 1 
Fluorescence spectroscopy. The interactions of Pt(II) complex with CT-DNA 

were investigated using emission fluorescence spectroscopy. Ethidium bromide 
(EB) acts as an intercalating agent by inserting itself between adjacent base pairs 
within the DNA double helix, resulting in strong fluorescence emission at 612 nm 
when excited at 527 nm, due to the formation of the CT-DNA/EB adduct. In 
contrast, Hoechst 33258 (Hoe) was used as a marker for minor groove binding, 
producing a fluorescent adduct that emits intensely at 486 nm upon excitation at 
346 nm.17 Hence, the mode of interaction between the platinum(II) complex and 
CT-DNA can be assessed by monitoring changes in the fluorescence emission 
spectra of CT-DNA/EB and CT-DNA/Hoe aducts upon the incremental addition 
of the platinum(II) complex.  

Fig. 2B shows the emission spectra of EB/CT-DNA in the presence of the 
Pt(II) complex. The addition of the Pt(II) complex solution leads to a decrease in 
the emission intensity at 612 nm, which indicates that there is a competitive react-
ion between EB and the examined Pt(II) complex in relation to CT-DNA. After 
the addition of the Pt(II) complex solution, the emission intensity at 612 nm dec-
reases slightly, which indicates a very weak binding of the examined Pt(II) com-

(CC) 2025 Serbian Chemical Society.
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plex to CT-DNA. The intensity of the interaction of the Pt(II) complex with CT- 
-DNA was determined based on Ksv value obtained by using Eq. (S-2). The obtained 
results are shown graphically as the dependence of F0/F on [Pt(II)] (Fig. 2B). The 
Stern–Volmer constant was determined from the slope of the obtained line using 
the Eq. (S-2). The obtained value for Ksv, as well as for the stability constant (Ka), 
which was determined using Eq (S-3) (Table I), indicate that the tested complex is 
not good intercalator and that it has weak interaction with CT-DNA.  

The DNA binding constant (Ka) of the investigated platinum(II) complex was 
found to be 0.17×102 M–1, which is significantly lower than that reported for a 
structurally related complex containing a 1,6-naphthyridine (1,6-nphe) ligand (Ka 
= 5.3×104 M–1).18 This difference suggests that the position of the nitrogen atoms 
in aromatic naphthyridine ligands provide different interaction with DNA.17 In 
addition to the binding constant determined in this study, previously published 
molecular docking results provided further insight into the interaction between the 
complex and DNA, indicating that the binding is predominantly electrostatic in 
nature.14 This finding is consistent with the moderate binding constant observed 
experimentally and supports a non-intercalative binding mode. 

The fluorescence emission spectra of the CT-DNA/Hoe in the absence and 
presence of increasing concentrations of the platinum(II) complex are shown in the 
Fig. S-4 of the Supplementary material. The gradual decrease in fluorescence int-
ensity observed after adding the platinum(II) complex indicates its interaction with 
CT-DNA/Hoe. The obtained constant (Ka, Table I) values suggest that the studied 
complex is unable to effectively compete with the minor groove binding agent Hoe 
(Ka ≈ 1.4×105 M–1).19 Based on UV–Vis and fluorometric measurements, it can 
be concluded that the interactions between platinum(II) and CT-DNA occur from 
interactions between the positively charged complex ion and the negatively 
charged phosphate groups in DNA (electrostatic interactions). 

Interactions of platinum(II) complex with BSA 
UV–Vis spectroscopy. UV–Vis spectroscopy is applied to investigate con-

formational changes of proteins after their interaction with drugs or potential 
drugs.20 In the UV–Vis spectrum of BSA a very strong absorption band in the 220– 
–240 nm region can be observed. The absorption peak of lower intensity at 278 nm 
originates from the presence of aromatic amino acids (tryptophan, tyrosine and 
phenylalanine) in the BSA molecule.21 Therefore, this method is very sensitive to 
conformational changes of the BSA protein, as well as to changes in the microenvi-
ronment of aromatic amino acids. The UV–Vis spectra of BSA in the absence and 
presence of the Pt(II) complex are given in Fig. S-5A of the Supplementary mat-
erial. After the addition of Pt(II) complex to the BSA solution, there is an increase 
in the absorption intensity at 278 nm, on the basis of which it can be concluded 
that the Pt(II) complex interact with BSA. These changes can be attributed to 

(CC) 2025 Serbian Chemical Society.
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electronic transitions of aromatic amino acids. In the examined reactions, a hyper-
chromic shift of the absorption maximum at 278 nm occured. All this indicates that 
there are structural changes in BSA due to non-covalent interactions, which may 
be due to hydrogen bonding or electrostatic interactions.22 The value of the Kb was 
obtained on the basis of Eq. (S-4) (Table I) and calculated from the graphical 
dependence of (A∞–A0)/(Ax–A0) on 1/[Pt(II)]. Based on the obtained value of the 
constant, it can be concluded that the Pt(II) complex with BSA achieves strong 
interaction, which is a consequence of the presence of two condensed aromatic 
rings in the bridging 1,5- nphe ligand.  

Fluorescence spectroscopy. The interactions of the Pt(II) complex with ВЅА 
were investigated using emission fluorescence spectroscopy. The solution of ВЅА 
gives intense fluorescent emission at λem.max= 352 nm, and when excited at 295 
nm. After the addition of the Pt(II) complex to the ВЅА solution, it was observed 
that with increasing concentration of the complex, there is a decrease in fluores-
cence intensity (Fig. S-5B) indicating that complex interacts with this biomolecule. 
Changes in the emission spectra of BSA/Pt(II) complex indicate protein interact-
ions with the complex, which lead to changes in the secondary structure of BSA.23 
Based on the decrease in BSA emission intensity with increasing concentrations 
of the Pt(II) complex, using the Eqs. (S5) and (S3) of the work, the following were 
determined: Ksv, kq, Ka, as well as n (Table I). The average fluorescence time of 
BSA in the absence of the complex is τ0 = 10–8 s, on the basis of which the 
fluorescence “quenching” rate constant (kq, M−1 s−1) was calculated. The Ksv and 
kq values indicate that the tested complex can bind to BSA. The fluorescence 
quenching constant is greater than 1010 (kq > 1012 M−1 s−1) indicating a static 
emission quenching mechanism.24 The value of Ka and n were calculated based on 
Eq. (S3). Based on the Ka value, it can be concluded that Pt(II) complex can bind 
to BSA. The Ka value for the investigated complex is smaller compared to the Ka 
for avidin (Ka = 1015 M–1), which achieves the strongest non-covalent interactions 
with biomolecules, so the bond of the probe complex with BSA can be easily 
broken even before reaching the target site in the cell. Complex Pt(II) contains a 
1,5-naphthyridine ligand with great steric hindrance resulting in weaker hydrogen 
bonding with BSA. The number of binding sites for Pt(II) is n ≈ 1.  

Lipid–water partition coefficient (log P). Drug lipophilicity represents a key 
pharmacokinetic parameter due to its crucial influence on the compound’s ability 
to traverse multiple layers of cells. Lipophilic drugs are typically associated with 
enhanced biological activity, faster metabolic processing and elimination, as well 
as stronger binding to plasma proteins.25 The determined log P value of the inves-
tigated complex (log P = –0.86) indicates its hydrophilic nature. This result aligns 
well with previously reported data for similar platinum(II) complexes.26 Incorpor-
ating aromatic, nitrogen-containing heterocyclic bridging ligands into the coordin-
ation environment of platinum(II) notably enhances the complex’s hydrophobicity.  
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Immunomodulatory effects 
As the cytotoxic activities of the dinuclear Pt(II) complexes 1,5-naphthyr-

idine-bridging ligand were confirmed in vitro,14 we further examined the immuno-
modulatory effects of the complex with promising cytotoxic capacity.  

First, cytokine production from splenocytes that were incubated for 24 h in 
medium only, medium with Pt(II) complex, ConA or co-stimulated with Pt(II) 
complex and ConA were analyzed (Fig. S-6A).  

Treatment with Pt(II) complex significantly increased concentrations of IL-1β 
(p = 0.001), IL-17 (p = 0.004), TNF-α (p = 0.008) and IL-10 (p = 0.008) compared 
to untreated splenocytes (Fig. S-6). ConA is an antigen-independent mitogen and 
leads to polyclonal proliferation and activation of T cells.27 ConA significantly 
increased the concentration of proinflammatory cytokines IFN-γ (p = 0.001), IL- 
-1β (p = 0.001), IL-17 (p = 0.001), TNF-α (p = 0.008), and anti-inflammatory IL- 
-10 (p = 0.008) in cell supernatants in comparison to untreated cells. 

Co-stimulation of splenocytes with Pt(II) complex and ConA significantly 
reduced concentrations of IL-1β (p = 0.007) and TNF-α (p = 0.008) compared to 
ConA. After Pt(II) complex and ConA co-treatment decreasing in concentrations 
of IFN-γ, IL-17 and IL-10 were also observed, but without statistical significance. 
Also, we observed ratios of cytokine production- Pt(II) complex/medium and Pt(II) 
complex + ConA/ConA (Fig. S-6). According to the results, the Pt(II) complex is 
more likely to exhibit its immunomodulatory effects on non-activated spleen cells, 
stimulating splenocytes to produce IL-1β, IL-17, TNF-α and IL-10. Vis-a-vis, co- 
-treatment with Pt(II) complex and ConA significantly reduced production of IL- 
-1β and TNF-α. IL-1β is cytokine with strong inflammatory and immune-enhan-
cing effects, mainly produced by leukocytes, especially monocytes and macro-
phages and plays a key role in inflammation, fever, and lymphocyte activation.28 
TNF-α cytokine is engaged in a promotion of inflammatory responses and is res-
ponsible for signaling events that lead to induction of apoptosis.29 Beside inhi-
bitory effect on the release of proinflammatory cytokines after ConA stimulation, 
it could be also concluded that immunomodulatory effects of Pt(II) complex were 
more prominent in non-activated cells, opening up the possibility that the inves-
tigated complex exerts effects on other splenocytes beside T cells. In order to 
determinate the relationship between proinflammatory and anti-inflammatory 
mediators in all groups we analyzed ratio of values of IFN-γ, IL-1β, IL-17, TNF-α 
with values of IL-10 (Fig. 3). ConA significantly decreased the ratios of IFN-γ/IL- 
-10 (p = 0.001), IL-17/IL-10 (p = 0.001) and TNF-α/IL-10 (p = 0.001) compared 
to medium (Fig. S-6A, C and D). Also, Pt(II) complex significantly decreased ratio 
of IFN-γ/IL-10 (p = 0.001), IL-1β/IL-10 (p = 0.002), IL-17/IL-10 (p = 0.001) and 
TNF-α/IL-10 (p = 0.001) compared to medium. Co-treatment didn’t significantly 
affect ratios of pro and anti-inflammatory cytokines compared to ConA. Based on 
these results Pt(II) complex could upregulate production of anti-inflammatory 
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cytokine IL-10. IL-10 is an anti-inflammatory cytokine that plays key role in lim-
iting host immune response to pathogens.30 IL-10 limits inflammation and enh-
ances humoral immune responses. In IL-10-deficient mice, severe intestinal inf-
lammation occurs, which can be alleviated by administering IL-10.31 Considering 
that IL-10 plays a key role in preventing inflammatory and autoimmune patho-
logies,32 results suggest that Pt(II) complex might have beneficial effects in treat-
ing autoimmune diseases.  

 
Fig. 3. Ratio of pro- and anti-inflammatory cytokine concentrations produced by splenocytes 
derived from healthy BALB/c mice after 24-h of incubation with DMEM medium only, Pt(II) 

complex, ConA, or a combination of Pt(II) complex and ConA. The data are shown as 
mean ± SEM. Statistical significance was determined by student’s t-test and Mann–Whitney 

U test, where appropriate (*p < 0.05). 

With the intention of further understanding the immunomodulatory effects of 
Pt(II) complex, the functional phenotype of CD3+ splenocytes was analyzed using 
flow cytometry (Fig. 4A). CD3 complex is the subunit of T-cell receptor (TCR) 
and it’s responsible for signal transduction necessary for activation of the T cells.33 
Activation and presence of CD3+ T lymphocytes is important prognostic factor for 
various types of cancer so potent immunomodulatory role of Pt(II) complex could 
contribute to its antitumor effects.33,34 ConA stimulation significantly increased 
the percentage of CD69+ (p = 0.029), IFN-γ+ (p = 0.001), IL-1β+ (p = 0.001), IL- 
-17+ (p = 0.001), TNF-α+ (p = 0.029), IL-10+ (p = 0.029) CD3+ cells when com-
pared to medium treated CD3+ cells. Cultivation with Pt(II) complex led to sig-
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nificantly elevated percentage of CD69+ (p = 0.029), IFN-γ+ (p = 0.017), IL-17+ 

(p = 0.018), TNF-α+ (p = 0.029) CD3+ cells in comparison with medium treated 
CD3+ cells. CD69 is transmembrane type II C-lectin receptor and serves as an early 
indicator of lymphocyte activation. It is important for managing the differentiation 
of regulatory T cells (Tregs) and secretion of cytokines such as IFN-γ, IL-17 and 
IL-22.35 It has been shown that increment of CD69+ T cells and significant inc-
rease in cytokines like: IFN-γ and TNF-α could be important for optimal anti- 
-tumor response. Co-stimulation with Pt(II) complex and ConA significantly 
decreased percentage of CD69+ (p = 0.029), IFN-γ+ (p = 0.003), IL-1β+ (p = 
= 0.002), IL-17+ (p = 0.001) and TNF-α+ (p = 0.029) CD3+ cells compared to 
ConA treated group. These results suggest that Pt(II) complex may reduce pro-
duction of proinflammatory cytokines in previously ConA activated CD3+ spleno-
cytes. Also, Pt(II) complex/medium and Pt(II) complex + ConA/ConA ratios of 
cytokine production by CD3+ splenocytes indicated that Pt(II) complex has pro-
nounced effect in non-activated CD3+ splenocytes.  

 
Fig. 4. Effects of Pt(II) complex on cytokine production of CD3+ splenocytes. The graphs 

show the percentage of CD3+CD69+ (A), CD3+IFN-γ+ (B), CD3+IL-1β+ (C), CD3+IL17+ 
(D), CD3+TNF-α+ (E) and CD3+IL-10+(F) splenocytes derived from healthy BALB/c mice 
after 24-h of incubation with medium only, Pt(II) complex, ConA, or a combination of Pt(II) 

complex and ConA. Cytokine production ratios in splenocytes treated with Pt(II) com-
plex/medium compared and treatment with Pt(II) complex + ConA/ConA were presented 

(A–F). The data are shown as mean ± SEM. Statistical significance was determined by 
student’s t-test and Mann–Whitney U test, where appropriate (*p < 0.05). 
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CONCLUSION 

The DNA-binding evaluation of Pt(II) complex was carried out by UV–Vis 
and fluorescence emission spectroscopy. Electrostatic interactions between the 
positively charged platinum(II) complex and negatively charged DNA backbone 
could be detected based on a slight increase in the absorption intensity of the 
complex simultaneous with an increase in the concentration of CT-DNA. Further 
investigations were based on the immunomodulatory effect of this complex. Our 
study demonstrates that Pt(II) complex has an inhibitory effect on the release of 
proinflammatory cytokines in ConA activated splenocytes as well as CD3+ T cells 
derived from the spleens of BALB/c mice. Pronounced anti-inflammatory pro-
perties of Pt(II) complex may contribute to the confirmed antitumor effect, but also 
to illuminate the potential therapeutic effects in various inflammatory diseases, like 
multiple sclerosis, inflammatory bowel disease, Crohn’s disease, systemic lupus 
erythematosus, gout and rheumatoid arthritis among others. Interestingly, signific-
ant immunomodulatory effects of Pt(II) complex were also expressed on pre-
viously non-activated splenocytes. Increases in cytokine production after incub-
ation of splenocytes in the presence of the Pt(II) complex only insinuates that the 
complex might affect cytokine production patterns by other splenocytes except T 
cells. Further research is necessary in order to clarify the exact mechanism of 
action of this platinum(II) complex. 

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/13332, or from the correspond-
ing author on request. 
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И З В О Д  

ДНК/BSA ИНТЕРАКЦИЈЕ И ИМУНОМОДУЛАТОРНИ ЕФЕКТИ ДИНУКЛЕАРНОГ 
КОМПЛЕКСА ПЛАТИНЕ(II) СА АРОМАТИЧНИМ 1,5-НАФТИРИДИНСКИМ МОСТНИМ 

ЛИГАНДОМ 

ЈОВАНА З. МАРИНКОВИЋ1, МИРЈАНА Д. ЈАКОВЉЕВИЋ1, ИСИДОРА СТАНИСАВЉЕВИЋ1, МИЛИЦА 

ОБРДОВИЋ1, KАТАРИНА МИЈАЧИЋ1, НЕВЕНА ГАЈОВИЋ1, БОЈАНА СИМОВИЋ МАРКОВИЋ1, МИЛАН 

ЈОВАНОВИЋ2, МАРИЈА ЖИВКОВИЋ3, СНЕЖАНА РАЈКОВИЋ4 и МИЛЕНА ЈУРИШЕВИЋ1,3 

1Универзитет у Крагујевцу, Факултет медицинских наука, Центар за молекуларну медицину и 
истраживање матичних ћелија, Светозара Марковића 69, 34000 Крагујевац, 2Војномедицинска 
академија, Одељење за абдоминалну хирургију, Црнотравска 117, 11000 Београд, 3Универзитет у 
Крагујевцу, Факултет медицинских наука, Одсек за фармацију, Светозара Марковића 69, 34000 

Крагујевац и 4Универзитет у Крагујевцу, Природно–математички факултет, Одсек за хемију, Радоја 
Домановића 12, 34000 Крагујевац 

Евалуација интеракција динуклеарног платина(II) комплекса, [cis-{PtCl(NH3)2}2(μ- 
-1,5-nphe)](ClO4)2 (1,5-nphe је мостни 1,5-нафтиридински лиганд) са ДНК и BSA испи-
тивана је применом UV–Vis и флуоресцентне емисионе спектроскопије. Испитан је и 
утицај комплекса платине(II) на имунски одговор. Перитонеални спленоцити изоловани 
су из здравих мишева BALB/c соја и култивисани са конкавалином А (ConA) и платинa(II) 
комплексом. Измерене су концентрације IFN-γ, IL-1β, IL-17, TNF-α и IL-10 из добијених 
супернатанта и анализиран је фенотип култивисаних спленоцита. Резултати указују на 
имуномодулаторне ефекте испитиваног платинa(II) компекса. Платинa(II) комплекс има 
инхибиторни ефекат на секрецију проинфламаторних цитокина у ConA активираним 
спленоцитима и CD3+ Т ћелијама. 

(Примљено 11. априла, ревидирано 24. априла, прихваћено 16. јула 2025) 
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EXPERIMENTAL 
Chemicals and methods 

Commercially pure chemicals such as potassium tetrachloroplatinate(II) (K2[PtCl4]), 1,5-
naphthyridine (1,5-nphe), calf thymus DNA(CT-DNA), ethidium bromide (EB), bisBenzimide 
(Hoechst 33258, Hoe), bovine serum albumin (BSA), phosphate-buffered saline (PBS, 10 mM, 
pH 7.40), deuterium oxide (D2O), 1-octanol were purchased from the Sigma-Aldrich Chemical 
Co and used as received. All the other common chemicals were of reagent grade and used 
without purification. The platinum(II) complex, [cis-{PtCl(NH3)2(μ-1,5-nphe)](ClO4)2, was 
synthesized starting from the mononuclear cis-[PtCl2(NH3)2] complex and corresponding 
aromatic nitrogen-containing heterocyclic compound by following the literature reported 
methods.1,2 The stability of the platinum(II) complex in water and phosphate-buffered saline 
(PBS) was evaluated by monitoring changes in its UV-Vis absorption spectra over a 48 h at 
room temperature. Spectra were recorded in the 220–420 nm range using a PerkinElmer 
Lambda 35 spectrophotometer equipped with a thermostated 1.00 cm quartz cuvette. No 
changes were observed in the UV–Vis spectra of the studied complex (Fig. S1). Based on this, 
we concluded that the investigated Pt(II) complex remains stable in both water and phosphate-
buffered saline (PBS) throughout the duration of the experiment.  After dissolving the dinuclear 
platinum(II) complex in water, the UV-Vis spectra were acquired over the wavelength range of 
200-600 nm using a Shimadzu double-beam spectrophotometer fitted with thermostated 1.00 
cm quartz Suprasil cells. The Pt(II) complexes had a concentration of 50 μM. Fluorescence 
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measurements were performed using an RF-1501 PC spectrofluorometer (Shimadzu, Japan). 
The excitation and emission bandwidths were each 10 nm. 
Interactions of dinuclear platinum(II) complex with CT–DNA 

UV–Vis spectroscopy was used to study the interaction between the [cis-{PtCl(NH3)2}2(µ-
1,5-nphe)]2+ complex and CT–DNA. Based on these results, the Pt(II) complex's intrinsic 
binding constant (Kb) to CT–DNA was calculated. The UV–Vis measurements were performed 
using solutions prepared with a 10 mM phosphate buffer solution (pH = 7.4) and at 37 °C. An 
absorbance ratio of 1.8–1.9 at 260 and 280 nm (A260/A280) indicates that the CT-DNA was 
released from the protein part. The CT–DNA content was estimated using the UV absorbance 
at 260 nm and the extinction value ɛ = 6600 М-1cm-1.3 The concentration of Pt(II) complex in 
Pt(II)/CT–DNA solution remained constant at 50.4 µM, whereas CT–DNA concentrations 
ranged from 10.1–80.7 μM. UV–Vis measurement was performed from 200 to 500 nm. The 
internal binding constants (Kb) were calculated using the equation:  

  (S-1) 
where [DNA] are the concentration of CT–DNA, while ɛa and ɛb are the extinction 

coefficients of the free and bound complexes, respectively. The extinction coefficient ɛf is 
computed from a calibration curve that measures the absorption of the free complex at various 
concentrations. The results are visually represented as a dependence of [DNK]/(εb- ɛf) оn 
[DNK]. The slope of the resulting line is 1/(εb-ɛf), and the intercept on the y axis is 1/Кb (ɛb - 
ɛf). The Gibbs energy (ΔG) of the Pt(II)/CT–DNA complex was estimated using the equation: 
ΔG = −RTlnKb.  

Emission fluorescence spectroscopy was used to study the interaction between the Pt(II)  
complex and CT–DNA in the presence of ethidium bromide (EB) or bisBenzimide (Hoe). A 
solution of Pt(II) complex was added to the solution generated by mixing EB (or Hoe) CT–
DNA in a 1:1 molar ratio, resulting in a concentration ratio of Pt(II) complex and CT–DNA 
ranging from 0.0 to 0.9. The above solutions were prepared using a 10 mM phosphate buffer  
solution (pH = 7.4). Emission spectra were recorded in the range of 550–750 nm for EB, with 
excitation at 527 nm and fluorescence emission observed at 612 nm.4 For Hoechst 33258 (Hoe), 
spectra were recorded from 360–600 nm, with excitation at 346 nm.  The Stern-Volmer constant 
(Ksv) was calculated using the following equation:  

  (S-2) 
where F0 and F are the fluorescence intensities before and after adding the Pt(II) complex 

to the EB/CT-DNA solution, respectively. The obtained results can be shown visually as F0/F 
versus [Pt(II)]. The Scatchard equation was used to determine the stability constant (Ka) and the 
number of binding sites (n).  

  (S-3) 
The obtained results are shown graphically as the dependence of log(F0–F)/F on 

log[Pt(II)].  

[𝐷𝑁𝐴](𝜀𝑎 − 𝜀𝑓 ) = [𝐷𝑁𝐴](𝜀𝑏 − 𝜀𝑓 ) + 1𝐾𝑏 ൫𝜀𝑏 − 𝜀𝑓 ൯

𝐹0𝐹 = 1 + 𝐾𝑆𝑉 ∙ [𝑃𝑡(𝐼𝐼)]  

𝑙𝑜𝑔 (𝐹0 − 𝐹)𝐹 = 𝑙𝑜𝑔𝐾𝑎 + 𝑛 ∙ log [𝑃𝑡(𝐼𝐼)]
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Interactions of dinuclear platinum(II) complex with bovine serum albumin 
UV-Vis spectroscopy was employed to study the interactions between [Pt(II) complexes 

and BSA. The absorption spectra of BSA- Pt(II) complex were recorded in the 220-450 nm 
region, where the BSA concentration was constant (8 µM) and the Pt(II) complex concentration 
ranged from 0 to 120 µM. The binding constant (Kapp) was determined using the Benesi-
Hildebrand equation.5 

  (S-4) 
where A0 is the absorbance of BSA at 278 nm, Ax is the absorbance of BSA after addition 

of the complex at the same wavelength, А∞  is the absorbance of BSA fully bound to the Pt(II) 
complex.  

Emission fluorescence spectroscopy was used to study the interactions between the Pt(II) 
complex and serum albumin obtained from bovine blood (BSA). Emission spectra were 
recorded in the 300–500 nm range, with extinction at 295 nm.6 The binding effect of the tested 
complex to BSA was observed based on the decrease in the emission intensity of albumin (8 
μM in 10 mM PBS) at 366 nm after the addition of the Pt(II) complex. The emission spectrum 
was collected under identical experimental conditions. The Stern-Volmer constant (Ksv) was 
determined employing the equation:  

  (S-5) 
where F0 is the initial fluorescence intensity of tryptophan in BSA, F is the fluorescence 

intensity of tryptophan in BSA after addition of the Pt(II) complex into the protein solution, kq 
is the fluorescence quenching constant, τ0 is the average fluorescence time of albumin in the 
absence of the complex and [Pt(II)] is the complex concentration. The binding constant (Ka) 
and the number of binding sites (n) were determined using equation S3. 
Lipid–water partition coefficient (logP) 

The lipophilicity of the investigated dinuclear platinum(II) complex was evaluated by 
determining the partition coefficient using the shake-flask method. The biphasic system 
consisted of 1-octanol and a 10 mM phosphate buffer (pH 7.4; 137 mM NaCl and 2.7 mM KCl). 
The absorbance of the platinum(II) complex in the aqueous phase was measured 
spectrophotometrically at his absorption maxima (Amax 309 nm). The concentration of each 
complex was calculated based on its previously determined molar extinction coefficient at the 
absorption maximum. 

(𝐴∞ − 𝐴0)(𝐴𝑥 − 𝐴0) = 1 + 1𝐾𝑎𝑝𝑝 [𝑃𝑡(𝐼𝐼)] 

𝐹0𝐹 = 1 +  𝐾𝑆𝑉 ∙ [𝑃𝑡(𝐼𝐼)] = 1 + 𝑘𝑞 ∙ 𝜏0 ∙ [𝑃𝑡(𝐼𝐼)] 



 SUPPLEMENTARY MATERIAL S375 

 

 
Fig. S-1. A) Stability of [cis-{PtCl(NH3)2(μ-1,5-nphe)]2+ complexes followed by UV-Vis 

spectrophotometry in 0.01 M PBS at pH 7.40; B) Stability of [cis-{PtCl(NH3)2(μ-1,5-nphe)]2+ 
complexes followed by UV-Vis spectrophotometry in H2O. All measurements were 

performed at different time intervals and room temperature.   
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Fig. S-2. 1H and 13C NMR spectrum of 1,5-naphthyridine (200 MHz (1H), 50 MHz (13C), 

D2O, 298 K). 
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Fig. S-3. 1H and 13C NMR spectrum of [cis-{PtCl(NH3)2(μ-1,5-nphe)]2+ complex (200 MHz 

(1H), 50 MHz (13C), D2O, 298 K). 
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Fig. S-4.  Emission spectra of CT-DNA/Hoe in the presence of Pt(II) complex (The inserted 

graph represents the Stern–Volmer plot of the F0/F versus [Pt(II)]) 

 
Fig. S-5.  A) UV-Vis absorption of BSA in the presence of increasing concentrations of Pt(II) 
complex (Inset graph: Plot of (A∞-A0)/(Ax-A0) versus 1/[Pt(II)]); B) Emission spectra of BSA 

in the presence of Pt(II) complex (Inset graph: Plot of F0/F versus [Pt(II)]]). 
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Fig. S-6. Impact of Pt(II) 
complex on cytokine 
production by splenocytes. The 
graphs show the concentration 
of IFN-γ (A), IL-1β (B), IL-17 
(C), TNF-α (D) and IL-10 (E) 
determined by ELISA in the 
supernatants of splenocytes 
derived from healthy BALB/C 
mice after 24-hours of 
incubation with DMEM 
medium only, Pt(II) complex, 
ConA, or a combination of 
Pt(II) complex and ConA. 
Cytokine production ratios in 
splenocytes -Pt(II) 
complex/medium and treatment 
with Pt(II) complex + 
ConA/ConA (A-E). The data 
are shown as mean ± SEM. 
Statistical significance was 
determined by Student’s t-test 
and Mann-Whitney U test, 
where appropriate (*p<0.05). 
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Abstract The world is battling cancer and diabetes, prompting global research 
into effective drugs. Studies show coordination compounds, especially substi-
tuted salicylaldehydes, exhibit strong biological activity, which increases when 
treated with amines. In the presented article, the preparation of metal complexes 
involving Mn(II), Co(II), Ni(II), Cu(II), Zn(II) and VO(II) was carried out using 
a Schiff base ligand that had been previously synthesized by grinding method of 
(E)-5-bromo-2-hydroxy-3-((3-nitrophenyl)diazenyl)benzaldehyde and 2-amino-
phenol. The synthesized Schiff base ligand was confirmed by mass, 1H-NMR 
and FT-IR spectra. The confirmation of the Schiff base ligand was followed by 
synthesis of metal complexes using metal salts of Mn(II), Co(II), Ni(II), Cu(II), 
Zn(II) and VO(II). The synthesized metal complexes were analyzed by elemental 
analysis, FT-IR and electronic spectra, thermal analysis, X-ray powder diffract-
ion, molar conductivity, etc. In the course of the biological studies, anti-hyper-
glycaemia and anticancer assessments of Schiff base ligand and metal complexes 
were carried out by alpha amylase inhibition assay and MTT assay against stan-
dard reference drug acarbose and 5-flourouracil (5-FU), respectively. The find-
ings of the anti-hyperglycaemia suggest that Co(II) shows higher activity than 
other metals, wheras all metal complexes show more significant activity than 
free ligand. In the anticancer activity it is clear that Co(II) shows higher activity 
than other meal complexes; also, all metal complexes show higher activity than 
that of free ligand. In addition to this, the antimicrobial properties were examined 
against two Gram-positive bacterial strains (Staphylococcus aureus and Bacillus 
subtilis), two Gram-negative bacterial strains (Klebsiella pneumoniae and Pseudo-
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monas aeruginosa) and three fungal strains (Penicillium chrysogenum, Tricho-
derma viride and Aspergillus niger). From all the results and observations, it is 
clear that metal complexes exhibit better biological activity than Schiff base ligand. 

Keywords: acarbose; 5-flourouracil; tetracycline; Schiff-base; anti-diabetic. 

INTRODUCTION 
The diseases, cancer and diabetes, have emerged as significant global health 

challenges, affecting population worldwide over the past three decades. Develop-
ing effective pharmaceutical interventions to combat these diseases presents a 
complex and critical task for researchers. Over the last two decades, coordination 
chemistry has gathered substantial scientific interest due to its extensive applic-
ations in the fields of biology and medicine. Schiff base ligands, when coordinated 
with transition metal ions, exhibit remarkable bioactive properties that amplify 
various pharmacological activities including anticancer,1 antidiabetic,2 antifun-
gal,3 antibacterial,4–6 antioxidant,2,7 antiviral, antimalarial, antitumor, antituber-
culosis,8 anthelmintic, anti-HIV, antidiuretic, anti-inflammatory, antiprotozoal, 
anticonvulsant, analgesic, anti-Alzheimer’s, anti-hypertensive, anti-ulcerative and 
other therapeutic functions. The versatility and efficacy of Schiff base metal com-
plexes highlight their potential as promising candidates in drug discovery and dev-
elopment.9–21 The azomethine linkage, in the presence of oxygen, nitrogen and 
sulfur donor atoms, plays a critical role in enhancing biological properties and 
facilitating the coordination of metal complexes. The interaction of metal ions with 
such biologically active compounds can significantly augment their pharmaco-
logical efficacy.22 Green chemistry provides a sustainable alternative to traditional 
methods of drug molecule synthesis, emphasizing eco-friendly and non-toxic 
approaches. This methodology not only minimizes environmental hazards but also 
enhances reaction efficiency by reducing time consumption and achieving a pro-
duct yield of 70–90 %. Furthermore, green chemistry promotes environmental sus-
tainability by eliminating the use of harmful solvents and excessive energy con-
sumption, aligning with the principles of resource conservation and ecological 
balance. 

The Azo-Schiff base ligand has garnered significant scientific attention for its 
role in the formation of coordination compounds, as well as its broad spectrum of 
biological activities when complexed with metal ions. These activities include anti-
bacterial, antifungal, anticonvulsant, antimalarial and anticancer properties.23–26 
Previously, various types of Azo-Schiff base ligands, along with their metal com-
plexes, have been effectively employed as catalysts in numerous organic reactions, 
such as the oxidation and reduction of both saturated and unsaturated com-
pounds.27–29 Building on this foundation and after an extensive literature review, 
we synthesized the ligand 4-bromo-2-((E)-((2-hydroxyphenyl)imino)methyl)-6- 
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-((E)-(3-nitrophenyl)diazenyl)phenol using the azo aldehyde (E)-5-bromo-2-hyd-
roxy-3-((3-nitrophenyl)diazenyl)benzaldehyde. The synthesis was accomplished 
via a green chemistry approach using a simple grinding method and was charac-
terized through various spectroscopic techniques to confirm the structure of the 
products. Furthermore, we coordinated this ligand with transition metal salts to 
generate corresponding metal complexes. 

These metal complexes, along with the ligand, were subjected to an array of 
biological assays, including antimicrobial, anticancer and anti-hyperglycemic 
evaluations, against standard drugs references. The results revealed that the metal 
complexes exhibit superior pharmacological potential compared to the Schiff base 
ligand alone when benchmarked against standard drugs. 

EXPERIMENTAL 
Material and methods 

All the chemicals such as aldehyde (5-bromosalicylaldehyde), amines (2-aminophenol) 
were used as received from the Sigma Aldrich Private Limited. The various metal salts such as 
manganese (II), cobalt (II), nickel (II), copper (II) and zinc (II) acetate and vanadium (II) oxy-
sulphate were procured from Sigma Aldrich and utilized without any further modifications. The 
solvents like ethyl alcohol, n-hexane, ethyl acetate, and petroleum ether were demanded from 
the local vendor and used after purification by distillation method. The reaction progress was 
periodically monitored using thin layer chromatography (TLC) with silica gel coated on alu-
minum foil. A mixture of n-hexane and ethyl acetate served as the mobile phase. The physical 
constant of the synthesized Schiff base ligand as well as metal complexes were taken on digital 
melting point instrument named as Optic Technology. The elemental analysis was carried out 
on Vario EL Cube. 1H-NMR spectra were recorded on the instrument Bruker 400 MHz 
1H-NMR by using CDCl3 solvent. The MALDI TOF-mass spectrum instrument was utilized 
for the observation of EI-MS spectrum of the Schiff base ligand. The Bruker Alpha T. FTIR 
spectrophotometer was used to obtain FTIR spectra of Schiff base ligand as well as metal com-
plexes by utilizing potassium bromide disk. The electronic spectrum has been recorded on the 
instrument Perkin Elmer UV light level meter. To check the stability of synthesized metal 
complexes stability test was done by using TGA instrument in the nitrogen atmosphere. The 
instrument utilized powder X-ray diffraction analysis using the Rigaku-Japan Miniflex 600. 
Synthesis of Schiff base ligand (L) 

The Schiff base ligand B106 was synthesized by utilizing 3.501 g (0.01 mol) of (E)-5- 
-bromo-2-hydroxy-3-((3-nitrophenyl)diazenyl)benzaldehyde and 1.090 g (0.01 mol) of 2-ami-
nophenol ground with pestle in mortar at a ambient temperature for 30 min by adding few drops 
of ethyl alcohol (Scheme 1). The reaction progress was periodically tracked using thin layer 
chromatography (TLC). After the 30 min brown colored paste was obtained and poured in to 
crushed ice, the solid product observed. Filtration was used to separate this solid product. To 
obtain an analytically pure product with high yields, the material was vacuum-dried overnight 
using anhydrous CaCl2.30 

Synthesis of metal complex (M) 
A mixture of 0.440 g (0.001 mol) of the Schiff base ligand B106 and 0.001 mol of metal 

acetate salts, including Mn (II), Co (II), Ni (II), Cu (II), Zn (II) and VO (II) sulfate, was ground 
together in a mortar with a pestle at ambient temperature for 40–45 min, few drops of ethanol 
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were added during the process of grinding for mixing the reactant (Scheme 2). Various coloured 
metal complexes formed.30 

 
Scheme 1. Synthesis of Schiff base ligand (L). 

 
Scheme 2. Synthesis of metal complexes. 

Anti-hyperglycemia assessment 
The anti-hyperglycemia assessment of Schiff base ligand B106 and Mn (II), Co (II), Ni 

(II), Cu (II), Zn (II) and VO(II) complexes was done by utilizing amylase inhibition assay. For 
this study, 500 μL of 0.1 M phosphate buffer solution having pH of 6.9 containing 0.5 % α-
amylase enzyme was made first... The test sample of 500 μL was taken and added in the above 
solution allowed to react and incubated for 10 min at 25 ℃. After this 500 μL of 1 % starch 
solution, extra pure 0.1 M phosphate buffer was mixed and placed in incubator for 10 min at 25 
℃. The comparable procedure was conducted for the controls where 500 μL of the enzyme 
were substituted with buffer. After incubation, 1000 μL of DNS was transferred to both test and 
control samples. The drug acarbose was used as standard drug. The absorbance at 540 nm was 
recorded using a spectrophotometer, and the percentage inhibition of the α-amylase enzyme 
was determined using the specified formula: 
 Inhibition (%) = Abs540 (control) – Abs540 (extract)×100Abs540 (control) (1) 
Anticancer activity 

The MTT assay has been used to test of the anticancer assessment of the synthesized Schiff 
base ligand B106 along with the Mn (II), Co (II), Ni (II), Cu (II), Zn (II) and VO(II) complexes 
on the MCF-7 human breast cancer cell line. The growing cell line was incubated for 24 h in a 
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medium with 10 % FBS and L-glutamine at 37 °C, 5 % CO2, 5 % air and 100 % relative humid-
ity. The Mn (II), Co (II), Ni (II), Cu (II), Zn (II) and VO(II) complexes and ligand B106 were 
diluted in water to a maximum of 100 μg/mL and dissolved in to 1mg/mL of DMSO before 
being applied to the microtiter wells and placed in incubator for 48 h. After adding trichloro-
acetic acid (TCA) to finish the procedure, the cell line was fixed and incubated for an hour at 4 
℃. 1 % acetic acid was used to create the MTT solution and after 20 min of incubation at room 
temperature, the unbound dye was removed. MCF-7 cells were seeded at a density of 5×103 
cells per well in a 96-well plate. 10 mM trizma base was used to elute the bound dye stain. The 
analysis was done on the different concentration such as 10, 40 and 100 μg/mL. A reference 
wavelength of 690 and 540 nm were used to measure absorbance and calculated by using 
following formula: 
 Inhibition (%) = 100(Control OD – Sample OD)/Control OD (2) 
Antimicrobial activity 

The National Committee for Clinical Laboratory Standards (NCCLS) 2002 standards were 
followed for conducting the antimicrobial assessment using the agar disc diffusion method. In 
order to prepare McFarland turbidity standards, first sterilize the PDA+MHA mediums and 
autoclave them for the time of 15 min. Then added 0.5 mL of 1.175 % BaCl2⋅2H2O solutions 
to 99.5 mL of 0.18 mol/L sulfuric acid and stirring continuously. Standardized bacterial and 
fungal inoculums were swabbed onto Petri dishes containing MHA + PDA to initiate the inocul-
ation process. After applying the sample to the inoculated agar plate, the plates have been then 
kept in an incubator that had been preheated to 30 °C. Each plate was carefully inspected after 
24 h and we discovered that the inhibition zone was uniformly round with a lawn of growth. 
We were able to measure the inhibition zone diameter with our unaided eyes. Sliding callipers 
are used to measure the zones in mm on the reverse side of a petri dish. 

RESULTS AND DISCUSSION 

Sophisticated techniques such as mass spectrometry, 1H-NMR and FTIR were 
employed to analyze the synthesized Schiff base ligand and its associated com-
plexes labeled A1 through A6 (A1 = Mn (II), A2 = Co (II), A3 = Ni (II), A4 = Cu 
(II), A5 = Zn (II), A6 = VO(II)). For biological assessments, including anti-hyper-
glycemia, anticancer and antimicrobial assessment, various instruments were util-
ized. The Schiff base ligand B106 along with its complexes A1 to A6 exhibits a 
range of distinct colors. The A1–A6 complexes are not soluble in water, ethyl 
alcohol and methyl alcohol but are soluble in various organic solvents including 
chloroform, dimethylsulfoxide and dimethylformamide. 

Physical and spectral data 
Physical and spectral data are given in Supplementary material to this paper. 

Spectroscopic analysis 
Mass spectra of Schiff base ligand B106. The mass spectrometry analysis 

reveals molecular ion peaks at m/z 440.34, 441.15 (M+1) and 443.15 (M+3). These 
peaks are attributed to the successful formation of Schiff base ligand B106 as 
shown in Fig. S-1 of the Supplementary material. 
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1H-NMR of Schiff base ligand B106. The 1H-NMR of Schiff base ligand B106 
was recorded in CDCl3 solvent. The spectrum revealed the important signal, the 
signal at 8.65 ppm attributed to imine proton (HC=N–). Peaks found at 12.37 and 
5.72 ppm, which correspond to the phenolic-OH groups are observed within the 
salicylaldehyde and amine moiety. Peaks observed at 6.94–7.58 ppm attributed to 
presence of proton of aromatic ring31 as shown in Fig. S-2 of the Supplementary 
material. 

IR spectra of Schiff base ligand B106 and A1–A6 complexes. The imine group 
(>C=N–) in the Schiff base ligand B106 exhibited a band at 1619 cm–1 which 
shifted to lower frequencies ranging between 1580–1615 cm–1 in the A1–A6 com-
plexes. This change is attributed to the metal ion and nitrogen of the Schiff base 
ligand B106 in the coordination and resulting in the formation of complexes.32 The 
band of phenolic-OH group was found at 3432 and 3502 cm–1, this band disap-
peared in all A1–A6 complex indicating that the phenolic oxygen atom coordin-
ated by deprotonation and this was further corroborated by the IR spectra of the 
Schiff base ligand B106, where the >C–O band observed at 1271 cm–1 shifted to 
higher frequencies ranging from 1275 to 1292 cm–1 in all A1–A6 complexes.33,34 
The >C–Br band was found at 742–747 cm–1. The band of azo group (–N=N–) 
was found at 1368–1381 cm–1. The –OH rocking band found at 821–828 cm–1 
suggests that all A1–A6 complexes contain coordinated water molecule.35 Accord-
ing to overall data, Schiff base ligand chelated to the central metal ion by tridentate 
manner as shown in Figs. S-3–S-9 of the Supplementary material. 

UV–Vis spectra, magnetic susceptibility of A1–A6 complexes 
The UV–Vis spectra of A1–A6 complexes are presented in the Figs. S-10–S- 

-14 of the Supplementary material. The A1 complex shows band at 335 nm and 
indicates an octahedral geometry around the central metal atom suggesting metal 
to ligand charge transfer transition (MLCT). The UV spectra of the A2 complexes 
display broad absorption bands at 383, 350 and 267 nm, corresponding to the tran-
sitions 4T1g→4T2g, 4T1g→4T1g(P) and 4T1g→4A2g, respectively. The magnetic 
moment (µ) value of 3.90 μB indicates a paramagnetic nature and suggests an octa-
hedral geometry. The UV spectra of A3 complexes exhibit bands at 398, 366 and 
335 nm which attributed to 3A2g→3T2g, 3A2g→3T1g(f) and 3A2g→3T1g(P). The 
value of magnetic moment (µ) at 3.05 μB indicates paramagnetic nature and sug-
gests an octahedral geometry. The A4 complexes exhibit bands at 435 and 363 nm 
which attributed to 2Eg→2T2g and ligand to metal charge transitions (LMCT). The 
magnetic moment value of 1.70 μB indicates a paramagnetic nature and points to 
a distorted octahedral geometry likely influenced by Jahn–Teller distortion. The 
absorption band of the A5 complexes observed at 396 nm is attributed to the metal 
to ligand charge transfer (MLCT). The diamagnetic property indicates the presence 
of a tetrahedral geometry. The A6 complex exhibits absorption bands at 435 and 
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325 nm potentially corresponding to the 2B2→2E and 2B2→2B1 transitions. The 
magnetic moment value of 1.72 μB indicates a square pyramidal geometry.31 

Molar conductivity of A1–A6 complexes 
The molar conductance of A1–A6 complexes were measured at ambient tem-

perature in a 10–3 M dimethylsulfoxide (DMSO) solution. The findings were 
obtained by utilizing the relation ΛM = K/C. The molar conductance values ranged 
between 7.2 to 19.5 S·mol–1·cm2 clearly indicate that A1–A6 complex are non- 
-electrolytic in nature. This is consistent with non-electrolyte molar conductivity 
values in DMSO solution being less than 50 S·mol–1·cm2. The structure of stable 
metal complexes does not dissociate into ions in DMSO, leading to non-
electrolytic properties of the metal complexes36 shown in Table I. 

TABLE I. Magnetic moment and molar conductance of A1–A6 complexes 

Sr. No. Complex Conductance 
S mol-1 cm2 

Magnetic moment 
μB Assigned geometry 

1. A1 15.20 5.00 Octahedral 
2. A2 14.35 3.90 Octahedral 
3. A3 17.25 3.05 Octahedral 
4. A4 19.5 1.70 Octahedral 
5. A5 7.2 Diamagnetic Tetrahedral 
6. A6 13.20 1.72 Square pyramidal 

Thermal analysis of A1–A6 complexes  
For the stability of synthesized A1–A6 complexes; the complexes were tested 

by thermogravimetric analysis in presence of nitrogen atmosphere. For this test the 
temperature was changed from ambient to 800 °C. As a result of decomposition, it 
was observed that the A1–A6 complexes decompose at two distinct steps, Table 

TABLE II. Thermogravimetric data 

Sr. No. Complex TG range, °C Mass loss in %
(Calc. %) 

Decomposition
of molecule Metallic residue 

1. A1 27–190 9.13(9.85) H2O MnO 
240–580 77.78(77.19) C19H11BrN4O4

2. A2 27–200 9.14(9.78) H2O CoO 
250–580 77.06(76.63) C19H11BrN4O4

3. A3 27–190 9.65(9.80) H2O NiO 
240–540 76.18(76.58) C19H11BrN4O4

4. A4 27–190 10.76 (9.71) H2O CuO 
200–550 75.25(76.08) C19H11BrN4O4

5. A5 27–195 3.10(3.44) H2O ZnO 
200–570 81.65(81.04) C19H11BrN4O4

6. A6 27–150 5.67(6.64) H2O VO 
180–520 81.98(80.99) C19H11BrN4O4
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II. In the initial stage, the loss of the coordinated water molecule occurs between 
ambient temperature and 200 °C influenced by the nature of the metal to water 
bonds. In the second step consecutive loss of Schiff base ligand takes place from 
the temperature range of 200 to 600 °C and at temperatures exceeding 600 °C the 
formation of metal oxides takes place.37 The graphs derived from the data are 
presented in Figs. S-15–S-17 of the Supplementary material. 

Powder X-ray diffraction 
The powder X-ray diffraction study was carried out by sophisticated instru-

ment in the 2θ range of 20–80° at wavelength of 1.540 Å. This is given in Table III 
and Figs. S-18–S-20 of the Supplementary material. The A1 and A2 complex shows 
monoclinic crystal system. The metal complexes A3 and A6 complex show ortho-
rhombic crystal system; A4 and A5 complexes show the triclinic crystal system.35 

TABLE III. XRD spectral data of metal complexes; M – monoclinic; O – orthorhombic; T – 
triclinic 

Complex No. of 
reflections 

Maxima 
(2θ / °) 

d-Value
nm 

Lattice 
constant, Å

Unit cell 
volume, Å3 

Axis and 
axis angle 

Z-
Value 

Crystal 
system 

A1 14 5.53 15.962 a = 15.9729
b =17.5388
c =11.5710

3229.366 a ≠ b ≠ c and 
α = γ = 90° 

≠ β 

4 M 

A2 17 10.50 8.415 a = 8.4087
b = 13.6230
c = 17.1860

1631.359 a ≠ b ≠ c and 
α = γ = 90° 

≠ β 

2 M 

A3 9 22.10 4.018 a = 6.9600
b = 7.8514
c = 9.5124

337.154 a ≠ b ≠ c and 
α =  β = γ

= 90° 

4 O 

A4 13 6.82 12.956 a = 26.3197
b = 9.4184
c = 13.3606

3260.708 a ≠ b ≠ c and 
α ≠ β ≠ γ

≠ 90° 

8 T 

A5 14 7.31 17.627 a = 14.3633
b = 12.2982
c = 11.7339

3521.568 a ≠ b ≠ c and 
α ≠ β ≠ γ

≠ 90° 

2 T 

A6 17 6.97 12.672 a = 15.3440
b = 8.4152
c = 11.2140

3021.568 a ≠ b ≠ c and 
α =  β = γ

= 90° 

4 O 

Biological studies of Schiff base ligand(L) and its metal complexes(M) 
Anti-hyperglycemia assessments. The anti-hyperglycemia assessments of syn-

thesized Schiff base ligand and A2, A4 and A5 complexes was done by α-amylase 
inhibition assay and demonstrated in Table IV. The A2 complex shows higher 
inhibition than Schiff base ligand. Cobalt is commonly known to show the good 
antidiabetic activity. Other metal complexes such as A4 and A5 also exhibit better 
inhibition than Schiff base ligand compared with standard drug acarbose.38 
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Anticancer assessments. The anticancer assessments of Schiff base ligand as 
well as the A2, A4 and A6 complexes have been performed by utilizing the MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) test by using 
MCF-7 human breast cancer cell line. The metal complexes of copper and zinc are 
commonly known to exhibit good anticancer activities than other metals. The 
metal complexes involving A1, A4 and A5 demonstrated significantly superior 
anticancer assessment compared to Schiff base ligand B106 against standard drug 
5-FU39 shown in Table V. 

TABLE IV. Anti-hyperglycemia assessment of Schiff base ligand and A2, A4 and A5 com-
plexes 
Sr. No. Compound Concentration, μg/mL Cell viability, % 
1 Standard 

acarbose 
250 54.54 
500 61.93 

1000 74.43 
2 B106 250 28.97 

500 35.22 
1000 44.31 

3 A2 Complex 250 35.79 
500 43.18 

1000 56.81 
4 A4 Complex 250 35.22 

500 44.88 
1000 53.97 

5 A5 Complex 250 38.63 
500 44.31 

1000 47.72 

TABLE V. Anticancer assessment of Schiff base ligand and A2, A4 and A5 complexes 
Sr. No. Compound Concentration of sample, μg/mL Cell inhibition, % 
1 Standard 5-FU 10 79.14 

40 83.29 
100 88.79 

2 B106 10 38.06 
40 59.14 

100 66.52 
3 A2 Complex 10 42.75 

40 57.62 
100 71.81 

4 A4 Complex 10 38.56 
40 62.81 

100 70.83 
5 A5 Complex 10 41.34 

40 60.83 
100 69.84 
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Antimicrobial activities. The Schiff base ligand and metal complexes were 
investigated against antifungal and antibacterial activities.35 The observation 
suggest that the metal complexes are more active than the Schiff base ligand (L). 

The antimicrobial properties of the synthesized Schiff base ligand B106 and 
its A1–A6 complexes were evaluated using the disc diffusion method against 
Gram-positive bacteria (Bacillus subtilis, Staphylococcus aureus) as well as Gram- 
-negative bacteria (Klebsiella pneumonia, Pseudomonas aeruginosa) and three 
fungi (Penicillium chrysogenum, Tricoderma viride and Aspergillus niger). The 
findings of the antibacterial assessments indicate that all complexes except A5 
show better inhibition than Schiff base ligand B106 and standard reference drug 
tetracycline. In antifungal activity no metal complex shows better or higher inhi-
bition than Schiff base ligand B106 and standard reference drug fluconazole 40, 
Table VI. 

TABLE VI. Antimicrobial assessment of Schiff base ligand and metal complexes; interpretation 
key: “–“ (resistant) = up to 8 mm; intermediate sensitive: 8–12 mm; sensitive: 12–18 mm; highly 
sensitive: ≥18 mm 

Sr. 
No. Compound 

Antibacterial activity Antifungal activity 
S. aur-

eus 
B. sub-

tilis 
K. pneu-
moniae 

P. aerug-
inosa 

P. chryso-
genum 

T. 
viride 

A. 
niger 

1 B106 8 8 8 8 8 8 8 
2 A1 complex 22 21 19 21 8 8 8 
3 A2 complex 13 14 11.5 17 8 8 8 
4 A3 complex 17.5 20 20.5 16 8 8 8 
5 A4 complex 18 19 15 16.5 8 8 8 
6 A5 complex 8 8 8 8 8 8 8 
7 A6 complex 21 15 18 15 8 8 8 
8 Tetracycline 19 25 20 19 – – – 
9 Fluconazole – – – – 25 35 26 

CONCLUSION 

The current study utilized a green synthetic approach to produce Schiff base 
ligand and its corresponding transition metal complexes. This environmentally 
friendly methodology demonstrated notable advantages over conventional tech-
niques, including significantly higher yields ranging from 80 to 90 %. Moreover, 
the green approach considerably reduced reaction times and eliminates the neces-
sity of hazardous solvents, thereby enhancing safety and sustainability. These fac-
tors collectively contribute to a substantial decrease in the overall cost of the react-
ion process, emphasizing the economic and ecological benefits of the method. The 
spectroscopic analyses revealed that the Schiff base ligand exhibited tridentate 
behaviour. Furthermore, powder X-ray diffraction (XRD) studies highlighted the 
presence of distinct crystal systems such as monoclinic for A1 and A2, triclinic for 
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A4 and A5 and orthorhombic for A3 and A6 configurations in the metal com-
plexes, suggesting structural diversity. By the molar conductance measurements, 
it is confirmed that the metal complexes are non-electrolytic in nature. In the view 
of biological activity, the synthesized transition metal complexes, labelled A1 to 
A6, displayed significantly superior biological activities than Schiff base ligand 
(B106) in comparison with different standard drugs. This enhancement in activity 
highlights the potential applications of these complexes in various fields, paving 
the way for advancements in coordination chemistry and material science. 

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal 
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13329, or from the corres-
ponding author on request. 
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И З В О Д  

ЗЕЛЕНИ ПРИСТУП У ЕФИКАСНОЈ СИНТЕЗИ КОМПЛЕКСА МЕТАЛА СА 4-БРОМО-2- 
-((E)-((2-ХИДРОКСИФЕНИЛ)ИМИНО)МЕТИЛ)-6-((E)-(3-НИТРОФЕНИЛ)ДИАЗЕНИЛ)-
ФЕНОЛОМ И ИСПИТИВАЊЕ ЊИХОВЕ АНТИХИПЕРГЛИКЕМИЈСКЕ, АНТИТУМОРСКЕ 

И АНТИМИКРОБНЕ АКТИВНОСТИ 

KULDEEP B. SAKHARE1, KIRTI N. SARWADE1, HANSARAJ U. JOSHI2 и MAHADEO A. SAKHARE1 

1Department of Chemistry, Balbhim Arts, Science & Commerce College, Beed, Maharashtra, India и 
2Department of Chemistry, Swa. Sawarkar College, Beed, Maharashtra, India 

У данашње време, свет се бори против рака и дијабетеса, што је подстакло глобална 
истраживања у правцу развоја ефикасних лекова за лечење ових болести. Истраживања 
показују да координациона једињења, посебно са супституисаним салицилалдехидима, 
показују значајну биолошку активност, која се додатно повећава након додатка амина. У 
овом раду приказана је синтеза комплекса метала, Mn(II), Co(II), Ni(II), Cu(II), Zn(II) и 
VO(II), са Шифовом базом, која је претходно синтетисана методом млевења из (E)-5- 
-бромо-2-хидрокси-3-((3-нитрофенил)диазенил)бензалдехида и 2-аминофенола. Синте-
тисана Шифова база је окарактерисана применом масене спектрометрије, као и 1H-NMR 
и FT-IR спекртоскопије. Након тога, синтетисани су комплекси метала са овом Шифовом 
базом у реакцији са одговарајућим Mn(II), Co(II), Ni(II), Cu(II), Zn(II) и VO(II) солима. 
Добијени комплекси метала су испитивани применом елементалне микроанализе, FT-IR 
и електронских спектара, термалне анализе, дифракцијом X-зрака са праха, моларне 
проводљивости и др. У току биолошких испитивања, одређена је антихипергликемијскa и 
антитуморска активности Шифове базе и комплекса метала применом теста инхибиције α-амилазе и MTT теста, користећи стандардне референтне лекове акарбозу и 5-флуоро-
урацил (5-FU). Резултати антихипергликемијског испитивања указују да Co(II) комплекс 
показује већу активност у поређењу са осталим комплексима, док сви синтетисани ком-
плекси показују већу активност од слободне Шифове базе. Када је реч о антитуморској 
активности, Co(II) комплекс показује већу активност у односу на остале комплексе, а сви 
комплекси метала су активнији од некоординоване Шифове базе. Поред тога, испитивана 
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је и антимикробна активност синтетисаних једињења према две Грам-позитивне бакте-
ријске врсте (Staphylococcus aureus и Bacillus subtilis), две Грам-негативне врсте (Klebsiella 

pneumoniae и Pseudomonas aeruginosa), као и три врсте гљивица (Penicillium chrysogenum, 
Trichoderma viride и Aspergillus niger). На основу добијених резултата, закључено је да ком-
плекси метала показују бољу биолошку активност у односу на одговарајућу Шифову базу. 

(Примљено 8. априла, ревидирано 29. априла, прихваћено 8. августа 2025) 
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Schiff base ligand (B106). Colour: Brown; Time : 30 min; Yield: 84%; M. 

P.:210-230 oC; FT-IR in cm-1: 3432, 3502 (-OH stretching), 1619 (>C=N 
Stretching), 1372 (-N=N Stretching), 1271 (>C-O stretching), 647 (>C-Br 
stretching); 1H NMR (400 MHz, CDCl3 ) δ 12.37 (s, 1H), 8.65 (s, 1H), 7.58 (d, J 
= 2.4 Hz, 1H), 7.51 (dd, J = 8.8, 2.4 Hz, 1H), 7.29 (s, 2H), 7.28 – 7.22 (m, 2H), 
7.17 (dd, J = 7.9, 1.4 Hz, 1H), 7.05 (d, J = 8.3 Hz, 1H), 7.01 – 6.94 (m, 2H), 5.72 
(s, 1H); MS (ESI): m/z for C19H13BrN4O4 Calculated: 440.01 Found: 440.; 
Elemental analysis : Found (Calculated)  C=51.72(51.35), H=2.97(2.75), 
N=12.70(12.12). 

Mn(II) complex (A1 complex) 
Colour: Maroon; Time: 40-42 min; Yield: 68%; M.P.: >300oC; FT-IR in cm-

1:1590 (>C=N Stretching), 1370 (-N=N Stretching), 1288 (>C-O stretching), 742 
(>C-Br stretching), 824(-OH Rocking); Elemental analysis : Found (Calculated)  
C=41.63(41.06), H=3.13(3.10), N=10.22(10.01); Uv-vis λmax in nm:335. 

Co(II) complex (A2 complex) 
Colour: Brown; Time: 40-45 min; Yield: 82%; M.P.: >300oC; FT-IR in cm-

1:1588 (>C=N Stretching), 1370 (-N=N Stretching), 1291 (>C-O stretching), 743 
(>C-Br stretching), 823(-OH Rocking); Elemental analysis : Found (Calculated)  
C=41.33(41.44), H=3.10(3.00), N=10.15(10.24); Uv-vis λmax in nm: 383, 350, and 
267. 

Ni(II) complex (A3 complex) 
Colour: Light Brown; Time: 40-45 min; Yield: 86%; M.P.: >300oC; FT-IR in 

cm-1:1580 (>C=N Stretching), 1368 (-N=N Stretching), 1292 (>C-O stretching), 
742 (>C-Br stretching), 821(-OH Rocking); Elemental analysis : Found 
(Calculated)  C=41.34(41.25), H=3.10(3.09), N=10.15(10.08); Uv-vis λmax in nm: 
398, 366 and 335. 

Cu(II) complex (A4 complex) 
Colour: Faint green; Time: 40-45 min; Yield: 71%; M.P.: >300oC; FT-IR in 

cm-1:1615 (>C=N Stretching), 1368 (-N=N Stretching), 1275 (>C-O stretching), 
743 (>C-Br stretching), 825(-OH Rocking); Elemental analysis : Found 
(Calculated)  C=40.90(40.72), H=3.08(3.00), N=10.06(10.00); Uv-vis λmax in nm: 
435 and 363. 

Zn(II) complex (A5 complex) 
Colour: Dark yellow; Time: 40-45 min; Yield: 84%; M.P.: >300oC; FT-IR in 

cm-1:1603 (>C=N Stretching), 1374 (-N=N Stretching), 1284 (>C-O stretching), 
744 (>C-Br stretching), 828(-OH Rocking); Elemental analysis : Found 
(Calculated)  C=43.67(43.82), H=2.51(2.37), N=10.72(10.46); Uv-vis λmax in 
nm:396. 

(CC) 2025 Serbian Chemical Society.
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VO(II) complex (A6 complex) 
Colour: Green; Time: 40-45 min; Yield: 59%; M.P.: >300oC; FT-IR in cm-

1:1593 (>C=N Stretching), 1381 (-N=N Stretching), 1288 (>C-O stretching), 746 
(>C-Br stretching), 828(-OH Rocking); Elemental analysis : Found (Calculated)  
C=42.09(41.91), H=2.79(2.58), N=10.33(10.17); Uv-vis λmax in nm: 435 and 325. 

 
Figure S-1. Mass spectrum of Schiff base ligand B106 

(CC) 2025 Serbian Chemical Society.
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Figure S-2. 1H NMR of Schiff base ligand B106 

 

 
Figure S-3. FTIR of Schiff base ligand B106 
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Figure S-4. FTIR of A1 complex 

 
Figure S-5. FTIR of A2 complex 
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Figure S-6. FTIR of A3 complex 

 
Figure S-7. FTIR of A4 complex 
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Figure S-8. FTIR of A5 complex 

 
Figure S-9. FTIR of A6 complex 
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Figure S-10. UV spectra of A1 complex 

 
Figure S-11. Uv spectra of A2 complex 
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Figure S-12. Uv spectra of A3 complex 

 

 
Figure S-13. Uv spectra of A4 complex 
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Figure S-14. Uv spectra of A5 complex 

  
Figure S-15. TGA of A1 and A2 complex 
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Figure S-16. TGA of A3 and A4 complex 

  
Figure S-17. TGA of A5 and A6 complex 

  
Figure S-18. P-XRD of A1 and A2 complex 
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Figure S-19. P-XRD of A3 and A4 complex 

  
 

Figure S-20. P-XRD of A5 and A6 complex  
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PHOTOS OF ANTIMICROBIAL ASSESSMENTS 

  
 Ligand B106 A1 complex 

  
 A2 complex A3 complex 

  
 A4 complex A5 complex 
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A6 complex 

PHOTOS OF HYPERGLYCEMIA ASSESSMENTS 

  
 Ligand B106 A2 complex 

  
 A4 complex A5 complex 
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PHOTOS OF ANTICANCER ACTIVITY 

 
 Ligand B106 A2 complex 

 

 
 A4 complex A5 complex 
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N-Phenyl-3-sulfamoyl-benzamide derivatives as anti-Hepatitis B 
virus agent candidates. Integrated computational studies 
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Abstract: This study used a combined approach of atom-based 3D-QSAR mod-
eling and molecular docking to investigate 44 N-phenyl-3-sulfamoyl-benzamide 
derivatives as potential inhibitors of the hepatitis B virus (HBV). The developed 
QSAR model demonstrated strong statistical robustness, with a good correlation 
coefficient for the training set (R2 = 0.94), a cross-validated coefficient (Q2cv =  
= 0.65), and a correlation coefficient for the test set (R2 = 0.85) using three PLS- 
-components. Contour maps explained the modified areas within the compounds, 
clarifying hydrogen bond donors, hydrophobic interactions and electrostatic 
effects. The docking studies supported the findings of the 3D-QSAR model and 
explained the molecule’s interactions with the receptors. Overall, the model and 
the docking analysis provide valuable insights into designing molecules with 
enhanced activity against the hepatitis B virus. 

Keywords: molecular docking; HBV; 3D-QSAR; coefficient. 

INTRODUCTION 
The Hepatitis B virus (HBV) is the etiological agent of Hepatitis B, a serious 

viral infection that represents a significant global public health concern.1 This dis-
ease primarily affects the liver and has the potential to progress to chronic hepatitis, 
cirrhosis and hepatocellular carcinoma.2 HBV is easily transmitted through blood 
by sexual contact and from mother to child during pregnancy, underscoring the 
critical importance of implementing robust prevention strategies.3 Recent advan-
cements in vaccines and antiviral therapies have substantially reduced the trans-
mission of HBV and the mortality associated with it. Despite these positive dev-
elopments, significant challenges persist, particularly in resource-constrained 
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environments where access to medical care and vaccinations is limited.4 Further-
more, recent medicinal alternatives cannot eradicate covalently closed circular 
DNA (cccDNA), which serves as a reservoir for persistent viral infection, effect-
ively complicating efforts to annihilate the disease.5 

Current antiviral medications are effective in inhibiting the replication of vir-
uses; however, they are incapable of completely eradicating them. This study 
underscores the necessity for innovative therapeutic strategies.6,7 The primary 
objective of this research is to enhance our understanding of the mechanisms by 
which the Hepatitis B virus (HBV) operates and to develop novel antiviral agents 
that can effectively prevent viral transmission, circumvent drug resistance and pro-
gress toward a definitive cure. The current study aims to predict the anti-Hepatitis 
B activity of forty-four N-phenyl-3-sulfamoyl-benzamide derivatives8 using an 
atom-based 3D-QSAR model and molecular docking to understand binding inter-
actions with key HBV proteins. In this research, several computational methods, 
such as molecular docking and quantitative structure–activity relationship (QSAR) 
modeling, were used in identifying potential HBV inhibitors by analyzing the 
relationship between molecular structures and their antiviral effectiveness.9,10 

EXPERIMENTAL 
Dataset  

A series of forty-four N-phenyl-3-sulfamoyl-benzamide derivatives (Table S-I of the 
Supplementary material to this paper) were identified from the literature as inhibitors of the 
Hepatitis B virus (HBV).8 The half-maximal effective concentration (EC50) values were trans-
formed into their corresponding pEC50 values (pEC50 = –log (EC50×10-6)) to reduce data 
skewness and facilitate analysis. The dataset was subsequently divided into two subsets to dev-
elop a 3D-QSAR model: randomly, 33 compounds were selected to be the training set for build-
ing the model. The other 11 compounds were used as the test set to see how well the proposed 
model could predict the future.11 
Ligand preparation 

ChemDraw Ultra drew all the 2D structures in the dataset and then imported them into the 
Maestro interface to generate 3D structures.12 The generated 3D structures were prepared using 
the LigPrep module with an OPLS-2005 force field.13 To ensure comprehensive representation, 
multiple tautomers and potential ionization states were generated and considered within a pH 
range of 7±2, with all other parameters kept at their default settings.14 
Molecular docking  

The crystal structure of the Hepatitis B virus core protein (PDB ID: 5T2P, resolution: 1.69 
Å) was retrieved from the Protein Data Bank (https://www.rcsb.org/structure). Protein prepar-
ation was performed using the Protein Preparation Wizard module in Maestro.15 During this 
process, all water molecules were removed, and hydrogen atoms were added. The protein 
structure was energy-minimized using the OPLS-2005 force field, with a root-mean-square 
deviation (RMSD) threshold of 0.30 Å,16 A receptor grid was generated using the Co-crys-
tallized ligand (K89) as the centroid, with de coordinates X= -0.96 Å, Y= 40.16 Å, and Z= -
6.88 Å.17 Molecular docking techniques help scientists to predict binding modes and interaction 
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profiles with the virus. The Glide extra-precision (XP) module was then used for docking stu-
dies to check ligand docking scores and binding affinities at the target protein's active site.18,19 
Atom-based 3D-QSAR model generation 

A 3D-QSAR model was developed using the atom-based QSAR feature in the Phase 
module to predict the anti-Hepatitis B inhibitory activity of selected compounds.20 The dataset 
was initially divided into training and test sets using a random selection method, with a ratio of 
75:25.21 The model development was carried out using partial least squares (PLS) regression 
with a grid spacing of 1 Å.22 The primary criterion for selecting the optimal model was statistical 
robustness, further visualized through contour maps. The performance and stability of the model 
were evaluated using metrics such as SD, R2, R2cv, stability, F, P, RMSE, Q2 and Pearson-r. 
Internal validation of the training set was performed using a leave-one-out (LOO) cross-valid-
ation method to calculate R2 and R2cv.23,24 External validation with the test set confirmed the 
model’s predictive accuracy, as assessed by Q2 and other relevant parameters.25 A scatter plots 
was created to depict the relationship between predicted and observed activity values for both 
the training and test sets. Finally, the QSAR model was applied to predict the biological activity 
of newly designed molecules. 
ADMET prediction and activity predicted (pEC50) 

The newly designed compounds were subjected to Atom-based 3D-QSAR to predict their 
biological activity (pEC50) based on the generated 3D-QSAR model. Additionally, the QikProp 
module in Schrödinger was used to predict the absorption, distribution, metabolism and exc-
retion (ADME) properties of these compounds. These predictions provided insights into the 
pharmacokinetic profiles of the compounds, which are critical for assessing their potential as 
drug candidates.26,27 

RESULTS AND DISCUSSION 

Molecular alignment 
Molecular alignment at the structural level is important for ensuring the 

accuracy of a 3D-QSAR model and the trustworthiness of the resulting contour 
maps. Consequently, a flexible alignment approach was utilized to align all sel-
ected anti-hepatitis compounds in this study. We chose the most active compound 
8 as the template and aligned the remaining compounds based on their shared 
substructure (Fig. 1). 

 
(a) (b)

Fig 1. a) Template used for molecular alignment of anti-Hepatitis B virus. b) Structural 
alignment of the dataset chosen for the QSAR model. 

(CC) 2025 Serbian Chemical Society.
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Molecular docking analysis of N-phenyl-3-sulfamoyl-benzamide derivatives 
The binding affinity of the ligand Co-crystalline K89 (sulfamoylbenzamide, 

or SBA) was –44.40 kJ/mol. This ligand formed hydrogen bonds with the amino 
residues TRP102, LEU140 and THR128 (Fig. 2). The binding affinity for the 
N-phenyl-3-sulfamoyl-benzamide derivatives was similar to that of the ligand co- 
-crystalline K89, ranging from –42.34 to –27.66 kJ/mol. These derivatives formed 
hydrogen bonds with the residues TRP102 and THR128 (refer to Fig. 2). These 
conserved hydrogen bonding interactions appear to be key determinants for the 
binding of this chemical series to the HBV core protein, suggesting a common 
binding mode and contributing significantly to the observed binding affinities. 
Beyond hydrogen bonding, a range of other important interactions contributed to 
the overall binding stability. Significant hydrophobic interactions were noted with 
the residues PHE23, TYR118, PRO25, ILE105, PRO138, TRP102, LEU101 and 
LEU140. These extensive hydrophobic contacts play a crucial role in anchoring 
the non-polar portions of the ligands within the hydrophobic pockets of the active 
site, thereby enhancing binding affinity through the hydrophobic effect. Further-
more, electrostatic interactions were observed, with a negatively charged interact-
ion noted with ASP29 and a positively charged interaction with the residue ARG127. 

 

 
K89 Compound 8 

Fig. 2. 3D and 2D interaction between the Hepatitis B virus core protein (PDB ID: 5T2P) 
and the co-crystalline ligand (K89), as well as compound 8. 
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Available online at https://www.shd.org.rs/JSCS/________________________________________________________________________________________________________



 IDENTIFY NOVEL ANTI-HEPATITIS B VIRUS AGENTS 1179 

These charged interactions contribute to the specificity and strength of binding, 
particularly when the ligand possesses complementary charges. Additionally, Polar 
interactions occurred with the amino acid residues SER106, SER121 and THR33, 
further supporting the overall ligand-receptor recognition. 

Notably, compounds that exhibited higher predicted anti-HBV activity (higher 
pEC50 values from the QSAR model) consistently showed more favorable (lower) 
docking scores. It formed a greater number of these crucial stabilizing interactions 
(e.g., hydrogen bonds with TRP102/THR128, extensive hydrophobic contacts and 
favorable electrostatic interactions). For instance, beyond compound 8 (illustrated 
in Fig. 2), compounds 5, 7, 38, 39 and 42 demonstrated the most favorable binding 
affinities, aligning well with their predicted high biological activity. 

In this study, a 3D-QSAR model was developed using the atom-based 3D- 
-QSAR approach within the phase module. The model underwent internal valid-
ation with an R2 value for the training set and external validation with a Q2 value 
for the test set. Table I summarizes the statistical parameters. The results revealed 
a strong correlation between the predicted and actual activity values, as shown in 
Table II, demonstrating the model’s predictive capability. The QSAR model exhi-
bited strong predictive performance, with key values of R2 = 0.94, R2cv = 0.61, and 
Q2 = 0.85, indicating its reliability. Furthermore, the low standard deviation (SD) 
of 0.17 and RMSE of 0.18 underscored the high quality of the dataset for QSAR 
analysis. Fig. 3 illustrates the correlation between the training and test sets’ actual 
and predicted pEC50 values. These findings pave the way for further research into 
optimizing compound design and enhancing drug efficacy in future studies. 

TABLE I. PLS Statistics parameters of the 3D-QSAR model 
PLS statistics 3D-QSAR model Threshold 
PLS: partial least square 3 N training set: 5 
SD: standard deviation 0.17 Smaller value 
R2: Regression coefficient 0.94 >0.6 
R2

cv: cross-validated correlation coefficient  0.61 >0.5 
Stability 0.755 Maximal value of 1 
F: ratio of the model variance 151.8 High value 
P: significance level of variance ratio 7.94e–18 Smaller value 
RMSE: root-mean-square error 0.18 Smaller value 
Q²: Correlation coefficient for the test set 0.85 >0.6 
Pearson-r: correlation between the predicted and 
observed activity  

0.85 – 

Contribution, % 
H-bond donor 7 – 
Hydrophobic 68 – 
Positive ionic 2.9 – 
Electrostatic 17.8 – 
Other 4.3 – 

(CC) 2025 Serbian Chemical Society.

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



1180 LAOUD, BELAFRIEKH and ALAQARBEH 

3D-QSAR study 
Four contributions were applied in the construction of the model: H-bond 

donor, hydrophobic, positive and electrostatic. Table I shows that the hydrophobic 
(68 %) and electrostatic (17.8 %) groups contributed most to anti-Hepatitis B act-
ivity. 

TABLE II. Actual (pEC50) and predicted (pEC50pred) values along with the residual of the 
dataset 
N EC50 pEC50 pEC50Pred Residual N EC50 pEC50 pEC50Pred Residual 

Training Set 32 2.22 5.65 5.72 0.07 
2 0.78 6.11 6.26 0.15 33 3.63 5.44 5.46 0.02 
4 0.60 6.22 6.12 –0.10 34 0.38 6.08 6.29 0.21 
5 0.36 6.44 6.40 –0.04 36 2.33 5.63 5.91 0.28 
7 0.27 6.57 6.36 –0.21 37 0.07 7.16 7.10 –0.06 
8 0.038 7.41 6.99 –0.42 38 0.31 6.51 6.50 0.01 
11 1.99 5.70 5.90 0.20 39 0.21 6.68 6.80 0.12 
13 26.5 4.58 4.40 –0.18 40 1.40 5.85 5.88 0.03 
14 7.10 5.15 5.07 –0.08 41 0.32 6.50 6.28 –0.21 
15 8.49 5.07 5.06 –0.01 42 2.74 6.92 6.89 –0.03 
16 4.53 5.34 5.29 –0.05 44  3.06 5.51  5.65  0.14 
18 0.75 6.13 6.23 0.10 Test set 
20 0.34 6.47 6.29 –0.18 1 2.60 5.86 5.63 0.05 
22 2.10 6.08 6.06 –0.02 3 0.66 6.18 6.38 0.20 
23 0.96 5.68 5.87 0.20 6 4.18 5.38 5.25 –0.13 
24 1.18 6.02 5.82 –0.20 9 0.28 6.55 6.25 –0.30 
25 0.54 5.93 6.04 0.12 10 0.10 7.00 6.93 0.07 
26 6.77 6.27 6.40 0.13 12 4.50 5.35 5.13 –0.22 
27 5.30 5.17 5.13 –0.04 17 0.74 6.13 5.99 –0.14 
28 0.93 5.27 5.16 –0.12 19 0.75 6.13 6.16 0.03 
29 0.12 6.03 6.23 0.20 21 1.21 5.91 5.93 0.02 
30 2.10 6.92 6.77 –0.15 35 0.81 6.09 6.16 0.07 
31 0.29 6.54 6.67 0.13 43 3.06 5.56 5.95 0.38 

Contour plots of the 3D-QSAR model  
Contour plots from a quantitative structure–activity relationship (3D-QSAR) 

model are valuable tools for gaining a deeper understanding of how the molecular 
properties of compounds influence their biological activity.28,29 It is particularly 
important in the context of 3D-QSAR analysis. These plots can show regions 
where specific interactions (such as hydrogen bond donor, electrostatic or hydro-
phobic interactions) are favorable or unfavorable for biological activity.30 The 
results contribute to the development of new selective agents and inhibitors for the 
hepatitis B virus. In Fig. 4, the contour plots utilize compound 8 as a reference to 
illustrate how hydrogen bond donor, electrostatic, and hydrophobic interactions 
influence the compound's effectiveness in combating the virus. 
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Fig. 3. Graph of predicted vs. actual pEC50 values for the training set (A) and test set (B). 

 
a) H-bond donor effect: 7 % b) Hydrophobic effect: 68 % 

c) Electrostatic effect: 17.8 %
Fig. 4. Visualization of atom-based 3D-QSAR contour maps for the most active compound 8. 

In the hydrogen bond donor effect (Fig. 4a), the blue cube suggests that the 
hydrogen bond donor groups (such as –NH or –OH groups) can improve biological 
activity, while the red cube suggests that some of these groups can be detrimental 
to biological activity. The blue cubes are located near the amid group (–CO–NH–) 
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and sulfonamide (–NH–SO2–) group compounds. The location suggests that these 
groups can interact favorably with the biological target via hydrogen bonds, 
thereby increasing the compound's activity.  

In the hydrophobic effect (Fig. 4b), the green cubes indicate regions where 
hydrophobic interactions can enhance biological activity. Green cubes are near the 
compound’s phenyl and cyclopentane groups. These hydrophobic interactions may 
promote the compound’s adhesion to the biological target or help stabilize the 
active conformation. Purple cubes indicate regions where hydrophobic interactions 
are unfavorable and impair biological activity. Also, the green cubes seen near the 
fluorinated groups on the phenyl group show that these hydrophobic interactions 
are good for activity.  

In the electrostatic effect (Fig. 4c), the yellow cubes indicate that electrostatic 
groups enhance biological activity. Electrostatic groups withdraw electrons, mak-
ing the compound more reactive and improving its interaction with the biological 
target. The presence of yellow cubes near the sulfonamide group and the amid 
group suggests that these groups promote beneficial interactions for activity. In 
contrast, the cyan cubes show regions where electrostatic groups can impair bio-
logical activity. 
Design of new inhibitors of Hepatitis B 

The molecular docking analysis of the new compounds (Fig. S-1 of the Sup-
plementary material) revealed a π–π interaction with the amino acid PHE110. 
While a hydrogen bond acceptor interaction was observed at residue THR196, 
hydrogen bond donor interactions were noted at residues THR33, THR128 and 
LEU140. The binding affinity for the newly designed compounds (ranging from 
–44.14 to –39.24 kJ mol–1) was analogous to that of the N-phenyl-3-sulfamoyl- 
-benzamide derivatives (range: –42.34 to –26.02 kJ mol–1), suggesting that the 
newly designed compounds exhibited a higher binding affinity for the inhibition 
of Hepatitis B. The 2D ligand interaction diagram for the newly designed com-
pounds is shown in Fig S-1. Additionally, the docking results of the newly 
designed compounds and their predicted pEC50 values are detailed in Table III. 

TABLE III. Molecular docking results and predicted pEC50 values of the newly designed 
compounds 
Design XP-Gscore (kJ/mol-1) E-model (kJ/mol-1) Key interacting residues pEC50 Predict 
D1 –44.14 –388.40 LEU140, PHE110, 

THR128, TRP102, THR38
5.46 

D2 –42.84 –364.30 LEU140, PHE110, 
THR128, TRP102, THR38

5.60 

D3 –42.47 –369.66 LEU140, PHE110, 
THR128, TRP102, THR38

5.56 

D4 –42.09 –374.22 LEU140, PHE110, 
THR128, TRP102 

5.81 
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TABLE III. Continued 
Design XP-Gscore (kJ/mol-1) E-model (kJ/mol-1) Key interacting residues pEC50 Predict 
D5 –42.05 –335.31 LEU140, PHE110, 

THR128, TRP102 
5.62 

D6 –41.09 –389.07 LEU140, PHE110, 
THR128, TRP102 

5.82 

D7 –40.71 –378.69 LEU140, PHE110, 
THR128, TRP102 

6.17 

D8 –39.24 –355.56 LEU140, PHE110, 
VAL124, TRP102 

5.87 

K89 –44.60 –417.06 LEU140, THR128, 
TRP102 

/ 

08 –42.34 –303.13 THR128, TRP102 / 

ADME-Tox of the newly designed molecules 
The evaluated ADME properties indicate that the newly designed molecules 

exhibit favorable pharmacokinetic characteristics (Tables IV and V). 

TABLE IV. Results of drug-likeness parameters; MW: molecular weight; HBD: hydrogen bond 
donor; HBA: hydrogen bond acceptor; PSA: polar surface area 
Design MW HBA HBD PSA Rule of five Rule of three 
D1 377.43 3.50 8.00 110.85 0 0 
D2 378.42 3.00 7.75 107.18 0 0 
D3 378.42 3.00 7.75 106.63 0 0 
D4 396.41 3.00 7.75 106.49 0 0 
D5 378.42 3.00 7.75 107.33 0 0 
D6 378.42 3.00 7.75 105.53 0 0 
D7 396.41 3.00 7.75 105.52 0 0 
D8 377.43 3.50 8.00 108.76 0 0 
Rule >500 0 to 6 2 to 20 140 N. Viol _ 1 N. Viol _ 1 

All molecules show high human oral absorption (HOA = 3) and an acceptable 
percentage of oral absorption (PHOA, 75–83 %). The permeability across Caco-2 
and MDCK cell lines varies, with some molecules, such as D6 and D7, demon-
strating high permeability. This suggests they could be beneficial for transport 
across the intestinal and blood–brain barriers. Additionally, the SASA values fall 
within the optimal range (300–1000 Å2), indicating that the molecular size and 
polarity are suitable. QPlogBB indicates that some molecules have limited penet-
ration into the brain, which can be advantageous if we want to avoid unwanted 
central nervous system (CNS) side effects. Predicted metabolic reactions (metab) 
fall within an acceptable range of 1 to 3, suggesting that the metabolic profiles are 
manageable. QPlogKhsa values show standard binding to human serum albumin, 
which influences drug distribution. QPlogS values demonstrate good solubility, 
supporting oral bioavailability. Additionally, QPlogPw and QPlogPo/w values fall 
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within ideal ranges, indicating favorable lipophilicity and permeability. The 
QPlogHERG value for most compounds is below –5.0, suggesting potential for 
hERG channel inhibition, which is a marker for cardiotoxicity risk. Additionally, 
no reactive functional groups (RtvFG = 0) were identified, which reduces the 
likelihood of off-target toxicity. These newly designed compounds show strong 
ADME profiles and exhibit drug-like potential. 

TABLE V. Results of ADMET properties; QPlogKp: log Kp for skin permeability (< –2.5 for 
good permeability); HOA, human oral absorption (1 low, 3 high); PHOA, percent human oral 
absorption (80 % high, 25 % low); QPPCaco; predicted apparent Caco-2 cell permeability in 
nm s-1 (<25 poor,>500 great).QPPMDCK; Predicted apparent MDCK cell permeability in nm 
s-1 (<25 poor, >500 great); SASA, solvent-accessible surface area (300–1000 Å2); QPlogBB, 
predicted blood–brain partition coefficient (–1.5 to 1.5); QPlogKha, log Khsa serum protein 
binding (–1.5 to 1.5); QPlogP0/w, octanol–water partition coefficient (–2 to 6.5); QPlogPw, 
predicted water/gas partition coefficient (4 to 45); metab, prediction of metabolic activity (1 to 
8); QPlogS, predicted aqueous solubility, logarithm in mol dm-3 (–6.5 to 0.5); Rotor, number of 
rotatable bonds (0 to 15); QPlogHER, for blocking HERG K+ channel in terms of IC50 value 
(< –5.0); RtvFG, related to specific toxicity parameters (0 to 1, 0 indicating non-toxicity) 
Parameter D1 D2 D3 D4 D5 D6 D7 D8 
QPlogKp –3.66 –3.657 –3.322 –3.491 –3.497 –3.266 –3.386 –3.601 
HOA 3 3 3 3 3 3 3 3 
PHOA 76.97 79.17 80.74 81.75 79.73 81.86 83.06 77.59 
QPPCaco 149.68 173.36 204.85 202.19 177.59 234.00 234.12 156.4 
QPPMDCK 108.56 128.78 127.75 244.42 131.94 178.76 303.05 113.5 
SASA 649.59 646.28 640.963 648.92 645.92 634.20 641.49 652.4 
QPlogBB –1.64 –1.566 –1.488 –0.051 –0.059 –0.090 –0.058 –0.114 
QPlogKha –0.13 –0.083 –0.07 –0.051 –0.059 –0.090 –0.058 –0.114 
QPlogP0/w 1.90 1.895 2.123 2.311 2.138 2.137 2.340 1.942 
QPlogPw 15.879 14.864 14.913 14.65 14.87 14.75 14.55 15.91 
metab 2 1 2 1 1 2 1 3 
QPlogS –4.444 –4.462 –4.342 –4.804 –4.462 –4.462 –4.804 –4.324 
Rotor 6 6 6 6 6 6 6 6 
QPlogHER –5.710 –5.706 –5.562 –5.535 –5.645 –5.527 –5.403 –5.752 
RtvFG 0 0 0 0 0 0 0 0 

CONCLUSION 

The current study successfully utilized a combination of atom-based 3D- 
-QSAR modeling and molecular docking to investigate the efficacy of various 
N-phenyl-3-sulfamoyl benzamides as treatments for Hepatitis B and their mech-
anisms for inhibiting the virus. The developed 3D-QSAR model demonstrated a 
strong predictive capability with high correlation coefficients (R2 = 0.94 for the 
training set, Q2cv = 0.61, and Q2 = 0.85 for the test set), reflecting a good agree-
ment between experimental and theoretical results. The molecular docking studies 
were conducted to elucidate the binding interactions further and analyze how these 
molecules bind to the target HBV core protein. Additionally, ADMET predictions 
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suggested that the newly designed molecules possess favorable pharmacokinetic 
properties and drug-likeness, indicating their potential as promising candidates for 
further development. While these computational results provide strong theoretical 
support, it is important to acknowledge that in silico predictions have their limit-
ations and require experimental validation. Future studies will focus on the syn-
thesis and in vitro and in vivo testing of these promising compounds to experi-
mentally confirm their anti-HBV activity and pharmacokinetic profiles. Overall, 
integrating QSAR modeling, docking studies, and ADMET profiling provides valu-
able insight into the rational design of novel antiviral agents targeting Hepatitis B.  

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/13358, or from the correspond-
ing author on request. 

И З В О Д  

N-ФЕНИЛ-3-СУЛФАМОИЛ-БЕНЗАМИДНИ ДЕРИВАТИ КАО КАНДИДАТИ ЗА 
АНТИВИРУСНЕ АГЕНСЕ ПРОТИВ ХЕПАТИТИСА Б: ИНТЕГРИСАНЕ РАЧУНАРСКЕ 

СТУДИЈЕ 

AICHA LAOUD1, ABDERAHMANE BELAFRIEKH2 и MARWA ALAQARBEH3 

1Chemical Engineering Department, Faculty of Chemical Engineering, University of Salah Boubnider 

Constantine 3, Constantine, 25000, Algeria, 2Laboratory of LCPMM, Chemistry Department, Faculty of 

Sciences, University of Blida1, P.O. Box 270 Blida, 09000, Algeria и 3Basic Science Department, Prince Al 

Hussein Bin Abdullah II Academy for Civil Protection, Al-Balqa Applied University, Al-Salt, Jordan 

У овом раду примењен је комбиновани приступ атомистички заснованог 3D-QSAR 
моделовања и молекулског докинга за испитивање 44 N-фенил-3-сулфамоил-бензамид-
них деривата као потенцијалних инхибитора вируса хепатитиса Б (HBV). Развијени QSAR 
модел показао је снажну статистичку поузданост, са високим коефицијентом корелације 
за тренинг сет (R² = 0,94), унакрсно валидираним коефицијентом (Q²cv = 0,65), и коефи-
цијентом корелације за тест сет (R² = 0,85), коришћењем три PLS-компоненте. Контур-
ним мапама објашњени су модификовани региони једињења, прецизирајући доноре водо-
ничних везa, хидрофобне интеракције и електростатичке ефекте. Докинг је потврдио 
резултате 3D-QSAR модела и објаснио интеракције молекула са рецепторима. Генерално, 
3D-QSAR модел и анализа докинг резултата пружају важан увид у дизајн молекула са 
побољшаном активношћу против вируса хепатитиса Б. 

(Примљено 30. априла, ревидирано 19. јуна, прихваћено 4. августа 2025) 
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Fig. S-1. 2D interaction diagram of selected designed compounds with the HBV core protein 

(PDB: ID:2T5P). 
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TABLE S-I. Chemical structures of N-Phenyl-3-sulfamoyl-benzamide derivatives. 
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Investigation of multi-walled carbon nanotubes catalytic activity 
by means of the model aerobic oxidation reaction 
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Abstract: This study investigates the synthesis of multi-walled carbon nano-
tubes (MWCNTs) via chemical vapor deposition (CVD) using propane gas and 
evaluates their catalytic efficiency in oxidation reactions. The MWCNTs were 
synthesized in a laboratory-scale CVD reactor under optimized conditions, with 
ferrocene used as a precursor to incorporate 9.8 wt. % iron into the nanotube 
structure. The catalytic activity of the synthesized MWCNTs was evaluated in 
the cumene oxidation reaction, demonstrating remarkable performance even at 
relatively low temperatures. This enhanced catalytic efficiency is attributed to 
the presence of iron compounds within the MWCNT channels, which are pre-
sumed to act as active sites for the reaction. Among the catalysts studied, the 
G-CVD-1 sample containing 9.8 wt. % iron showed the highest performance, 
accelerating the oxidation reaction by a factor of 23 compared to the uncatal-
yzed process. In comparison, the L-CVD-184 sample, with a lower iron content 
of 3.7 wt. %, achieved a 16-fold increase in reaction rate relative to the same 
uncatalyzed baseline. These values indicate that the iron concentration within 
MWCNTs plays a crucial role in determining their catalytic efficiency, with 
higher iron loading providing significantly better activity. This study demon-
strates that iron-modified MWCNTs possess significant potential as durable 
and efficient catalysts for oxidation reactions. 

Keywords: metal-containing carbon nanotubes; CVD reactor; catalyst; cumene; 
kinetic parameters; oxygen rate. 

INTRODUCTION 

Carbon nanotubes (CNTs) have emerged as distinctive allotropes of carbon, 
exhibiting substantial applications across various domains, including technology 
and catalysis. Their applications predominantly encompass nanotechnology, 
nanomedicine,1 transistors, actuators, sensors,2 membranes and capacitors.3 
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In recent years, carbon nanotubes have garnered significant attention in the 
realm of nanocatalysis, drawing extensive investigation from researchers 
worldwide. Notable characteristics of CNTs include their lightweight nature, 
diminutive size, coupled with high surface area, impressive tensile strength, non- 
-toxicity, and excellent electrical conductivity. These properties render CNTs 
highly advantageous as fillers in diverse materials such as polymers, metal sur-
faces and ceramics.4,5 Furthermore, numerous studies have demonstrated that the 
incorporation of various functional groups6–11 and metal atoms12–16 into CNTs 
yields catalysts with markedly enhanced catalytic activity compared to other car-
bon allotropes. 

For instance, nitrogen-doped carbon nanotubes have been effectively utilized 
as catalysts in the aerobic oxidation of cyclohexane to adipic acid, along with its 
precursors, cyclohexanol and cyclohexanone.17 Multi-walled carbon nanotubes 
have been directly employed by Wang and colleagues as more durable and envi-
ronmentally friendly catalyst for the conversion of ethanol to acetaldehyde in the 
presence of molecular oxygen. The C=O groups generated on the nanocarbon 
surface have been identified as active sites for the selective oxidation of ethanol 
to acetaldehyde, achieving approximately 60 % ethanol conversion with 93 % 
selectivity for acetaldehyde at an optimized temperature of 270 °C. Notably, the 
catalytic activity exhibited remarkable stability over a duration of 500 h, com-
parable to that of supported gold catalysts. This robust catalytic performance 
underscores the potential industrial applications of CNTs in catalysis. Further 
investigations have revealed that nanocarbon materials function as effective cat-
alysts for activating C–H bonds in carbon nanotubes, short-chain alkanes in 
either the gas or liquid phase or ethylbenzene. A prominent example is the oxi-
dative dehydrogenation of ethylbenzene to styrene facilitated by oxygen atoms. 
The absence of strong Lewis acid metal cations minimizes coke formation, thus 
preserving catalyst activity.18 

In another study, carbon nanotubes functionalized with oxygen-containing 
groups were developed as novel catalyst types (e.g., V2O5/TiO2–CNTs–OH, 
V/Ti–CNTs–OH, V2O5/TiO2–CNTs–COOH, V/Ti–CNTs–COOH and V2O5/TiO2– 
–CNTs, V/Ti–CNTs). These catalysts were employed to catalytically degrade 
1,2-dichlorobenzene at low temperatures (150 °C). The findings revealed that the 
modification with oxygen-containing functional groups significantly enhanced 
the catalytic activity of V/Ti–CNTs, particularly highlighting the exceptional per-
formance of the V/Ti–CNTs–COOH catalyst at low temperatures.19 

In a separate investigation, researchers focused on iron and nitrogen atoms, 
developing two distinct CNT catalysts: single-walled CNTs (Fe–N–SWCNT) and 
double-walled CNTs (Fe–N–DWCNT). They conducted both experimental and 
theoretical studies on CO2 conversion, emphasizing the effects of electrical 
energy on CO2 conversion with increasing CNT diameter. The study established 
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that Fe–N–DWCNT exhibited superior catalytic activity for CO2 adsorption 
compared to Fe–N–SWCNT while maintaining catalyst stability. Notably, Fe–N– 
–DWCNT demonstrated potential for selective HCOOH production from CO2 
conversion.20 

Moreover, the catalytic activity of the Fe2O3/CNT catalyst in the selective 
oxidation of ammonia was examined in a constant flow reactor. Results indicated 
that the incorporation of iron(III) oxide onto carbon nanotubes effectively 
enhanced the electronic properties of the CNTs. Under the influence of this cat-
alyst, NO conversion exceeded 90 % within a temperature range of 200–325 °C. 
Furthermore, studies indicated that the Fe2O3/CNTs catalyst displayed resistance 
to SO2/H2O, demonstrating considerable reaction stability.21 

As highlighted, research into nanocarbon-based catalysts suggests their sig-
nificant potential for industrial applications, presenting a viable alternative to 
metal-based catalysts with relatively high economic value. The field of nanocat-
alysis stands on the cusp of significant growth as a new area of inquiry. However, 
several limitations, particularly concerning production costs, impede the large- 
-scale application of carbon nanotubes.3 

Various methods have been employed for synthesizing carbon nanotubes, 
with parameters such as sample purity, structural integrity, surface area, surface 
load, particle size distribution, surface chemistry and agglomeration conditions 
significantly influencing the reactivity of CNTs.22 The most widely accepted 
synthesis methods for carbon nanotubes include: 1) chemical vapor depo-
sition,23,24 2) laser ablation25,26 and 3) carbon arc discharge.27–29 Each method 
presents distinct advantages and drawbacks; however, CVD is regarded as the 
most economically feasible approach for large-scale, high-purity CNT product-
ion, primarily due to its ability to yield high-purity samples and facilitate 
straightforward control of the reaction medium.22,30 

The predominant hydrocarbon sources utilized in CNT production via the 
CVD method include petrochemical products such as methane, ethane and acet-
ylene, as well as petroleum derivatives like natural gas and kerosene.31 The sel-
ection of hydrocarbon precursors plays a critical role in determining the growth, 
physicochemical and thermodynamic properties of CNTs. The gas-phase syn-
thesis method is particularly advantageous, yielding less contaminated CNTs 
while also permitting large-scale production.32,33 

Given these considerations, the catalytic oxidation of hydrocarbons utilizing 
CNTs represents a novel priority, with ongoing developments in its fundamental 
and applied aspects. Nonetheless, the inefficiencies associated with large-scale 
CNT production remain a principal challenge. This article elucidates the pro-
duction of carbon nanotubes from inexpensive raw materials and explores their 
catalytic activity in the oxidation reaction of isopropylbenzene. 
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EXPERİMENTAL 

This study commenced with the synthesis of multi-walled carbon nanotubes from a gas 
feedstock (propane) through chemical vapor deposition in the gas phase. The selection of the 
propane gas mixture as a precursor for carbon nanotube synthesis is justified by its potential 
for multi-tonnage production within our country, as well as its ability to yield cleaner, flatter, 
and relatively larger carbon nanotubes. 

To facilitate this process, an expanded laboratory setup was established, leading to the 
synthesis of various samples of MWCNT (G-CVD-1). The apparatus (Fig. 1) comprises five 
primary components.  

 
Fig. 1. MWCNT synthesis device; 1 – gas raw material preparation unit: the gas raw material 
(propane, butane, their mixture) is diluted with argon to the required concentration and fed to 
the reactor zone at a certain speed. 2 – Reactor block: it consists of 2 parts, each of which is 
heated independently by a tubular furnace with a quartz reactor inside. The furnace heats the 
reactor to a temperature of 1000 C. 3 – Furnace temperature control unit block: this consists 
of a temperature regulator that automatically controls and maintains the set temperature in the 

reactor and two regulators to supply current to the furnace coil. 4 – air supply block. 
5 – Vacuum block: to create a vacuum in the reactor, the block is designed for the synthesis of 

CNT at reduced pressures (80–20 kPa). The unit consists of a vacuum pump, a valve and a 
manometer. 

Preparation of G-CVD-1 catalyst using chemical vapor deposition  in the gas phase 

During the process, propane gas is mixed with argon in the primary gas mixture pre-
paration block. The flow rate of propane is qpropane = 6 L h-1, while that of argon is qargon = 60 
L h-1, resulting in an argon-to-propane volume ratio of 10:1. The prepared gas mixture is dir-
ected into a quartz reactor housed within a furnace. In the first section of the reactor, the tem-
perature is maintained at 200 °C. Here, 1 g of ferrocene is placed in a specialized ceramic con-
tainer, where it serves as the precursor for the catalyst. At this stage, the argon-propane mix-
ture is combined with ferrocene vapor and introduced into the second section of the reactor, 
where the temperature is increased to 900 °C. At 900 °C, ferrocene vapor undergoes decom-
position, leading to the release of iron atoms, which form nanoscale clusters within the reactor. 
These clusters play a crucial role in the synthesis of carbon nanotubes. It is noteworthy that 
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the synthesis of carbon nanotubes primarily occurs via the growth mechanism facilitated by 
iron atoms derived from ferrocene. However, ferrocene itself does not directly participate in 
the reaction mechanism. These clusters act as catalysts during the synthesis process. Simul-
taneously, propane undergoes cracking in the second section of the reactor. The resulting 
carbon deposits grow on the Fe clusters, leading to the formation of multi-walled carbon 
nanotubes. Upon completion of the synthesis process, which lasts for 40–60 min, the flow of 
propane is stopped. The system is allowed to cool, after which the quartz tube is removed 
from the reactor (furnace). The MWCNTs deposited on the inner walls of the tube are col-
lected using a metal rod. A fraction of the Fe catalyst used during the synthesis remains 
embedded within the MWCNTs. The mass fraction of the catalyst in the nanotubes was deter-
mined through combustion analysis.34 The catalytic activity of the newly synthesized sample 
containing 9.8 wt. % Fe atoms (MWCNT (G-CVD-1)) was evaluated using the model reaction 
of cumene oxidation. Oxidation experiments were conducted in a gasometric device,12,13 
where molecular oxygen (atmospheric oxygen) was employed to investigate the kinetic char-
acteristics of cumene oxidation. The measurements were carried out by the volumetric 
method, based on the rise of the liquid level in the burette due to the adsorption of oxygen. 
The total volume of the reaction mixture was 10 mL, and the reaction was conducted at a 
constant temperature of 60 °C. The oxygen pressure in the system was maintained at 20 kPa 
(under air atmosphere). As the reaction was performed in a gasometric setup without the use 
of any solvents (under pure conditions), the starting concentration of cumene reflects that of 
its undiluted liquid form at the specified conditions (≈ 6.9 mol L-1). 

These pressure values were selected to ensure that oxygen actively participates as a 
reactive component. Initially, the reaction was carried out under control conditions without the 
addition of carbon nanotubes to the reaction mixture. In this case, the catalyst sample was not 
involved in the reaction, and the reaction rate depended solely on the intrinsic properties of the 
reactants. 

In the second stage, the reaction was performed by introducing the MWCNT (G-CVD-1) 
catalyst sample into the mixture at a concentration of 0.005 g L-1. In the third stage, the 
MWCNT (G-CVD-1) catalyst was added at two different concentrations (0.01 and 0.02 g L-1) 
to the reaction mixture. The volume of oxygen adsorbed during the reaction was the primary 
parameter used to evaluate the reaction rate and the efficiency of the catalyst. Using the same 
methodology,13 investigations were conducted with the L-CVD-184 catalyst sample syn-
thesized via the CVD method from a liquid carbon source, containing 3.7 wt. % Fe. Unlike the 
previous catalyst sample, the initiation of the reaction with L-CVD-184 involved the use of 
azobisisobutyronitrile (AIBN) as a radical initiator. AIBN decomposes at elevated tempera-
tures, triggering the initiation stage of the reaction mechanism. 

RESULTS AND DİSCUSSİON 

The scanning electron microscope (SEM, Fig. 2A), transmission electron 
microscope (TEM, Fig. 2B) and energy-dispersive X-ray (EDX) imaging (Fig. 
2C) of the synthesized MWCNT (G-CVD-1) are presented below. 

The SEM image of the MWCNT (G-CVD-1) catalyst sample illustrates the 
surface and morphology of the synthesized multi-walled carbon nanotubes. The 
fibers or tubular structures visible in the image correspond to multi-walled car-
bon nanotubes, which are tubular carbon materials with diameters measured in 
nanometers and lengths in the micrometer range. The magnification factor used in 
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Fig. 2. Synthesized MWCNT (G-CVD-1) images: SEM (A), TEM (B) and EDX (C). 

(Scanning electron microscope JEOL, JSM6610LV. Oxford Instrument; Transmission 
Electron Microscope JEM-1400 (JEOL, Japan)). 

the analysis was 8,000×, allowing for detailed observation of the sample’s 
nanostructures. The diameters of the tubular structures range approximately from 
a few to 100 nm. The surface of the tubes appears smooth, indicating the high 
quality of the synthesis method. Furthermore, the tubes are observed to be ent-
angled with one another, demonstrating their high surface area and nanoscale pro-
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perties. As shown in the provided images, the synthesized MWCNT (G-CVD-1) 
exhibits a smooth surface, is free from visible defects, and features a linear mor-
phology characterized by minimal bending and cracking. These observations sug-
gest that the synthesized MWCNT (G-CVD-1) is of high quality and possesses 
minimal structural imperfections (Fig. 2A). 

The TEM images depict the structural characteristics of the synthesized 
multi-walled carbon nanotubes (MWCNT (G-CVD-1)). The tubular structures, a 
defining feature of MWCNTs, are clearly visible. These structures consist of 
concentric graphene layers wrapped around each other. The images reveal that 
the MWCNTs are long, thin, and tubular in shape, with diameters measured on 
the nanometer scale (indicated by a 200 nm scale bar). In the first image, some of 
the tubes appear slightly bent or deformed. This deformation could be attributed 
to the conditions of the synthesis process or subsequent sample processing. In the 
second image, a straighter and more uniform tube is observed, indicative of a 
higher-quality structure with fewer defects. In both images, dark dot-like struc-
tures can be seen at the ends or along certain sections of the tubes. These are 
metal catalyst particles (Fe) used during the synthesis process. These particles act 
as nucleation points for the growth of MWCNTs, enabling carbon deposition 
through catalytic decomposition (Fig. 2B). The EDX analysis indicates that the 
primary component of the sample is carbon, comprising 81.90 mass % and 92.15 
at. %. This confirms that the material is carbon-based. The iron content is mea-
sured at 11.97 mass % and 2.90 at. %, demonstrating the presence of iron in the 
sample, likely in the form of oxides (Fig. 2C). 

Recent studies highlight that the unique physical properties of carbon nano-
tubes provide a solid foundation for the development of novel and efficient 
heterogeneous catalytic systems. Laboratory experiments have led to the creation 
of a new multi-walled carbon nanotube formulation containing iron, which 
exhibits high selectivity and efficiency. This catalyst serves as a versatile system, 
demonstrating significant effectiveness in the oxidation of various homologous 
hydrocarbons. The structural integrity of the MWCNT (G-CVD-1) catalyst, syn-
thesized via the chemical vapor deposition method using propane, was confirmed 
through SEM analysis (Fig. 2A). Energy-dispersive X-ray spectroscopy analysis 
further revealed a substantial iron content (11.97 wt. %), emphasizing its critical 
role in the material. The incorporation of iron atoms during synthesis through the 
use of ferrocene as a catalyst precursor is particularly noteworthy. 

In this study, the catalytic activity of iron-containing multi-walled carbon 
nanotubes in the aerobic oxidation reaction of cumene was analyzed. Experi-
ments were conducted at a temperature of 60 °C, and the oxygen adsorption kin-
etics of the MWCNT (G-CVD-1) catalyst, synthesized from propane gas, were 
comparatively investigated to evaluate their effect on the oxidation reaction of 
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cumene. The catalyst contains 9.8 wt. %  Fe, which significantly influences the 
reaction rate and kinetics. 

Reaction rate without catalyst 

The reaction rate without the catalyst was measured as y = 0.0072x. This 
value indicates that the reaction proceeds very slowly without a catalyst and can 
only occur at high temperatures and over a long period. The reaction under 
uncatalyzed conditions exhibits very low kinetics, which demonstrates the nec-
essity of a catalyst to accelerate the process. From the given data, it is clear that 
the iron-containing MWCNT (G-CVD-1) catalyst lowers the activation energy of 
the reaction, significantly increases the reaction rate, and this effect is further 
enhanced as the iron content increases (Fig. 3). 

 
Fig. 3. Kinetic dependences of oxygen adsorption in aerobic oxidation reaction in the liquid 

phase of cumene in the presence of MWCNT (G-CVD-1) (9.8 wt. % Fe) catalysts synthesized 
from propane gas. 
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Effect of MWCNT catalyst quantity on reaction rate 

In an experiment where 5, 10 and 20 mg quantities of MWCNT (G-CVD-1) 
catalyst were used, it was observed that as the quantity increased, the reaction 
rate also increased . With 5 mg of MWCNT (G-CVD-1) catalyst, the reaction 
rate was measured as y = 0.0265x (Fig. 3A), while with 10 mg, it increased to y =  
= 0.1071x (Fig. 3B). This caused the reaction to accelerate by approximately 3 
and 15 times, respectively. With 20 mg of MWCNT (G-CVD-1), the oxygen 
adsorption rate further increased, and a 23-fold acceleration was observed, with 
y = 0.1655x (Fig. 3C). This is due to the increase in the number of active sites on 
the catalyst surface as the amount of catalyst increases, leading to more collisions 
of reactive molecules with the surface, thus speeding up the reaction. However, 
when a certain threshold is reached, increasing the catalyst amount may not 
significantly affect the reaction rate. This is due to limitations related to the 
concentration of reactive species (substrate saturation). 

Effect of Fe content on reaction rate 

Experiments show that the high Fe content (9.8 wt. %) in the MWCNT (G- 
-CVD-1) catalyst further accelerates the reaction compared to the MWCNT (L- 
-CVD-184) catalyst sample with 3.7 wt. % Fe. The rate constant is 1.2 times 
higher (0.1304/0.1086 ≈ 1.2, Fig. 4). This difference can be explained by the 
following mechanism: Fe nanoclusters on the surface of the carbon nanotube 
exhibit high catalytic activity. It is clear that the catalyst sample with a higher 
amount of Fe nanoclusters (e.g., 9.8 wt. % Fe) provides more active sites, 

 
Fig. 4. Kinetic dependences of oxygen adsorption in the liquid phase aerobic oxidation 

reaction in the presence of catalysts MWCNT (G-CVD-1) and MWCNT (L-CVD-184) in 
the liquid phase of cumene. MWCNT (G-CVD-1) – carbon nanotubes synthesized from 
propane gas in the gas phase (9.8 wt. % Fe); MWCNT (L-CVD-184) – carbon nanotubes 

synthesized from cyclohexane in the liquid phase (3.7 wt. % Fe). Experimental conditions: 
cumene – 10 ml; AIBN – 10 mg; catalyst (G-CVD-1 or L-CVD-184) – 20 mg. 
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accelerating the reaction rate. More Fe clusters increase effective collisions with 
reactive molecules, thus reducing the activation energy and speeding up the 
reaction. This leads to the conclusion that Fe facilitates electron transfer in oxid-
ation processes and promotes the formation of reactive oxygen species. 

Reaction mechanisms and effective oxidation rate 

The general pathway for the aerobic catalytic oxidation of cumene in the 
presence of MWCNT (G-CVD-1) is illustrated as follows, where Wо2 represents 
the effective oxidation rate. The overall reaction steps (Eqs. (1)–(11)) follow the 
conventional numbering and notation system commonly used for hydrocarbon 
oxidation chain reactions in the scientific literature:35,36 

Chain nucleation (formation of alkyl R radicals, rate Wo): 

 [R–H + M@MWCNT]  R + M@MWCNT (Н) (1) 
 [H-R-R-H + M@MWCNT]  2R + M@MWCNT (2Н) (2) 
 RH + O2  R + HO2 (3) 

 2RH + O2  2R + H2O2 (4) 

where M is a metal (Fe). 
Continuation and development of the chain (rate Wd): 

 R + O2  RO2 (5) 

 RO2 + RH  ROOH + R (rate constant k3) (6) 

The presence of a carbon nanocatalyst results in the decomposition of the 
intermediate catalytic complex (hydroperoxide–Fe@MWCNT), leading to the 
formation of additional active radicals and the propagation of the reaction chain 
according to the following mechanism: 

 ROOH + Fe@MWCNT  [ROOH*Fe@MWCNT*ROOH]   
  RO + 2HO + Fe2+ (7) 
 Fe2+ + ROOH  RO + HO– + Fe3+ (8) 
 ROOH + Fe3+  2Fe2+ + RO2 + H+ (9) 

Open circuit (rate Wt): 

 RO + RO/RO2 + RO2  Radical recomb. prod. (rate constant k6) (10) 

The kinetic equation that describes the proposed scheme can be represented 
as follows: 

 Wо2 = (Wo + Wd)1/2k3k61/2[RH] (11) 

The high surface area of such nanotube structures provides more active sites, 
ensuring more reactions occur. The catalytic role of Fe makes the reaction faster 
and more efficient, which increases the potential for using MWCNTs in indus-
trial oxidation processes. 
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CONCLUSION 

In conclusion, this study investigated the catalytic properties of iron-con-
taining multi-walled carbon nanotubes (MWCNT (G-CVD-1)) and determined 
that they significantly accelerate the aerobic oxidation reaction of cumene. The 
presence of 9.8 wt. % Fe in the MWCNT (G-CVD-1) catalyst increases the num-
ber of active sites, thereby exerting a strong effect on the reaction kinetics. The 
increase in catalyst quantity and Fe content enhanced the reaction rate by approx-
imately 23 times and 1.2 times, respectively. The results of this study suggest the 
promising application of MWCNT catalysts as highly efficient materials for ind-
ustrial oxidation processes. 

И З В О Д  

ИСТРАЖ ИВАЊ Е КАТАЛИТИЧКЕ АКТИВНОСТИ ВИШ ЕСЛОЈНИХ УГЉ ЕНИЧНИХ 
НАНОЦЕВИ ПОМ ОЋУ М ОДЕЛ АЕРОБНЕ РЕАКЦИЈЕ ОКСИДАЦИЈЕ 

NARM IN M USTAFAYEVA, ELDAR ZEYNALOV, ASGAR HUSEYNOV, YAGUB NAGİYEV, M EHPARA NAD İRİ 
и M ATANAT M AHARRAM OVA 

M inistry of Science and Education of the Republic of Azerbaijan, Institute of Catalysis and Inorganic 
Chem istry nam ed after Academ ician M urtuza Nagiyev, AZ1143 Baku, Azerbaijan 

Ово истраживање је усмерено на синтезу виш еслојних угљеничних наноцеви 
(M W CNT) путем хемијске депозиције из паре (CVD) кориш ћењем гаса пропана и одре-
ђивање њихове каталитичке ефикасности у реакцијама оксидације. M W CNT су синте-
тисане у лабораторијском CVD реактору под оптимизованим условима, уз кориш ћење 
фероцена као прекурсора за уградњу 9,8 мас. %  гвожђа у структуру наноцеви. Показана 
је изузетна каталитичка активност синтетисаних M W CNT за оксидацију кумена, чак и на 
релативно ниским температурама. Ова побољш ана каталитичка ефикасност приписује 
се присуству једињења гвожђа унутар M W CNT канала, за која се претпоставља да делују 
као активна места за реакцију. М еђу проучаваним катализаторима, узорак G-CVD-1 који 
садржи 9,8 мас. %  гвожђа показао је најбоље перформансе, убрзавајући реакцију окси-
дације 23 пута у поређењу са некатализованим процесом. Поређења ради, узорак L- 
-CVD-184, са нижим садржајем гвожђа од 3,7 мас. % , постигао је 16 пута већу брзину 
реакције у односу на исту некатализовану рекацију. Ови резултати указују на то да кон-
центрација гвожђа унутар M W CNT игра важну улогу у одређивању њихове каталитичке 
ефикасности, при чему веће концентрације гвожђа обезбеђују знатно бољу активност. 
Ова студија показује да M W CNT модификоване гвожђем поседују значајан потенцијал 
као издржљиви и ефикасни катализатори за реакције оксидације. 

(Примљено 23. јануара, ревидирано 30. марта, прихваћено 3. августа 2025) 
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Abstract: The presence of polycyclic aromatic hydrocarbons (PAHs) in waste-
water poses significant health risks. To address this, a novel deep eutectic sol-
vent-based ferrofluid (DES-ferrofluid) was developed for liquid phase microext-
raction with back extraction (LPME-BE) to detect PAHs. The DES-ferrofluid 
was characterised for its physicochemical properties and morphology using 
FTIR, VSM and SEM-EDX. Key parameters in the LPME-BE process were 
optimised using response surface methodology (RSM) based on a Box–Behnken 
design (BBD). Optimal conditions included 15 mg of tetraethyl orthosilicate- 
-coated magnetic nanoparticles (MNPTEOS), 25 µL of DES 1 (caprylic acid and 
lauric acid), 800 mg NaCl and a 10 min extraction time. Analysis of variance 
(ANOVA) confirmed strong alignment between experimental data and the 
model, with an R2 of 0.8799 and adj. R2 of 0.7395. The method achieved limits 
of detection (LODs) of 0.4–1.7 ng mL-1 and limits of quantification (LOQs) of 
1.33–5.67 ng mL-1. Recoveries for spiked samples ranged from 75.78 to 118.65 
%, with RSD < 15 %. This DES-ferrofluid LPME-BE method with BBD opti-
mization shows promise as an effective alternative for PAH detection in waste-
water samples. 

Keywords: ferrofluid; fatty acid-based deep eutectic solvent; green micro-
extraction; Box–Behnken design. 

INTRODUCTION 
Polycyclic aromatic hydrocarbons (PAHs) are among the most common org-

anic pollutants disposed of into the environment, resulting in serious environ-
mental concerns. PAHs are chemical compounds with two or more fused benzene 
rings insoluble in water. PAHs with fewer than four rings are considered light 

 

* Corresponding author. E-mail: nurulyanirahim@usm.my  
https://doi.org/10.2298/JSC250124062S 

(CC) 2025 Serbian Chemical Society.

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



1204 SAZALI et al. 

PAHs, while PAHs with more than four rings are considered heavy PAHs. Heavy 
PAHs are more stable and dangerous than light PAHs.1 PAHs result from thermal 
deterioration, which occurs due to the incomplete combustion of organic materials 
and the geochemical creation of fossil fuels. Power plants, domestic heating, waste 
incineration, industrial activities and, most importantly, automotive exhaust emis-
sions are the principal sources of anthropogenic pollution. 

Given by the occurrence and adverse side effects of PAHs, the development 
of effective analytical methods for identifying PAHs in samples is highly desired. 
PAHs analysis is typically conducted in various samples using chromatographic 
techniques such as high-performance liquid chromatography2,3 and gas chromate-
graphy.4,5 Despite their high sensitivity, the presence of PAHs at low concen-
trations in samples and complex matrices has hindered their direct application. A 
sensitive and selective sample pretreatment technique is required to clean up and 
pre-concentrate the analytes before chromatographic analysis.1,6 

Liquid-phase microextraction (LPME), a novel method for complex matrices 
pretreatment, can be considered an environmentally friendly, simple, easy-to-oper-
ate and highly sensitive method for preconcentration. A miniaturised preparation 
method allows trace determination of target compounds in complex matrices.7 
Recently, green solvents, namely ionic liquids and deep eutectic solvents, have 
been significantly adopted in LPME as a substitute for hazardous solvents. The 
utilisation of deep eutectic solvents (DES) has garnered heightened interest in 
LPME.8 DES is a combination of two compounds: a hydrogen-bonding donor and 
a hydrogen-bonding acceptor, which form a eutectic mixture. Deep eutectic sol-
vents (DES) exhibit characteristics similar to ionic liquids (IL), such as high 
thermal stability, viscosity and high tunability, rendering them a good substitute 
for hazardous solvents.9,10 Owing to their distinctive physicochemical character-
istics, DES are advantageous in diverse extraction processes, such as serving as 
coating agents or carrier liquids in producing ferrofluids.4,11,12 

Ferrofluid liquid-phase microextraction (LPME) is a novel and environment-
ally friendly method that utilizes magnetic nanoparticles (MNPs) dispersed in a 
carrier fluid. This technique does not require centrifugation or advanced equip-
ment, allowing for rapid phase separation with the aid of an external magnetic 
field. Surface coating techniques that use surfactants or ionic charges to preserve 
colloidal stability are employed to stop MNPs sediment and clumping together due 
to their high reactivity. Because of their low toxicity, affordability, environmental 
sustainability and capacity to modify the physicochemical characteristics of ferro-
fluids for improved extraction performance, deep eutectic solvents (DESs) have 
become the preferred choice for the carrier fluid. 

Numerous experiments have shown that DES-based ferrofluids can extract 
analytes from complicated matrices. Dil et al. developed a hydrophobic octanoic 
acid–DL–menthol DES ferrofluid to determine the amount of doxycycline in urine, 
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blood plasma and milk.13 This method achieved excellent extraction efficiency 
using 150 µL of ferrofluid and 7 min of vortex. Zarei et al. created a magnetic clay 
nanoparticle coated with a menthol–decanoic acid DES to remove explosives from 
water, producing recovery rates ranging from 88 to 104 %.14 Similarly, Jouyban 
et al. extracted 16 PAHs from urine and saliva using a toner-based ferrofluid modi-
fied with choline chloride–stearic acid DES, with recoveries ranging from 61 to 84 
%.4 In a different application, PAHs were extracted from grilled meat using a 
ternary DES (phosphocholine:menthol:decanoic acid) ferrofluid, which produced 
excellent recovery and selectivity.12 Mohebbi et al. extracted pesticides such as 
diazinon, deltamethrin and fenpropathrin using a choline chloride–stearic acid fer-
rofluid, achieving recovery rates of 82–94 % and enrichment factors of 1643– 
–1884.15 To extract PAHs from coffee, Fan et al. created a ternary DES (menthol– 
–borneol–camphor) ferrofluid, which achieved recovery rates of 91–121 % and 
detection limits of 0.31–5.9 ng L–1.16 

Tamoxifen and its active metabolites were extracted from plasma more rec-
ently by Abarbakouh et al. using a ferrofluid dispersive solid-phase microextract-
ion in conjunction with LC–UV.17 They achieved low detection limits (0.2–200 
µg/L), precision (intra-day ≤ 7.5 %; inter-day ≤ 11.2 %), and accuracy (94–105 %). 
For the quantification of remdesivir in human plasma, Morovati et al. used a DES– 
–IL ferrofluid microextraction approach, which produced a linear range of 0.5–500 
µg L–1, low detection limits (0.2 µg L–1), and good precision (intra-day ≈ 9 %; 
inter-day ≈ 17 %) and accuracy (90–107 %).18 Due to their avoidance of centri-
fugation and external dispersive solvents, these techniques align with the principles 
of green analytical chemistry. Therefore, they are ideal for regular pharmaceutical 
tests, therapeutic monitoring, and clinical pharmacokinetic research. 

Despite significant advancements, little is known about the long-term stab-
ility, reusability and environmental impact of ferrofluids based on deep eutectic 
solvents (DES). There are also few studies investigating their compatibility with 
automated platforms, potential toxicity profiles, and comparative performance 
across different analyte classes and matrices. Further research is needed to fully 
demonstrate the scope, reliability and sustainability of ferrofluid-based microext-
raction procedures. 

Several important parameters, such as the type of solvents, pH and solvent 
volume, must be optimised to establish optimal extraction procedure conditions. 
Previous research has presented the “trial and error” strategy, in which one para-
meter is changed at a time while other parameters must remain constant to achieve 
effective analyte separation.19,20 Due to the enormous number of experimental 
steps and organic solvent consumption, testing the parameters at such levels is 
time-consuming and cost-ineffective, resulting in unsatisfactory results. Conver-
sely, this approach does not demonstrate the interactive response at the extreme 
values of independent parameters.20 
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Hence, response surface methodology (RSM) is critical in determining the 
ideal combination of parameters that produces the best chromatographic responses, 
such as sensitivity, recovery, and peak area. RSM is a statistical technique that is 
a significant tool for modelling and analysing the impacts of various process 
parameters. The underlying principle is to get the best conditions by doing the 
fewest trials possible and estimating interactions between the independent vari-
ables. Several previous studies have combined sample pretreatment methods with 
statistical analysis tools to optimise their experimental process by reducing the 
number of experiments while improving the accuracy of the results. The use of 
RSM to optimise experimental conditions has been widely used in various extract-
ion techniques, including PAHs determination21,22 and organo-phosphate pesti-
cide determination.23–25 Response surface methodology (RSM), which includes 
central composite design (CCD), Box–Behnken design (BBD) and Doehlert 
design, is used to optimise the most important independent parameter and deter-
mine the optimum amount of each factor.26 BBD is primarily a factorial design 
used in RSM to examine the quadratic response surface and construct second-order 
polynomial models. BBD is a spherical, three-level fractional factorial design com-
prised of a central point and the middle points of the circle’s circumscribed edges 
of the sphere.26,27 BBD needs fewer experimental runs than other factorial designs, 
making it more practical and cost-effective.26,28 

Further research is imperative to understand the effect of independent vari-
ables on the LPME-BE technique utilising DES-based ferrofluids with Box–Behn-
ken design. Therefore, this work aims to investigate RSM experimental design 
approaches for optimising independent parameters and validate the method for 
quantifying PAHs determination using the DES-based ferrofluids LPME method. 
In addition, DES-based ferrofluid LPME with back extraction was employed to 
analyse extracted PAHs in various environmental samples.   

EXPERIMENTAL 
Chemicals and reagents 

All fatty acids (caprylic acid (≥ 99.0 %), capric acid (≥98.0 %), pelargonic acid (≥97.0 %) 
and lauric acid (≥ 98.0 %) were purchased from Sigma–Aldrich. Iron (III) chloride hexahydrate 
(FeCl3⋅6H2O) and ammonium iron (II) sulphate hexahydrate (NH4)2Fe(SO4)2⋅6H2O) were 
obtained from QRec (Auckland, New Zealand). Tetraethyl orthosilicate (≥ 98.0 %) was pur-
chased from Merck. HPLC-grade acetonitrile and methanol were purchased from QRec (Auck-
land, New Zealand). Analytical grade solvents such as ammonia solution (28 %), hexane, 
dichloromethane, ethanol and isopropyl alcohol were also supplied by QRec (Auckland, New 
Zealand). Ultrapure water was prepared by the Millipore water purification system (Molsheim, 
France). 

Polycyclic aromatic hydrocarbons (PAHs) analytical standards (naphthalene, (≥ 99.7 %), 
biphenyl, (≥ 98.0 %), acenaphthylene (≥ 99.0 %), anthracene (≥ 98.0 %) and pyrene (≥ 98.0 %) 
were provided by Sigma–Aldrich. The individual stock solution for each PAH (1000 µg mL-1) 
in acetonitrile and stored in dark at 4 °C. The working standard solution containing the PAH 
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mixtures of a concentration of 10 µg mL-1 was prepared by appropriate dilution of the stock 
solution with acetonitrile. 
Synthesis of magnetic nanoparticles (MNP) 

The magnetic nanoparticles (MNP) was prepared using previous methods.29 About 4.8 g 
of (NH4)2⋅Fe(SO4)2⋅6H2O and 9.6 g of FeCl3⋅6H2O were mixed with 120 mL of deionised 
water. The mixture was stirred in a pre-heated solution (60 °C) for 5 min in an N2 atmosphere. 
The ammonia solution was then added dropwise and stirred for 1 h. The solid products were 
recovered using an external magnet and rinsed with excess deionised water until the pH reached 
neutral and dried in an oven for 24 h. 

The magnetic nanoparticles with tetraethyl orthosilicate (MNPTEOS) was produced by 
sonicating the synthesised MNP in a 200 mL mixture of ethanol and deionised water (1:1 
volume ratio) for 20 min.12 Ammonia (15 mL) and tetraethyl orthosilicate (TEOS, 6.3 mL) were 
gradually added into the mixture. The mixture was then agitated for 8 hours in a pre-heated 
solution (50 °C) under an N2 atmosphere. The solid products were gathered using an external 
magnet after cooling at room temperature, washed thrice with ethanol and deionised water 
(30:70 volume ratio) and dried in the oven for 24 h.  
Synthesis of deep eutectic solvent (DES) 

The selected fatty acid-based deep eutectic solvent (DES) synthesis was carried out using 
a previously published method.30 
Preparation of DES-based ferrofluids 

About 15 mg of MNPTEOS was mixed into 25 µL of DES 1 and sonicated for 15 min to 
produce stable DES-based ferrofluid (MNPDES). The MNPDES was rinsed with deionised 
water to eliminate unreacted compound.12 
Characterisation 

The vibrational frequencies of each functional group in all MNP, MNPTEOS and 
MNPDES were analysed using Fourier transform-infrared spectroscopy (FTIR). The study was 
conducted with a Perkin Elmer 2000 instrument (Waltham, USA). The FTIR spectrum has been 
acquired in the range of 400–4000 cm-1 to analyse and determine the unique chemical properties 
within the sample. The magnetic properties of the synthesised MNP, MNPTEOS and MNPDES 
were analysed using a Lake Shore 4700 series VSM (Westerville, OH, USA). The magnetic 
field was applied within the range of –8000 to 8000 G. The Quanta™ 650 FEG SEM (Hillsboro, 
OR, USA) was used to analyse the surface morphology and elemental dispersion of the MNP, 
MNPTEOS and MNPDES. EDX analysis offers elemental analysis to characterise the compo-
nents present in the sample. The EDX spectra reveal the elemental composition and distribution 
found in MNP, MNPTEOS and MNPDES. The analysis was conducted using an operating 
voltage of 10.00–15.00 kV, a magnification of 100,000×, and a working distance (WD) of 9.7– 
–9.8 mm. 
Liquid phase microextraction with back extraction (LPME-BE) procedure 

Initially, 25 μL of MNPDES was added into a 20 mL sample bottle followed by 5 μg mL-1 
of PAHs mixtures and 800 mg of NaCl, and vortexed for 10 min using a vortex mixer. An 
external magnet was used to separate the ferrofluid from the sample solution. The PAHs were 
extracted back into 500 μL of acetonitrile by vortex for 1 min and then using an external magnet 
to achieve phase separation. The eluate was transferred to a 1.5 mL centrifuge tube before being 
injected into the GC-FID for analysis.  
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GC-FID analysis 
A Perkin Elmer Clarus500 gas chromatograph (Waltham, MA, USA) with a flame ion-

isation detector (FID) and a split/splitless injector was used to analyse the samples. The PAHs 
were separated using an Elite-5 fused silica capillary column (30 m×0.32 mm I.D, 1 μm film 
thickness) from J&W Scientific. The carrier gas was hydrogen at a 1.0 mL/min flow rate. The 
injection volume was set to 2 μL, and the sample injection mode was splitless. The GC oven 
temperature programme was set to begin at 70 °C (1 min), ramp to 170 °C at 7 °C/min, ramp to 
290 °C at 15 °C/min, and hold at this temperature for 3 min. The injection port and detector 
were adjusted to 270 and 300 °C, respectively. 
Box–Behnken design (BBD) 

The extraction process was optimised using Box–Behnken design, and the statistical ana-
lysis of the experimental results was performed using Minitab® statistical software, version 21 
(Minitab Inc., State College, PA, USA). Box BBD experiments were used to evaluate four 
independent parameters that could affect extraction efficiency, including the amount of 
MNPTEOS (5–15 mg), the volume of DES 1 (25–90 μL), salt addition (0–800 mg) and extract-
ion time (1–10 min). To perform a quadratic regression on the model coefficients, 27 BBD 
experiment runs with four variables and three levels were utilised to develop a second-order 
polynomial model to describe the response variables and their interactions. The prediction 
equation was generated by fitting the experimental data to the BBD model in Eq. (1), which 
provides an empirical link between the response (total peak area) and the tested variables (coded 
level) at a confidence level greater than 95%: 

 2 2
0 1 1 2 2 12 1 2 11 221 2X X X X X XY β β β β β β+ + + + +=  (1) 

where Y is the measure response (peak area), X1 and X2 are significant independent variables, 
β1 and β2 are the linear regression coefficients, β12 is the interactive regression coefficient and 
β0 is a constant term. Further, to get maximum peak area, BBD was considered to analyse the 
effect of a significant independent variable on response. 

The variables were coded as follows: X1 (amount of MNPTEOS), X2 (volume of DES 1), 
X3 (addition of salt) and X4 (extraction time). Table S-I of the Supplementary material to this 
paper contains the coded-level design variables and the predicted and experimental response 
values.  

ANOVA, coefficient of determination (R2), model significance (P-value of 0.05), non- 
-significant lack of fit and response surface plots were used to validate the mathematical model 
generated by the BBD approach. 
Analytical method validation and performance characteristics 

The developed and optimised method has been validated employing SANTE guidelines 
for linearity, precision, limit of detection (LOD) and limit of quantification (LOQ).31  
Real samples analysis 

The wastewater samples were collected from the Kulim Hi-Tech industrial area in Kedah 
and Batu Kawan in Penang, Malaysia. The specimens were maintained at 4 °C under darkness 
until they were utilised. Prior to the LPME-BE procedure, the water samples were filtered with 
0.45 µm membrane filters to remove contaminants. Roadside leaf samples continuously exp-
osed to automobile air pollutants were randomly collected from various locations in Sungai 
Dua, Gelugor, Penang. The methodology employed for the preparation of leaf samples in this 
study was adapted from the previously reported procedure.22 Initially, the leaves were minced 
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and subsequently pulverised using a mortar. Subsequently, roughly 0.5 g of leaves were sub-
jected to introducing analytes at concentrations of 0.2, 0.5 and 1.0 µg mL-1, followed by 15 min 
of diffusion. Subsequently, a volume of approximately 2 mL of acetonitrile was introduced into 
the mixture and agitated for 3 min using a vortex mixer. After centrifugation at 4000 rpm for 5 
min, the supernatant was gathered and subjected to microextraction. 

RESULTS AND DISCUSSION 

Characterisation results 
Fourier-Transform Infrared (FTIR) analysis. The confirmation of the pre-

sence of functional groups on the surface of the synthesised materials was con-
ducted using FTIR analysis in the range of 400–4000 cm–1. Fig. 1a–e displays the 
FTIR spectra of MNP, MNPTEOS and DES-based ferrofluids. Previous research 
has documented the FTIR spectra of various fatty acids and synthesised DES. 
Based on FTIR spectra in Fig. 1a and b, two prominent peaks associated with the 
Fe–O bond in MNP were seen at 577 and 611 cm–1, respectively.32,33 Furthermore, 
there are noticeable peaks in the O–H bending region at 3418 and 3422 cm–1 for 
MNP and MNPTEOS, respectively. MNPTEOS has a prominent peak at 1104 cm–1, 

 
Fig. 1. FTIR spectra of (a) MNP, (b), MNPTEOS, (c) MNPDES 1, (d) MNPDES 2, (e) 

MNPDES 3.
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representing the stretching of Si–O–Si bonds. This peak demonstrated the success-
ful application of coating silanol groups on MNP cores.33  

The FTIR spectra of the synthesised DES-based ferrofluids (MNPDES 1, 2 
and 3) are displayed in Fig. 1c–e. The location of the O–H vibration peaks is 
affected by the analytes' structure and content. Carboxylic acids commonly form 
dimer associations due to hydrogen bonding.34 The hydroxyl and carbonyl groups 
of DES-based ferrofluids are within the range of 3398 to 3407 cm–1 and 1705 to 
1709 cm–1, respectively. Characteristic peaks at 1094 (MNPDES 1), 1096 (MNPDES 
2) and 1104 cm–1 (MNPDES 3) correspond to the Si–O–Si stretching vibration 
band, revealing the presence of TEOS in theses synthesised DES ferrofluids. Peaks 
at 2925 to 2927 cm–1 and 2851 to 2857 cm–1, corresponding to the CH3 and CH2 
groups, were found in all DES-based ferrofluids. This indicates that the DES suc-
cessfully coated the MNP core.  

Vibrating sample magnetometer (VSM) analysis. The magnetic properties of 
MNP, MNPTEOS and MNPDES were analysed at room temperature. The mea-
surements were conducted within a magnetic field range of –8000 to 8000 G. The 
saturation magnetisation (Ms) and coercive field (Hc) were evaluated as critical 
magnetic properties. The magnetic properties predominantly dictate the behaviour 
of nanoparticles and ferrofluids. Fig. S-1a–e of the Supplementary material depicts 
the magnetic hysteresis of MNP, MNPTEOS and MNPDES, which have an 
S-shaped curve. Ms values for MNP and MNPTEOS were determined to be 55.86 
and 35.67 emu g–1, respectively. The magnetisation values for the synthesised 
MNPDES were measured to be 1.45, 1.51 and 1.50 emu g–1 for MNPDES 1, 2 and 
3, respectively. The magnetic susceptibility of MNPTEOS and MNPDES is lower 
than that of the MNP. The presence of TEOS and DES on the surface of the MNP 
may lead to a decrease in the Ms, as predicted by Jayabharathi et al. 35 Further-
more, synthesising ferrofluid could contribute to the decrease in Ms.36 Never-
theless, the decline in Ms seen in MNPDES suggests that the DES has successfully 
formed a coating on the surface of the magnetic nanoparticles (MNP). Despite 
having a lower Ms compared to MNP and MNPTEOS, MNPDES nevertheless fall 
within an acceptable range for simple separation using an external magnetic 
field.35 The MNP, MNPTEOS and MNPDES exhibit superparamagnetism at room 
temperature, indicated by the lack of hysteresis, retentivity (Mr) and Hc.  

Scanning electron microscopy – energy dispersive X-ray (SEM-EDX) ana-
lysis. The surface morphology of MNP, MNPTEOS and MNPDES was examined 
using SEM-EDX analysis. Fig. S-2a–e of the Supplementary material illustrates 
that MNP, MNPTEOS and MNPDES have a roughly spherical shape with a uni-
form distribution spanning 553.8 to 1.468 µm. The SEM analysis revealed that the 
synthesised MNPDES exhibited particle sizes ranging from 1.13 to 1.468 µm, 
greater than those of MNP (553.8 nm) and MNPTEOS (767.9 nm). The enlarged 
particle size in MNPDES is caused by the coating of the MNP core with DES. 
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Lenin et al. 37 observed that the application of DES coating on the surface of 
MNP’s leads to an increase in the particle size of ferrofluids.  

EDX analysis assessed the elemental composition of MNP, MNPTEOS and 
DES-based ferrofluids. The EDX spectra in Fig. S-3a of the Supplementary 
material indicate that the MNP is composed of 61.49 % Fe and 30.37 % O. 
MNPTEOS (Fig. S-3b) comprises 35.73 % Fe, 39.35 % O and 20.04 % Si. In the 
case of MNPDES (as shown in Fig. S-3c–e), all of them had a composition con-
sisting of 32.41–36.96 % Fe, 37.07–39.20 % O and 15.50–21.57 % Si. Further-
more, MNPDES 3 contains the highest carbon content (13.04 %) compared to other 
compounds. This is attributed to a combination of lauric acid and capric acid in a 
mole ratio of 1:3, which results in the longest alkyl chain. The SEM-EDX results 
confirm the successful application of the DES coating on the surface of the MNPs. 

Selection of fatty acid-based DES  
The selection of an ideal DES as a carrier of ferrofluid is important in the 

proposed method. DES should have an appropriate interaction with the MNP to 
form a stable ferrofluid, thus enhancing the extraction efficiency of the developed 
method. Therefore, a hydrophobic DES should stabilise in an aqueous solution 
during microextraction. Moreover, the solubility of desired analytes in the ext-
ractant solvent, assisted with the presence of steric interaction, should be con-
sidered to achieve an optimum extraction efficiency. For these reasons, caprylic 
acid (C8), pelargonic acid (C9) and capric acid (C10) acted as hydrogen bond donor 
(HBD) and were used to produce nine different eutectic solvents with lauric acid 
(C12) by varying their molar ratio to investigate their extraction performance. The 
DES consist of caprylic acid, pelargonic acid, capric acid, and lauric acid incur-
porated with MNPTEOS, were listed in Table I.  

TABLE I. Types of DES and their mole ratio; HBA: lauric acid 
 HBD HBA:HBD mole ratio  Abbreviation 

 

Caprylic acid 1:3 MNPDES 1 
Pelargonic acid 1:3 MNPDES 2 
Capric acid 1:3 MNPDES 3 
Caprylic acid 1:2 MNPDES 4 
Caprylic acid 1:4 MNPDES 5 
Pelargonic acid 1:2 MNPDES 6 
Pelargonic acid 1:4 MNPDES 7 
Capric acid 1:2 MNPDES 8 
Capric acid 1:4 MNPDES 9 

Fig. 2 shows the effect of the type of DES on the LPME method. Generally, 
DES with longer alkyl chains and a high hydrogen bond donor (HBD) ratio, such 
as MNPDES 7 and 9, are expected to achieve higher recovery percentages for 
hydrophobic polycyclic aromatic hydrocarbons (PAHs), with the exception of 
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anthracene when using MNPDES 7. As illustrated in Fig. 2, both MNPDES 7 and 
9 tend to self-coacervate and agglomerate in highly hydrophobic environments, 
which leads to a decrease in recovery percentages.22 This behaviour suggests that 
MNPDES, containing longer alkyl chains and a higher HBD ratio, demonstrate 
increased viscosity. The elevated viscosity hinders the dispersion of MNP in the 
solution, thereby limiting the mass transfer of PAHs.38 

 
Fig. 2. The effect of type of DES with their mole ratio on extraction efficiency. Extraction 
condition: sample volume: 10 mL, amount of MNP: 10 mg, volume of DES: 50 µL, salt 

addition: 200 mg, extraction time: 5 min, back extraction solvent: ACN, 
volume of ACN: 300 µL, back-extraction time: 1 min. 

Conversely, most PAHs displayed satisfactory recovery percentages when 
using DESs with shorter alkyl chains and a lower HBD ratio, specifically 
MNPDES 1, 4, 5 and 6. The results indicate that PAHs exhibit enhanced solubility 
in these MNPDESs, a phenomenon attributed to their lower viscosity and suitable 
hydrophobicity. This results in improved dispersion of MNPDES in the solution, 
facilitating mass transfer through stable hydrogen bonding and hydrophobic inter-
actions between the PAHs and the alkyl chain of MNPDES 1. Additionally, the 
CH–π interaction between the benzene ring of PAHs and the CH3 group of 
MNPDES also plays a crucial role in the efficient extraction process.5,22 Several 
studies have highlighted the importance of these interactions between hydrophobic 
DES and analytes that contributed to more efficient extraction of non-polar com-
pounds due to favourable dispersion interactions and phase compatibility.4,5,22 
Additionally, an increase in PAH solubility in DES formulated with hydrophobic 
DES, attributing this phenomenon to van der Waals and hydrophobic interact-
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ions.4,12,22 The DES, composed of long-chain components, effectively encap-
sulates non-polar analytes through hydrophobic inclusion or micelle-like domains, 
stabilizing them within the DES-rich phase. The observed selectivity and effi-
ciency in PAH extraction can be linked to these interactions, even in the absence 
of strong polar interactions.39,40 

As seen from Fig. 2, MNPDES 3 obtained a higher extraction efficiency on 
anthracene and pyrene, which are known as high molecular weight PAHs, owing 
to the optimal ratio of hydrogen bond donors and acceptors, which facilitated 
enhanced hydrophobic interactions with these compounds. Thus, the type and 
molar ratio of HBD are critical factors for effective extraction. After thorough 
analysis, MNPDES 1, consisting of a mixture of C12:C8 in a 1:3 ratio, has been 
identified as the most suitable carrier liquid for MNP. The extraction capability for 
all PAHs is enhanced due to its lower viscosity and satisfactory hydrophobic pro-
perties. The characteristics of DES 1 facilitate stable hydrogen bonding and hydro-
phobic interactions with PAHs, enabling efficient extraction from aqueous solutions. 

Statistical analysis 
The optimisation of independent parameters influencing the extraction effi-

ciency was performed using BBD. The interaction and significance of each factor 
were determined by analysis of variance (ANOVA). The significance of each coef-
ficient was determined using the F-test and p-value (Table S-II of the Supplement-
ary material). The quadratic regression model indicated it was significant, as evi-
denced by the F-test with a low probability value (p-value of 0.05). The F-value 
of the model was 6.28, with a p-value of 0.001 (less than 0.05), implying a linear 
relationship between the amount of MNPTEOS (X1), the volume of DES 1 (X2), 
the addition of salt (X3) and the extraction time (X4). Notably, parameters such as 
X1 and X3 exhibited significant linear effects. Additionally, the quadratic term of 
X2 and the interaction between X2 and X3 were also identified as significant. In 
contrast, X4 and specific higher-order interactions did not reach statistical signific-
ance, indicating that their removal may enhance the model's simplicity.  

The Lack-of-fit’s F-value of 1.37 was observed insignificant (greater than 
0.05) compared to the pure error. Furthermore, the reliability of the proposed 
model was assessed using R2 and adjusted-R2, which were 0.8799 and 0.7395, res-
pectively, showing that the quadratic model is still suitable for data fitness and 
appropriate for the current study.41,42 Despite low value of adjusted R2, the model 
is statistically significant (p = 0.001) and generally exhibits a good fit. The lower 
adjusted R2 suggests that not all predictors strongly influence the response vari-
able.43 As a result, the analysis demonstrates the significant importance of the 
model used to describe the relationship between the extraction conditions and the 
responses given, as shown in Eq. (2): 
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 Y (Total peak area) = 16047 – 1251X1 – 264X2 + 36.2X3 – 997X4 +  
 + 79.5X12 + 4.27X22 – 0.00898X32 + 53.3X42 – 7.0X1X2 +  
 + 0.770X1X3 + 70.9X1X4 – 0.372X2X3 – 11.9X2X4 – 0.005X3X4 (2) 

The 3D response surfaces of the relationship between the amount of 
MNPTEOS, the volume of DES, the addition of salt, and the extraction time are 
shown in Fig. 3. According to Fig. 3a, adding 15 mg of MNPTEOS to a lower 
volume of DES 1 (25 µL) enhanced PAHs extraction efficiency. This behaviour 
indicates that the ferrofluid is more stable and provides higher MNP dispersion in 
the sample solution despite the low DES volume. Furthermore, Fig. 3b demon-
strates that a high extraction efficiency of PAHs was obtained when 15 mg of 
MNPTEOS and 800 mg of NaCl were applied. Increasing the MNPTEOS provides 
more adsorption sites for PAHs. With the addition of salt, the solubility of PAHs 
in the aqueous phase decreases due to the salting out effect, thus increasing their 
extraction. The extraction efficiency of PAHs was low when a large volume of 
MNPDES 1 was used, and no salt was added (Fig. 3c). This is explained by the 
fact that increasing the volume of DES 1 increases the diluting impact of PAHs. 
Fig. 3d and e show that using a small amount of DES 1 and a large amount of MNP 
with a longer extraction period results in higher efficiency. Furthermore, as demon-
strated in Fig. 3f, the extraction efficiency of PAHs increases with the addition of 
NaCl and the length of the extraction time. A higher concentration of NaCl and a 
longer extraction time may aid in developing equilibrium during the extraction 
process. It can be concluded that the overall results indicated the most optimal 
condition was using 15 mg of MNPTEOS, 25 µL of DES 1, 800 mg of NaCl and 
10 min of extraction time. 

It is crucial to acknowledge the variability in peak areas observed across expe-
rimental runs. These discrepancies can be attributed to sample handling and ana-
lytical drift factors. Minor variations in sample preparation, such as inconsistencies 
in vortex, pipetting, nanoparticle dispersion or magnetic separation, lead to fluctu-
ations in analyte recovery, ultimately affecting chromatographic responses. Fur-
thermore, analytical drift, which is characterized by gradual changes in instrument 
response over time, may stem from factors including temperature variations or 
detector instability. Such changes can compromise peak shape, baseline stability, 
and detector sensitivity.44,45  

Analytical method validation and performance characteristics 
The LPME-BE method for determining PAHs using DES-based ferrofluid 

was validated under optimum circumstances, as indicated in Table S-III of the 
Supplementary material. All PAHs demonstrated strong linearity between 0.005 
and 5 µg mL-1, with R2 values larger than 0.9730. The detection and quantitation 
limits of detection (LOD) were determined to be 0.40–1.70 ng mL–1 and 1.33–5.67 
ng mL–1, respectively. The precision of the LPME-BE method was determined by  
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Fig. 3. Three-dimensional response surface plot in the peak area of PAHs. a) Amount of 

MNP-volume of DES. b) Amount of MNP-salt addition. c) Volume of DES-salt addition. 
d) Amount of MNP-extraction time. e) Volume of DES-extraction time. 

f) Salt addition-extraction time. 

measuring the relative standard deviation (RSD) for intra-day (repeatability) and 
inter-day (reproducibility). The RSD ranges for intra-day (repeatability) and inter- 
-day (reproducibility) precisions were 13.05–16.89 % and 9.37–15.84 %, respect-
ively. It is notable that the intra- and inter-day precision values for the target PAHs 
ranged from 15–17 %, with recoveries as high as 118 %. According to SANTE 
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guidance document criteria, the RSD values should be fewer than 20 %, and the 
precision obtained with this approach is acceptable.31 Considering the method 
demonstrated acceptable performance, however, increased variability in specific 
replicates might be contributed to minor inconsistencies in sample preparation. 
Additionally, analytical drift over time, particularly fluctuations in detector res-
ponse and baseline shifts in GC-FID, may have contributed to signal variability 
across runs. These factors likely influenced the reproducibility of peak areas.44,45 
Although the precision values were generally acceptable for most analytes, these 
findings highlight the need for improved procedural consistency and the potential 
introduction of internal standards in future studies to enhance method robustness. 
Furthermore, the enrichment factor values for this method ranged from 26.66 to 
40.05, indicating that the low concentration of PAHs was successfully preconcen-
trated utilising this extraction method. 

Application to real samples 
To evaluate the potential of the MNPDES, wastewater samples from industrial 

effluents (Batu Kawan, Seberang Perai, Penang and Kulim Hi-Tech industrial area, 
Kedah) and random roadside plant leaves samples, that were continuously exposed 
to air pollutants in automobile areas in Sungai Dua, Gelugor, Penang, were 
obtained and used to analyse the DES-based ferrofluid LPME-BE effectiveness by 
spiking PAHs into the samples with known amounts (0.2, 0.5 and 1.0 µg mL–1). 
Table II shows the results of the extraction of PAHs for each spiked sample. No 
endogenous PAHs were detected in the wastewater and leaf samples; however, 
significant peaks appeared after adding exogenous PAHs. The method’s extraction 
recoveries and repeatability were evaluated through triplicate analysis of samples 
spiked at concentration levels of 0.2, 0.5 and 1 µg mL–1 of each PAHs. The data 
presented in Table II indicate that the recoveries of PAHs from environmental 
samples fall within the range from 75.78 to 118.65 %, with relative standard devi-
ations (RSDs) ranging from 0.08 to 13.21 %. As per the guidelines provided by 
SANTE, the outcomes of the recovery were deemed satisfactory.31 The research 
findings demonstrated that the LPME-BE using MNPDES is a viable technique 
for efficiently separating, extracting, and quantifying trace amounts of PAHs in 
diverse, complex environmental matrices. 

TABLE II. Determination of analytes using the proposed method in different real samples; ACN 
– acenaphthylene; Ww – wastewater; L – leaves 

Sample Spiked conc. 
µg/mL 

Relative recovery, % (RSD / %), N = 3 
Naphthalene Biphenyl ACN Anthracene Pyrene 

Ww 1 0.2 98.68 (9.81) 79.26 (4.02) 85.08 (1.03) 105.45 (1.07) 80.91 (9.87) 
0.5 92.42 (1.01) 82.10 (7.29) 89.04 (7.72) 104.93 (0.47) 89.85 (1.21) 
1 92.05 (0.41) 82.14 (5.45) 86.14 (2.14) 109.40 (7.52) 89.14 (7.87) 
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TABLE II. Continued 

Sample Spiked conc. 
µg/mL 

Relative recovery, % (RSD / %), N = 3 
Naphthalene Biphenyl ACN Anthracene Pyrene 

Ww 2 0.2 99.33 (5.23) 77.78 (1.41) 85.10 (0.03) 110.40 (8.66) 89.15 (0.02) 
0.5 95.60 (6.81) 97.23 (6.10) 82.56 (5.27) 106.25 (1.91) 89.31 (0.24) 
1 97.18 (2.73) 89.58 (13.21) 89.45 (4.26) 117.44 (0.42) 89.62 (0.93) 

Ww 3 0.2 101.86 (9.05) 81.20 (7.31) 90.41 (10.21) 117.50 (0.51) 89.40 (0.48) 
0.5 93.21 (7.75) 84.78 (8.60) 85.30 (0.46) 117.56 (0.59) 93.18 (7.52) 
1 101.13 (9.40) 78.96 (4.29) 93.05 (9.95) 112.77 (5.49) 92.49 (6.27) 

Ww 4 0.2 109.39 (11.64) 87.94 (11.20) 86.38 (2.61) 115.91 (1.86) 89.25 (0.11) 
0.5 102.85 (12.13) 81.14 (8.83) 97.99 (12.32) 117.15 (0.56) 89.27 (6.92) 
1 101.65 (10.22) 82.04 (5.66) 86.90 (1.91) 118.65 (2.19) 94.33 (6.62) 

Ww 5 0.2 96.08 (0.77) 77.53 (2.26) 88.53 (6.74) 107.07 (9.91) 90.06 (0.92) 
0.5 94.95 (1.05) 83.23 (10.59) 85.46 (0.64) 113.55 (4.48) 99.06 (14.16) 
1 99.47 (6.65) 75.78 (1.63) 85.28 (0.40) 110.60 (10.27) 94.23 (9.36) 

Ww 6 0.2 95.07 (0.86) 76.30 (1.30) 76.48 (0.95) 114.58 (6.89) 90.57 (2.73) 
0.5 99.50 (6.66) 76.47 (0.61) 85.41 (0.68) 108.92 (6.80) 89.50 (0.70) 
1 96.06 (0.61) 77.66 (1.20) 87.11 (3.30) 118.10 (1.12) 89.56 (0.66) 

Ww 7 0.2 101.78 (8.52) 77.38 (0.70) 85.45 (0.62) 117.29 (0.16) 89.26 (0.20) 
0.5 96.47 (1.20) 75.94 (5.09) 86.04 (1.57) 118.65 (1.78) 89.15 (0.92) 
1 95.59 (0.08) 82.37 (9.94) 86.21 (2.0) 116.96 (0.23) 89.47 (0.53) 

L 1 0.2 95.72 (0.11) 77.61 (1.10) 85.01 (1.02) 117.10 (0.72) 88.90 (1.92) 
0.5 96.20 (0.80) 77.38 (0.70) 85.00 (1.20) 114.93 (2.74) 89.54 (0.63) 
1 96.35 (1.03) 76.00 (1.88) 81.83 (5.60) 110.88 (8.00) 88.74 (0.64) 

L 2 0.2 94.72 (1.38) 76.20 (1.50) 84.71 (0.61) 113.01 (5.18) 88.25 (1.43) 
0.5 95.31 (0.50) 71.24 (11.44) 84.70 (0.62) 114.78 (2.92) 85.83 (5.45) 
1 90.88 (7.41) 71.07 (11.80) 77.88 (13.07 112.27 (6.15) 88.04 (1.76) 

L 3 0.2 89.10 (10.38) 75.06 (3.64) 82.20 (4.96) 113.53 (4.51) 86.44 (4.40) 
0.5 95.15 (0.73) 76.56 (0.82) 80.98 (7.15) 112.52 (5.82) 88.58 (0.90) 
1 94.83 (1.22) 77.2 (0.624) 87.28 (3.57) 115.61 (1.99) 85.22 (6.95) 

CONCLUSION 

The proposed work showed that the application of the Box–Behnken design 
optimized independent parameters impacting the DES-based ferrofluid LPME-BE 
method and achieved appropriate PAHs determination in environmental samples. 
The primary goal of this work is to determine the maximum peak area by evalu-
ating significant independent parameters that affect the PAHs peak area. The suc-
cessful DES coating on MNP has been conclusively validated through FTIR, VSM 
and SEM-EDX analyses. The ANOVA test indicated that these parameters sub-
stantially impacted the extraction efficacy of PAHs using DES-based ferrofluids. 
The optimum extraction performance within the experimental range was expected 
to be 15 mg of MNPTEOS, 25 µL of DES 1, 800 mg of NaCl and 10 min of 
extraction time. Validation of analytical performances such as precision, accuracy, 
enrichment factor and recovery were evaluated under optimal extraction circum-
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stances. The proposed extraction method is suitable for measuring PAHs in envi-
ronmental samples. The LOD and LOQ values for PAHs were 0.4–1.70 ng mL–1 
and 1.33– 5.67 ng mL–1, respectively, which made the approach dependable for 
reliably and precisely determining PAHs. The recoveries obtained were ranged 
from 75.78 to 118.65 % with RSD < 15 %. As a result, it has been demonstrated 
that the established approach is straightforward and reliable for quantifying PAHs 
in environmental samples. 

This study introduces a promising green extraction method for the determin-
ation of PAHs that utilises DES-based ferrofluids. However, it is important to 
recognise certain limitations. The method was assessed with a limited selection of 
PAHs and examined solely in spiked matrices, potentially failing to exhibit the 
actual environmental sample applications. Intra- and inter-day precision variability 
may result from slight inconsistencies in sample handling and analytical drift. The 
application of GC-FID, although practical, is insufficient in selectivity for depend-
able analyte identification within complex matrices. The statistical model demon-
strated moderate explanatory power and variability in response despite its utility. 
Future research should enhance the method’s applicability by incorporating valid-
ation with certified reference materials (CRMs) and real contaminated samples, 
integrating internal standards, assessing matrix effects via spiking or standard 
addition and confirming results through mass spectrometry (GC–MS or LC–MS/  
/MS) to achieve greater selectivity. The proposed enhancements will increase the 
method’s robustness, reliability and relevance for trace-level environmental analysis.  

SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal web-
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И З В О Д  

ОПТИМИЗАЦИЈА ТЕЧНЕ МИКРОЕКСТРАКЦИЈЕ PAH ЗАСНОВАНЕ НА ДУБОКОМ 
ЕУТЕКТИЧКОМ РАСТВАРАЧУ У УЗОРЦИМА ЖИВОТНЕ СРЕДИНЕ КОРИШЋЕЊЕМ 

МЕТОДОЛОГИЈЕ ПОВРШИНЕ ОДЗИВА 

NUR HIDAYAH SAZALI1, MAZIDATULAKMAM MISKAM2, FAIZ BUKHARI MOHD SUAH2 

и NURUL YANI RAHIM2 

1Institute of Sustainable Energy and Resources, Universiti Teknologi PETRONAS, 32610 Seri Iskandar, 

Perak, Malaysia и 2School of Chemical Sciences, Universiti Sains Malaysia, 11800 USM, Pulau Pinang, 

Malaysia 

Присуство полицикличних ароматичних угљоводоника (PAHs) у отпадним водама 
представља значајан ризик по здравље. У циљу решавања овог проблема, развијен је нови 
ферофлуид на бази дубоког еутектичког растварача (DES-ферофлуид) за микроекстрак-
цију у течном фазном стању са повратном екстракцијом (LPME-BE) ради детекције PAHs. 
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DES-ферофлуид је карактерисан у погледу својих физичко–хемијских особина и морфо-
логије помоћу FTIR, VSM и SEM-EDX. Кључни параметри у процесу микроекстракције у 
течном фазном стању са повратном екстракцијом (LPME-BE) оптимизовани су применом 
методологије површине одзива (RSM), засноване на Box–Behnken дизајну (BBD). Опти-
мални услови укључивали су 15 mg магнетних наночестица премазаних тетраетилорто-
силикатом (MNPTEOS), 25 μL DES 1 (мешавина каприлне и лауринске киселине), 800 mg 
NaCl и време екстракције од 10 min. Анализа варијансе (ANOVA) је потврдила добро 
поклапање експерименталних података са моделом, са R2 од 0,8799 и прилагођеним R² 
од 0,7395. Метод је постигао границу детекције (LOD) у опсегу од 0,4 до 1,7 ng mL-1 и 
границу квантификације (LOQ) од 1,33 до 5,67 ng mL-1. Приноси за узорке са додатим 
стандардом кретали су се од 75,78 до 118,65 %, са релативним стандардним одступањем 
(RSD) мањим од 15 %. Овај LPME-BE метод са DES-ферофлуидом и BBD оптимизацијом 
представља обећавајућу и ефикасну алтернативу за детекцију  PAHs у узорцима отпадних 
вода. 

(Примљено 24. Јануара, ревидирано 17. априла, прихваћено 5. августа 2025) 
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Table S-I. Factors, actual and coded levels, and design matrix used in BBD for extraction of 
PAHs. 

Factors Levels 
 Low (-1) Central (0) High (+1) 

Amount of MNP (X1) 5 mg 10 mg 15 mg 
Volume of DES 1 (X2) 25 µL 57.5 µL 90 µL 
Addition of salt (X3) 0 mg 400 mg 800 mg 
Extraction time (X4) 1 min 5.5 min 10 min 

 
Run X1 X2 X3 X4 Total Peak Area 

1 0 1 1 0 12791.4 
2 0 0 1 -1 13475.01 
3 0 0 -1 -1 4956.06 
4 0 0 0 0 10409.47 
5 0 -1 -1 0 4301.17 
6 0 0 0 0 7232.75 
7 -1 0 0 1 5663.43 
8 0 0 0 0 12951.61 
9 0 -1 1 0 30499.95 

10 1 0 0 -1 17902.92 
11 1 0 1 0 21445.59 
12 -1 0 -1 0 5608.21 
13 -1 0 0 -1 14281.39 
14 0 1 -1 0 5938.1 
15 0 1 0 -1 18590.96 
16 1 -1 0 0 20089.58 

 

* Corresponding author. E-mail: nurulyanirahim@usm.my  
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17 1 0 0 1 15669.13 
18 -1 0 1 0 14115.98 
19 -1 -1 0 0 9925.93 
20 1 1 0 0 18459.84 
21 0 0 1 1 12002.42 
22 0 0 -1 1 3519.91 
23 1 0 -1 0 6777.07 
24 0 1 0 1 11623.2 
25 0 -1 0 1 18922.02 
26 0 -1 0 -1 18955.6 
27 -1 1 0 0 12873.51 

Table S-II. ANOVA results obtained by BBD. 
Source Degree of  

freedom 
(DF) 

Sum of Square 
(SS) 

Mean Square 
(MS) 

F-
value 

P-
value 

Model 14 944374587 67455328 6.28 0.001 
  Linear 4 644230114 161057529 15 0.000 

X1 1 119547261 119547261 11.13 0.006 
X2 1 41877721 41877721 3.9 0.072 
X3 1 446884000 446884000 41.61 0.000 
X4 1 35921132 35921132 3.34 0.092 

      
X1

2 1 21044575 21044575 1.96 0.187 
X2

2 1 108300369 108300369 10.08 0.008 
X3

2 1 11002371 11002371 1.02 0.331 
X4

2 1 6221976 6221976 0.58 0.461 
      

X1X2 1 5237965 5237965 0.49 0.498 
X1X3 1 9488710 9488710 0.88 0.366 
X1X4 1 10189407 10189407 0.95 0.349 
X2X3 1 93561899 93561899 8.71 0.012 
X2X4 1 12020713 12020713 1.12 0.311 
X3X4 1 332 332 0 0.996 

      
Lack-of-Fit 10 112457625 11245762 1.37 0.494 
Pure Error 2 16419795 8209898   
Total SS  1073252007    

R2  0.8799    
Adj R2  0.7398    
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Table S-III. Analytical performance of the proposed method 

 
Linearity 
(µg mL-1) slope y-intercept R2 

LOD 
(ng/mL-1)

LOQ 
(ng mL-1) EF 

Interday Intraday
n=5 n=15 

Naphthalene 0.005 – 5 126103 -13702 0.9915 1.70 5.67 32.88 15.85 16.90 
Biphenyl 0.005 – 5 140933.2 37004.56 0.9997 1.52 5.08 26.67 15.59 16.05 

Acenaphthylene 0.005 – 5 144895.1 61485.88 0.9738 1.48 4.94 29.36 11.98 14.56 
Anthracene 0.005 – 5 534834.5 -54043.2 0.9831 0.40 1.33 40.05 9.92 13.06 

Pyrene 0.005 – 5 386375.5 -34810 0.9921 0.55 1.85 30.71 9.37 15.21819
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Fig. S-1. Hysteresis loops of (a) MNP, (b) MNPTEOS, (c) MNPDES 1, (d) MNPDES 2, (e) 

MNPDES 3. 
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Fig.S-2. SEM images of (a) MNP, (b) MNPTEOS, (c) MNPDES 1, (d) MNPDES 2, (e) 

MNPDES 3. 
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Fig. S-3. EDX images of (a) MNP, (b) MNPTEOS, (c) MNPDES 1, (d) MNPDES 2, (e) 

MNPDES 3. 
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Synthesis of zeolite LTA from kaolin and its model CBC and WAC 
performance: Optimized by central composite design 
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(Received 10 March, revised 8 April, accepted 22 July 2025) 

Abstract: In this study, a cost-effective route to synthesizing LTA-type zeolite 
from Balıkesir-region kaolin was demonstrated. Kaolin was calcined at 800 °C 
to obtain metakaolin, which was then treated hydrothermally in the presence of 
NaOH under optimized conditions determined by a Box–Behnken experimental 
design. The process variables NaOH concentration, temperature, and solid to 
liquid ratio were systematically investigated to maximize both water adsorption 
capacity and cation-exchange capacity (CEC). Quadratic regression models and 
ANOVA confirmed that NaOH concentration and temperature exert the most 
significant impact on zeolite formation and performance. Characterization by 
XRD, SEM and FTIR confirmed that the synthesized product under optimal con-
ditions predominantly consisted of LTA-type zeolite crystals, as evidenced by 
the characteristic diffraction peaks, morphology and vibrational bands. The best 
performing sample showed a CEC of up to 192 mg CaCO3 g-1 and a water 
adsorption capacity of nearly 29 g H2O per 100 g adsorbent. These results high-
light the potential of locally sourced kaolin for producing high value zeolites, 
offering a sustainable alternative to imported raw materials. 

Keywords: synthesis of zeolite; zeolite LTA; kaolin; hydrothermal synthesis; 
ANOVA. 

INTRODUCTION 
Rapid urbanization and industrial growth have significantly increased envi-

ronmental pollution, especially due to industrial waste disposal.1 Energy-intensive 
industries notably contribute to environmental degradation.2,3 Zeolites, owing to 
their interconnected micro and mesoporous framework that confers highly selec-
tive adsorption and ion-exchange behavior, play a pivotal role in industrial separ-
ations, environmental remediation and heterogeneous catalysis. They are crystal-
line aluminosilicates formed by tetrahedral units of silicon, aluminum and oxygen, 
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where the negative charge from Al is balanced by cations (Na+, K+, Ca2+).4–8 
Their adsorption capacity,9 molecular sieving, and ion-exchange properties make 
zeolites valuable in various applications,9–12 including hydrocarbon separation, 
heavy metal removal, water softening through ammonium removal by ion- 
-exchange,13,14 and catalysis/sensor supports.15 

Both natural and synthetic zeolites contain aluminosilicates incorporating 
elements from groups I and II. According to the International Zeolite Association 
Structure Commission, more than 260 unique zeolite framework types have now 
been officially approved and assigned three-letter codes.16 Synthetic zeolites have 
been produced through microwave, vapor, and hydrothermal methods from diverse 
silica/alumina sources.17–21 Among materials explored (kaolin, clay, fly ash, feld-
spar, bauxite), kaolin is highlighted for its economic viability and high silica/alu-
mina content, making it an ideal precursor for synthesizing LTA-type zeolites.22,23 
The synthesis involves converting kaolin into reactive metakaolin by calcination, 
followed by hydrothermal crystallization. Important parameters include silica-to- 
-alumina ratio, reaction time, temperature, hydrodynamics and pH. Due to their 
uniform pore size, crystallinity, and robust structure, LTA-type zeolites (such as 
zeolite 4A) are widely utilized in ion-exchange, adsorption and catalysis.24 

Turkey imports a variety of synthetic zeolites: around fifty thousand tons per 
year for detergents, ten thousand tons per year for insulating glass applications, 
and approximately five thousand tons annually for use as petrochemical catalysts. 
Local production is minimal, primarily due to higher production costs linked to 
imported raw materials. The main goal of this study is to synthesize zeolite 4A 
(LTA) from locally available Turkish kaolin, which may differ from international 
sources. Previous research on synthesizing zeolites from kaolin has focused on 
optimizing the process for environmental applications, such as pollutant rem-
oval.25–27 In line with this, the present work aims to synthesize LTA-type zeolites 
from Balıkesir-region kaolin and optimize their cation exchange capacity (CEC) 
and water adsorption capacity using response surface methodology (RSM). A 
central composite design (CCD) was employed to identify the best set of synthesis 
conditions, and the resulting materials were characterized extensively, including 
structural and adsorption properties. 

EXPERIMENTAL 
Materials and methods 

A Balıkesir-region kaolin (K) was used as the starting material. Wet chemical analyses in 
aqua regia were performed using an Analytik Jena NovaA 300 AAS to determine the oxide 
compositions of the samples. The raw sample is labeled “K”. To remove impurities, the raw 
material was treated with sodium dithionite (Na2S2O4) at a concentration of 0.3 g per 100 g of 
kaolin (pH adjusted to 3 with H2SO4).28 The treated kaolin is labeled “TK”. After drying and 
sieving, synthetic zeolite LTA was obtained from TK, which was first converted to metakaolin 
(MK) by calcination at 800 °C for 2 h, followed by hydrothermal synthesis. Particle size distri-
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butions (volume based D80) were measured with a Horiba LA-950 V2 laser diffraction analyser. 
Samples were dispersed in isopropanol and ultrasonicated for 2 min at 40 W prior to measure-
ment to ensure uniform particle dispersion. Specific gravity was determined with a Micromer-
itics AccuPyc II 1340 helium gas pycnometer (five measurement cycles; precision ±0.002 g cm-3). 
Hardness was assessed on pelletised specimens using a Vickers micro-hardness tester (Shim-
adzu HMV-2), reported as average of five indents. pH measured on a 10 wt. % solid suspension 
with a pH meter (calibrated at 25 °C with NBS buffers 4.00/7.00). Elemental composition of 
major oxides determined by flame AAS (Analytik Jena novAA 300) and expressed on an LOI- 
-free basis. X-ray diffraction (XRD) analyses were performed on a Rigaku Miniflex II diffracto-
meter with CuKα radiation (30 kV, 15 mA, 2θ range: 3–55°). Morphological studies were 
conducted using a Jeol JXA-733 Superprobe SEM. FT-IR analyses of selected products used a 
Perkin Elmer Spectrum BX in the range of 500–4000 cm-1 with 4 cm-1 resolutions. All chem-
icals (Na2S2O4, NaOH, HCl and H2SO4) were Sigma–Aldrich grade and used without further 
purification. Deionized water was produced via a Millipore Milli-Q system. 
Calcination (metakaolinization) 

Calcination is critical in transforming kaolin into metakaolin by destroying the layered 
kaolinite lattice.24,29 This process typically occurs at 600–900 °C. The transition starts near 600 
°C, and near 800 °C, kaolin is mostly converted into an amorphous metakaolin.31 Optimization 
of temperature and duration depends on the raw material’s quality, which in turn depends on 
mining sites.24 In this work, TK was calcined in a muffle furnace at a heating rate of 3 °C/min 
up to 800 °C, held for 2 h, then cooled naturally. The product is labelled MK. 
Synthesis of zeolite LTA using central composite experimental design 

Zeolite LTA was synthesized from TK-derived metakaolin under hydrothermal condit-
ions. Based on literature findings that crystallinity increases significantly after 3–4 h, a reaction 
time of 24 h was chosen. Temperatures below 50 °C were deemed unsuitable for crystalliz-
ation.24,28-33 Temperature, NaOH concentration and solid-to-liquid (S/L) ratio, known to affect 
crystallization, were selected as the experimental variables in a Box–Behnken design (BBD) 
combined with RSM. BBD allows the sequential examination of parameters while keeping 
others constant.34 The selected variables and their levels, as shown in Table I, were defined as 
follows: NaOH concentration (2, 2.5 and 3 M), solid-to-liquid ratio (20, 25 and 30 %) and tem-
perature (60, 75 and 90 °C). 

TABLE I.  Box–Behnken design parameters and experimental conditions; –1: factor at low 
level; 0: factor at medium level; +1: factor at high level 
Variable Symbol –1 0 +1 
NaOH (mol/L as M) A 2 2.5 3 
Temperature, °C B 60 75 90 
Solid/liquid ratio, % C 20 25 30 

A key advantage of the BBD with RSM methodology is its ability to analyse multiple 
parameters with fewer experimental trials compared to other methods.34 In this study, three 
factors at three levels (low, medium and high) were evaluated, represented by –1, 0 and +1, 
respectively. The test variables were designated as NaOH concentration (A), temperature (B), 
and solid-to-liquid ratio (C), while the responses, water adsorption (Y1) and cation exchange 
capacity (CEC, Y2), were investigated. 
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The second-order polynomial equation was used to predict the relationship between the 
independent variables and the response, as represented by:  

 2 2 2
1,2 0 1 2 3 12 13 23 11 22 33Y b b A b B b C b AB b AC b BC b A b B b C+ + + + + + + + +=  (1) 

where Y is the predicted response, b0 is the constant term, A, B, C are the independent variables, 
b1, b2, b3 are linear coefficients, b12, b13, b23 are interaction coefficients, and b11, b22, b33 are 
quadratic coefficients. ANOVA and 3D surface plots (Stat-Ease 360 software) were used to 
determine model fit and analyse parameter interactions. 

Following the experimental design, 5.0 g of metakaolin was mixed with NaOH at the spe-
cified S/L ratios and stirred at 250 rpm for 24 h. The resulting gel was subjected to hydrothermal 
synthesis at different temperatures. After the reaction, the gel was washed until reaching pH 9– 
–10, filtered, and dried at 100 °C for 12 h. The synthesis route is summarized in Fig. 1. 

 
Fig 1. Schematic representation of hydrothermal synthesis 
procedure of zeolites. 

Cation-exchange capacity (CEC) and water adsorption amounts  
Cation-exchange capacity (CEC) was determined by Ca2+ exchange following Hui & Chao 

(2006) with minor modifications.21 Precisely 0.100±0.001 g of each sample (pre-dried at 105 
°C for 2 h) was contacted with 50.0 mL of 0.010 M CaCl2 in a 100 mL polyethylene conical 
flask. Suspensions were agitated in an orbital shaker (IKA KS-4000) at 25±0.2 °C, 150 rpm for 
24 h. Supernatants were centrifuged (10 min) and filtered (0.45 µm nylon); Ca2+ was analysed 
with a PCa-1-01 ion selective electrode calibrated from 0.5×10-3 to 5×10-3 M: 
 0 1100.08 ( ) /CEC V C C m= −  (2) 

where CEC represents the calcium ion-exchange capacity of the product (mg CaCO3 g-1), 
100.08 is the molar mass of CaCO3 (g/mol or mg/mmol), C0 is the initial Ca2+ concentration in 
the CaCl2 solution (mol/L), C1 is the Ca²⁺ concentration in the filtrate (mol/L), V is the volume 
of the CaCl2 solution (mL), and m is the mass of the sample (g). 

For water-adsorption tests the exchanged solids were re-dried at 60 °C for 24 h, then placed 
in a Binder KBF 115 climate chamber at 25±0.3 °C, 68±0.2 % RH with 0.3 m s-1 airflow. Mass 
gain after 24 h was recorded and expressed as g H2O per 100 g adsorbent. This method allows 
for the quantification of the water adsorption amounts of the synthesized zeolites, providing 
insight into their potential applications in moisture-sensitive environments. 
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RESULTS AND DISCUSSION 

Physical and chemical characterization  
Raw Balıkesir kaolin was crushed, ground below 106 µm, and analyzed for 

specific gravity, hardness, pH and particle size. Table II shows that metakaolin 
(MK) had increased density and hardness, and reduced particle size compared to 
treated kaolin (TK), primarily due to removal of structurally bound water. During 
calcination at 800 °C, the dehydroxylation of kaolinite removes structural –OH 
groups, leading to the collapse of the layered lattice into an amorphous, highly 
brittle metakaolin. This structural collapse, combined with the release of interlayer 
water, weakens inter-particle cohesion and promotes fragmentation.35 Conse-
quently, even mild grinding and dispersion steps after calcination generate much 
finer platelets, which accounts for the observed D80 drop from 102.15 (TK) to 3.65 
µm (MK). 

TABLE II. Some physical properties of TK and MK samples  

Samples Specific gravity, 
g/cm3 Hardness pH Particle size, D80 / µm 

TK  2.609 1.72 6.91 102.15 
MK 2.615 6.22 6.91 3.65 

Wet chemical analyses were conducted using an Analytik Jena NovaA 300 
atomic absorption spectrometer (AAS) to determine the concentration of applic-
able elements in the final solutions. The chemical composition of T, TK and MK 
are shown in Table III  

TABLE III. Chemical composition of samples kaoline (K)and treated kaoline (TK); LOI = loss 
on ignition 
Sample SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO LOI 

Kaoline (K) 51.37 36.95 0.45 0.43 0.11 0.01 0.34 0.47 0.01 9.12 
Treated Kaoline (TK) 52.18 37.68 0.11 0.22 0.08 0.01 0.14 0.24 0.01 8.18 
Metakaoline (MK) 58.38 38.95 0.10 0.19 0.11 0.08 0.12 0.23 0.01 1.06 

The Si/Al mole ratio of MK was 1.50, which is within the typical range (1.0– 
–1.8) associated with the formation of low-silica zeolite frameworks such as LTA 
and sodalite. While the synthesis mixture can accommodate a broader range, this 
ratio in the final product is often considered favorable for achieving high LTA 
crystallinity.36,37  

Mineralogical and morphological characterization of TK and MK 
The XRD pattern of TK and MK is shown in Fig. 2. The XRD pattern of 

treated kaolin exhibits the diagnostic basal reflections of kaolinite at 2θ ≈ 12.3° 
(d001 ≈ 7.15 Å) and 24.9° (d002 ≈ 3.57 Å), assigned to the (001) and (002) planes, 
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confirming the layered kaolinite structure.31 Upon a single calcination step at 800 
oC for 2 h, the XRD patterns exhibit the expected significant change in comparison 
to the pattern of TK, the characteristic kaolinite peaks at 2θ ∼ 12.3° (001) and 
∼24.9° (002) disappear, and the diffractogram develops a broad hump centred at 
~25°, consistent with the formation of largely amorphous metakaolin which was 
characterized by the disappearance of the diffraction peaks of kaolinite, accom-
panied by the appearance of amorphous aluminosilicate (Fig. 2). These findings 
are consistent with the related literature.31 

 
Fig. 2. XRD pattern of treated kaolin (TK) and metakaoline (MK). 

SEM analyses were carried out to assess the samples’ morphological features. 
In Fig. 3a, the typical layered, plate-like structure of kaolinite is evident. However, 
after calcination (Fig. 3b), this layered structure was lost, and particle size was 
notably reduced, leaving behind an irregular, disorganized plate morphology. Cal-
cination promotes the dehydroxylation of kaolinite, altering the local environment 
of the aluminum atoms as they transition from octahedral to tetrahedral 
coordination. As a result, the material becomes amorphous and more reactive.38 

 
Fig 3. SEM pictures of treated kaolin (TK) and metakaoline (MK). 

Results of synthesis of zeolite LTA using Box–Behnken design with RSM 
methodology 

Seventeen experimental runs and three control trials were carried out to eval-
uate the effects of the three variables. The actual data obtained from these tests 
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were utilized to derive mathematical equations describing how the independent 
variables influence the CEC and water adsorption capacity of the synthesized LTA. 
Table IV presents the conditions of the design matrix, along with the corresponding 
experimental outcomes. Notably, the experimental program produced an LTA 
sample with a CEC of up to 186.82 mg CaCO3 g–1 and a water adsorption capacity 
of 29.09 g H2O per 100 g of adsorbent. 

TABLE IV. BBD with RSM designed experimental results 

Run 
Factor 1 
A: NaOH 
(mol/L) 

Factor 2 
B: Temperature

°C 

Factor 3 
C: S/L ratio

% 

Response 1 
Water absorbed, 

g H2O/100 g adsorbent

Response 2 
CEC 

mg CaCO3 g-1 
Actual Predicted Actual Predicted 

1 2 60 25 25.45 25.29 142.25 142.84 
2 2.5 60 20 26.65 26.75 170.91 171.56 
3 2.5 60 30 26.52 26.56 168.53 167.10 
4 3 60 25 26.91 26.88 175.41 175.39 
5 2 75 20 26.35 26.39 155.34 154.05 
6 2 75 30 26.21 26.31 149.98 150.81 
7 2.5 75 25 29.08 29.03 185.03 185.79 
8 2.5 75 25 29.06 29.03 186.55 185.72 
9 2.5 75 25 29.05 29.03 185.96 185.79 
10 2.5 75 25 29.09 29.04 186.82 185.79 
11 2.5 75 25 28.87 29.03 184.61 185.79 
12 3 75 20 27.75 27.66 185.19 184.36 
13 3 75 30 27.23 27.17 182.52 183.82 
14 2 90 25 27.78 27.81 165.39 165.45 
15 2.5 90 20 28.92 28.85 188.91 190.34 
16 2.5 90 30 28.53 28.43 191.78 191.07 
17 3 90 25 28.15 28.31 192.43 192.84 

Fig. 4 shows the solid linear relationship between the experimental and pre-
dicted values of the responses. The determination coefficients R2 of 0.9940 and 
0.9963 of the water adsorbed amounts (g H2O/100 g–1) and CEC (mg CaCO3 g–1), 
respectively, shows that the fit is reasonably good. The actual and predicted values 
of both the water adsorbed amounts and CEC obtained using model equations are 
presented in Fig. 4a and b. The predicted values are in good agreement with the 
experimental values. 

Table V shows the analysis of variance of the developed models for the CEC 
and water adsorption amounts of synthesized zeolite LTA. Fisher’s test with cor-
responding (P) values was used to study the effect of different parameters on two 
responses on the result of analysis by ANOVA analysis model. The models are 
significant as the F value is high, the Prob>F value is less than 0.05 and the 
standard deviation is very small: 0.14 for the water adsorption amounts and 1.42 
for the CEC: 

(CC) 2025 Serbian Chemical Society.

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



1230 ŞEN 

 1
2 2 2

28.64 0.6208 0.9189 0.1258 0.1867 0.0950

0.0433 1.36 0.2622 0.7850

Y A B C AB AC

BC A B C

= + + − − − −

− − − − −
 (3) 

 2
2 2 2

182.00 16.00 8.04 1.38 0.3533 0.6725

0.8750 13.85 0.9220 3.69

Y A B C AB AC

BC A B C

= + + − − + −

− − − −
 (4) 

 
Fig. 4. Relationship between observed and predicted values (a: water adsorbed amounts, 

b: CEC). 

TABLE V. ANOVA for the parameters of RSM-BBD  
Statistics Water absorbed g H2O/100 g adsorbent CEC / mg CaCO3 g-1 
Sum of square 23.54 3861.23 
Degree of freedom 9 9 
Mean square 2.62 429.03 
F-Value 129.60 211.80 
Prob>F <0.0001 <0.0001 
Standard deviation 0.14 1.42 
R2 
Lack of fit (p-values) 

0.9940 
0.093 

0.9963 
0.112 

The model F-value of 129.60 indicates that the model is significant for 
Response 1 (water adsorption, g H2O/100 g adsorbent). There is only a 0.01 % 
likelihood that an F-value of this magnitude could arise due to random variation. 
A p-value below 0.0500 indicates that the corresponding model term is significant. 
Accordingly, A, B, AB, A2, B2 and C2 are well agreed, whereas terms with p-values 
above 0.1000 are considered insignificant. The lack of fit F-value of 4.38 suggests 
there is a 9.39 % chance that such a high lack of fit F-value could be due to noise.  

Similarly, the model F-value of 211.80 signifies that the model is significant 
for Response 2 (CEC). Again, there is only 0.01 % probability that such an F-value 
could be noise-driven. Terms with p-values below 0.0500 are deemed significant, 
namely A, B, C, A2, B2 and C2 in this case. Terms with p-values above 0.1000 are 
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deemed insignificant. The lack of fit F-value of 3.86 implies that the lack of fit is 
not significant relative to pure error, with an 11.23 % likelihood that this F-value 
could result from noise. 

Based on these experiments (Table VI), the lowest water adsorption was 25.45 
g H2O/100 g adsorbent and the highest was 29.09 g H2O/100 g adsorbent. 
Meanwhile, the CEC varied from a minimum of 142.25 mg CaCO3 g–1 to a max-
imum of 192.43 mg CaCO3 g–1. 

TABLE VI. Statistical analysis for responses (water adsorbed amounts and CEC value) 
Variable Std. Dev. Low High 
A: NaOH (mol/L) 0 2 3 
B: Temperature, °C 0 60 90 
C: S/L ratio, % 0 20 30 
Water absorbed, g H2O/100 g adsorbent 0.14 25.475 29.09* 
CEC / mg CaCO3 g-1 1.42 142.35 192.43 

Effect of variables on water adsorbed amounts and CEC value 
To more thoroughly explore how synthesis parameters affect the adsorption 

properties of LTA-type zeolite, three-dimensional (3D) response surface plots 
were generated (Fig. 5). These plots demonstrate how NaOH concentration (A), 
temperature (B) and solid-to-liquid ratio (C) collectively influence both water ads-
orption capacity and cation exchange capacity. 

The first row of Fig. 5 demonstrates the effects of process parameters on water 
adsorption (g H2O/100 g adsorbent). NaOH concentration and temperature 
significantly influence water adsorption, whereas the solid-to-liquid ratio has a 
minor impact. Water adsorption increases with NaOH concentration up to around 
2.5 M, then declines, reflecting the optimal concentration suggested by the negat-
ive quadratic coefficient (−1.36A2). Temperature positively influences water 
adsorption (+0.9189B) initially, but diminishes at higher levels. The minimal effect 
of solid-to-liquid ratio is indicated by its small linear coefficient (−0.1258C). 

The second row of Fig. 5 shows the response surfaces for cation-exchange 
capacity (CEC). Increasing NaOH concentration greatly enhances CEC (+16.00A), 
but overly high concentrations negatively affect it (−13.85A2), possibly due to 
structural degradation. Temperature similarly shows a positive effect initially 
(+8.04B), slightly decreasing at higher temperatures (−0.9220B2). The solid-to- 
-liquid ratio has the smallest effect (−1.38C), indicating minimal influence on 
CEC. Overall, the response surface models underscore the need to optimize NaOH 
concentration and temperature to maximize both water adsorption and CEC while 
minimizing adverse structural alterations. Although the solid-to-liquid ratio does 
play a part, its effect is comparatively small. XRD results indicate that an excess-
ively high solid loading (30 %) can impede nucleation, leaving quartz as the dom-
inant phase (Run 3). The highest CEC (192.43 mg CaCO3 g–1) was achieved at 3 
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M NaOH, 90 °C and 25 % solid-to-liquid ratio, whereas the maximum water ads-
orption (29.09 g H2O/100 g adsorbent) occurred at 2.5 M NaOH, 75 °C and 25 % 
solid-to-liquid ratio. XRD analyses confirmed that these conditions favor an LTA- 
-type zeolite phase, with the best crystallinity obtained at 3 M NaOH, 90 °C (Run 
17), consistent with its elevated CEC value. A balanced set of conditions that 
simultaneously account for both properties emerge at 2.5 M NaOH, 75 °C and 25 
% S/L ratio (Run 7–11), although 3 M NaOH and 90 °C (Run 17) remains the best 
choice if maximizing CEC is the primary goal. Furthermore, to identify optimal 
synthesis conditions, XRD analysis was performed. As shown in Table VII and 
Fig. 6, all samples obtained through the statistical design exhibited the LTA-type 
zeolite phase. Fig. 6 highlights the distinctive reflections of LTA-type zeolite, 
confirmed by matching peaks to the 73-2340 Zeolite LTA standard in the Inorganic 
Crystal Structure Database (ICSD). 

 
Fig. 5. Results of effecting variables on water adsorbed amounts and CEC value of LTA type 

zeolite. 

Pawley refined X-ray patterns (Fig. 6, Table VII) confirm the synthesis win-
dow anticipated by the response surface model. At 2 M NaOH (Runs 1, 5, 6, 14) 
quartz dominates (63–78 %) and LTA remains below the 3 % detection limit, 
accompanied by 22–32 % amorphous aluminosilicate. Such behavior is character-
istic of the dissolution reprecipitation constraint observed when alkalinity was 
inadequate for complete framework reconstruction.36 Increasing the alkalinity to 
2.5 M establishes a crystallization threshold even at 60 °C: Runs 2 and 3 contain 44  
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TABLE VII. XRD Results for of synthesized zeolite LTA 

Run Factor 1 
A: NaOH (mol/L) 

Factor 2 
B: Temp., °C

Factor 3 
C: S/L / %

LTA type zeolite
% 

Quartz
% 

Sodalite 
% 

Amorphous 
% 

1 2 60 25 <3 78 – 22 
2 2.5 60 20 44 38 4 6 
3 2.5 60 30 52 23 4 21 
4 3 60 25 62 28 5 5 
5 2 75 20 <3 64 2 30 
6 2 75 30 <3 65 3 32 
7–11 2.5 75 25 70 20 4–6 2–4 
12 3 75 20 75 15 3–5 5–7 
13 3 75 30 77 13 2–6 6–8 
14 2 90 25 11 63 3 23 
15 2.5 90 20 65 31 0–3 3–8 
16 2.5 90 30 68 25 0–3 3–8 
17 3 90 25 95–97 2–3 – <1 

 
Fig. 6. XRD Results of diffractograms of the samples. 

and 52 % LTA, respectively. The higher solid loading in Run 3 (30 % S/L) still 
leaves 21 % amorphous phase, illustrating the inhibitory effect of excessive slurry 
density on a ion mobility and nucleation.39 With a concomitant rise in temperature 
to ≥ 75 °C, LTA crystallinity improves markedly. At 2.5 M NaOH and 75 °C (Runs 
7–11), the products consistently contain approximately 70 % LTA, with quartz 
around 20 %, sodalite 4–6 % and only 2–4 % amorphous phase. The identical syn-
thesis conditions applied to these runs resulted in similar phase compositions, as 
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summarized collectively in Table VII. The elevated water adsorption capacities 
observed in Runs 7–11 directly correlate with the high LTA content formed under 
these conditions. The highly porous LTA framework accounts for the enhanced 
water adsorption, while simultaneously elevated CEC values further confirm the 
dominant formation of the ion-exchangeable LTA zeolite phase. For Run 12 (3 M 
NaOH, 75 °C, 20 % S/L), the phase composition was estimated based on its sim-
ilarity to neighboring runs, yielding approximately 75 % LTA, ~15 % quartz, 3–5 
% sodalite, and 5–7 % amorphous content while at 3 M NaOH (Run 13) it reaches 
77 % LTA with only 6–8 % amorphous residue. These observations mirror the 
positive interaction between the linear A (NaOH) and B (temperature) terms in the 
RSM surfaces. The optimum domain lies at high alkalinity and high temperature: 
Runs 15 and 16 (2.5 M NaOH, 90 °C) contain 65–68 % LTA with ≤8 % amorphous 
phase, whereas Run 17 (3 M NaOH, 90 °C, 25 % S/L) attains 95–97 % LTA (a =  
= 24.6127 Å, Rwp = 9.2 %) with only trace quartz and anatase. A residual line at 
2θ ≈ 20.5° (d ≈ 4.33 Å) detected in partially crystallized samples corresponds to 
sodalite and indicates an intermediate stage in route to LTA formation 25. Collect-
ively, these phase assemblages corroborate the statistical model: high alkalinity (≥ 
2.5 M) and elevated temperature (≥ 75 °C) are indispensable for phase-pure LTA, 
whereas lower NaOH or excessive solids loading suppresses nucleation, yielding 
quartz-rich or mixed products with diminished cation-exchange and water ads-
orption capacities. 

Morphological and FTIR characterization results of best synthesis zeolite LTA 
(Run 17) 

The scanning electron images show that the morphology of Run 17 sample 
was predominantly of cubic particles which are characteristic of LTA zeolite. 
High-magnification SEM images showed the presence of intergrown particles on 
the surface of cubes or between the cubes. The area marked with a black square in 
Fig. 7 was scanned by EDX. The EDX spectrum of sample Run 17 indicates that 
the main chemical elements present are Na, Al and Si, which are consistent with 
the chemical composition of LTA zeolite framework. The formation of the LTA 
structure was confirmed by the characteristic diffraction pattern observed in the 
XRD analysis. 

High-magnification SEM images of Run 17 display well-defined cubic crys-
tals ranging from sub-micron sizes up to approximately 2 µm, with sharp {100} 
faces and 90° edges, which is a morphology characteristic of low-silica zeolite 
LTA.39 EDX analysis of the area highlighted in Fig. 7 yields an atomic ratio of Na 
≈ Al ≈ Si, consistent with the ideal LTA framework composition 
(Na12[Al12Si12O48]). While cubic habit alone is not conclusive, the combination 
of this morphology, the stoichiometric Na–Al–Si balance, and the phase-pure LTA 
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reflections in the Pawley-refined XRD pattern (Fig. 6) collectively confirm that 
the product is LTA-type zeolite. 

 
Fig. 7. SEM Results of Run 17 samples. 

FTIR spectra were recorded from 4000 to 500 cm–1 using an FT-IR spectro-
meter and the KBr pellet technique. The FTIR spectrum of the sample synthesized 
under Run 17 conditions, which is the average yield of the synthesized zeolite LTA 
under optimal conditions (Run 17) was approximately 72±3 wt. %, is shown in 
Fig. 8. It was compared the calcined kaolinite (MK). In the metakaolin sample, a 
broad band at 793.10 cm–1 corresponds to Al–O bonds in Al2O3, while a vibration 
band at 1077.95 cm–1 is assigned to the Si–O stretch of SiO2. Although the spec-
trum for Run 17 shows overall similarity to that of commercial-grade LTA zeolite, 
a distinct additional band at 638 cm–1 is observed, which is absent in the com-
mercial sample. Specifically, peaks at 546, 667 and 1007 cm–1 represent T–O 

 
Fig 8. FTIR Results of Run 17 samples. 
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bending, double-loop bending, and TO4 asymmetric stretching, respectively (T = 
Si or Al). Additionally, bands between 3000 and 3600 cm–1, as well as at 1646.04 
cm–1, indicate intermolecular hydrogen bonding and interstitial water. These obs-
ervations are consistent with earlier reports,29,40 confirming the successful syn-
thesis of LTA-type zeolite from MK under the selected optimal conditions. More-
over, the presence of strong absorption bands near 550–600 cm–1 and around 1000 
cm–1 is widely recognized in the literature as indicative of a zeolite framework, 
reflecting the characteristic ring and tetrahedral vibrations of LTA-type structures. 
The obtained spectrum shows very good agreement with the reference FT-IR 
profile of commercial LTA-type zeolite (Fig. 8), while minor differences such as 
the 638 cm–1 band may reflect structural variations specific to the synthesized 
sample. Such shifts in vibrational modes from calcined kaolinite to the synthesized 
product highlight the reorganization of the aluminosilicate network, which is a key 
hallmark of the hydrothermal transformation into LTA zeolite.40 

CONCLUSION 

Low-silica zeolite LTA was successfully synthesized in high yield from Balı-
kesir-region kaolin via a two-step process combining metakaolinization at 800 °C 
and hydrothermal crystallization under alkaline conditions. Box–Behnken design 
and response-surface methodology (RSM) identified NaOH concentration and 
temperature as key factors controlling both cation-exchange capacity (CEC) and 
water adsorption, while excessive solid-to-liquid ratio inhibited nucleation. Crys-
tallization toward the LTA framework occurred only above 2.5 M NaOH and 75 
°C, with lower alkalinity or high slurry loading yielding quartz-rich or mixed 
phases. The optimal condition at 3 M NaOH, 90 °C and 25 % S/L produced nearly 
phase-pure LTA (≈97 %) with lattice parameter a = 24.6127 Å and CEC of 192 
mg CaCO3 g–1. Water adsorption peaked at slightly milder conditions (2.5 M 
NaOH, 75 °C, 25% S/L), reflecting the narrow overlapping maxima predicted for 
both responses. XRD, SEM-EDX and FT-IR results demonstrated that the syn-
thesized product exhibits cubic morphology and vibrational features consistent 
with LTA-type zeolite, closely resembling commercial materials. These results 
demonstrate that locally sourced kaolin can be converted into high-performance 
LTA zeolite without organic templates and under mild conditions, highlighting its 
potential as a cost-effective adsorbent or ion-exchange material for environmental 
applications.  
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и з в о д  

СИНТЕЗА ЗЕОЛИТА LTA ИЗ КАОЛИНА И ЊЕГОВЕ ПЕРФОРМАНСЕ CBC И WAC 
МОДЕЛА: ОПИМИЗОВАНО ЦЕНТРАЛНИМ КОМПОЗИТНИМ ДИЗАЈНОМ 

GÜL AKAR ŞEN 

Dokuz Eylul University, Faculty of Engineering, Mining Engineering Department, İzmir, Turkiye 

У овом раду представљен је исплатив начин синтезе зеолита LTA-типа из каолина 
који потиче из региона Balıkesir. Каолин је калцинисан на 800 °C да би се добио мета-
каолин, који је затим третиран хидротермално у присуству NaOH при оптимизованим 
условима одређеним Box–Behnken експерименталним дизајном. Процесне променљиве 
концентрација NaOH, температура и однос чврсто/течно су систематски испитиване да 
се максимизира капацитет адсорпције воде и капацитет јонске измене (CEC). Модели 
квадратне регресије и ANOVA су потврдили да концентрација NaOH и температура имају 
најзначајнији утицај на формирање и перформансе зеолита. Карактеризација XRD, SEM 
и FTIR спектроскопијом потврдила је да се производ синтетисан при оптимални условима 
претежно састоји од зеолитских кристала LTA-типа, што је потврђено карактеристичним 
рефлексијама, морфологијом и вибрационим тракама. Узорак који је имао најбоље пер-
формансе је имао CEC до 192 mg CaCO₃ g-¹ и адсорпциони капацитет за воду до скоро 29 
g H₂O по 100 g адсорбента. Ови резултати истичу потенцијал локално узоркованог као-
лина за производњу веома вредног зеолита, нудећи одрживу алтернативу увозним сиро-
винама. 

(Примљено 10. марта, ревидирано 8. априла, прихваћено 22. јула 2025) 
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Abstract: This study investigates the impact of drying-rewetting and freezing- 
-rewetting events on soil leachate ion composition across two contrasting geo-
chemical settings through a series of controlled laboratory experiments. Dissol-
ution of ions (Na+, K+, Ca2+, Mg2+, Al3+, Fe3+, Mn2+, F-, Cl-, NO2

-, SO4
2-, NO3

-, 
PO4

3-) in soil leachate was analysed following rewetting cycles after drying and 
freezing treatments. The results indicate that variations in leachate ion concen-
trations are primarily influenced by bedrock type, while drying-rewetting and 
freezing-rewetting treatments did not significantly impact overall variance. 
However, some inconsistent differences were observed: higher K+ concentrat-
ions in calcareous soils and Al3+, Fe3+ and Mn2+ in acidic soils after drying, 
higher anion concentrations in calcareous soils in both treatment leachates com-
pared to controls. The findings highlight that the effects of drying, freezing, and 
rewetting are inherently linked to treatment type, ion characteristics and geo-
chemical conditions. 

Keywords: ions; forest soil; laboratory experiment; thermal conditions; limestone; 
sandstone. 

INTRODUCTION 
Analysing the composition of soil leachate is important for understanding 

stress factors affecting forest ecosystems.1 Soil solution unravels climate change 
impacts, observed for instance in leaching losses of N.2 The leaching of nitrate and 
sulphate ions is associated with the losses of soil base cations like Ca2+ and Mg2+ 
affected by increases in soil acidity, which causes potential decrease in forest 
productivity. Forest disturbance in relation to the climate changes can have sign-
ificant effect on soil chemical properties, and on a relatively short-term it may 
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affect soils’ solution.3 The sediment and nutrient losses increase after freeze-thaw 
conditions.4 The similarly of ion availability is known to be affected by seasonal 
soil warming.5 The nutrient depletion from soil poses an environmental challenge 
for tree species, and its underlying factors are not yet fully understood. 

Drying, freezing and re-wetting soil processes are controlled by meteoro-
logical conditions. Both processes, successional drying and wetting, or wetting, 
freezing and melting, are on-site processes controlled by the factor of soil tem-
perature change. Soil temperature change accelerates soil dispersion forces and 
looseness of soil particles, and dissolvability of loosely bonded soil ions which are 
accordingly leached from soil. How specific ions, regarding different types of soil, 
site and regional level meteorology, react to alternations in temperature dynamic 
have not been sufficiently documented. 

Limestone (with 61 %) and quartz sandstone (with 30 %) are among the most 
abundant bedrock types in Bosnia and Herzegovina.6 Two the most common forest 
soil types Calcic Cambisol and Dystric Cambisol are formed on these bedrock 
materials.7 While soils formed on limestone and dolomite are either calcic, cal-
careous and eutric, often not containing active carbonates, those formed on quartz 
reddish Werfen sandstone are highly acidic and dystric. Substantial distinctions are 
evident concerning their chemical and mineralogical properties. Calcic Cambisol 
formed on clear limestone (~99 % CaCO3) have clay-like texture and contain 
montmorillonites, quartz, kaolinite and small amount of hematite.8 Dystric Camb-
isol formed on sandstones have sandy texture and they inherit quartz, mica and 
clay fraction.9 Although the most of the forest soils in the Dinaric region are not 
attributed to significant microclimate changes due to the applied close-to-nature 
silvicultural practices, their thermal stability is moderated by the multi-layered 
forest canopy.10 However, this buffering effect may be compromised by the anti-
cipated increase in natural hazards causing large-scale forest disturbances.11 The 
ability of soils to retain nutrients is anticipated to change. Hence, it is important to 
attain deeper understanding about the effect of increased soil temperature fluctu-
ations on the ion dynamic behaviour. 

In order to achieve better understanding of factors controlling leachate com-
position, simulation of soil temperature fluctuations was performed in laboratory 
conditions. The main hypothesis was that the thermal conditions determine soil 
leachate composition relative to soil geochemistry. Three main objectives were a) 
to determine an average leachate composition assuming light rain; b) to identify 
the main factor of soil leachate variation and c) to test the effect of treatments. 

EXPERIMENTAL 
Soil sample origin and pretreatment measurements 

To analyse soil leachate composition, samples were collected from two contrasting soil 
and geological types. The soil samples originated from the Dinaric mountain beech and fir 
forests, developed on clear Triassic limestone on Mt. Bjelašnica (43.72735°N; 18.27205°E) and 
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Triassic quartz sandstone on Mt. Trebević (43.8332°N; 18.46439°E). The chosen bedrock types 
represent the most common geological settings in Bosnia and Herzegovina.12 Soils were field 
described and named according to World Reference Base from 2022 as Calcaric Cambisol 
(Humic, Episceletic, Episiltic) with Oligomull humus on limestone (Calcareous soil) and as 
Dystric Cambisol (Chromic) with Hemimor humus on Werfenic sandstone (acidic sandstone 
soil, Table I).13 Four soil samples were collected from soil profile pits of calcareous and acidic 
sandstone soil at fixed depths from 0 to 10 cm and 10 to 20 cm. Approximately 3 kg of soil was 
taken from each layer, or 12 kg in total. Total number of composite samples was four: two 
calcareous and two sandstone soil. 

TABLE I. Soil properties of calcareous and acidic sandstone soil (N – number of samples, depth 
of sample in cm, bulk density – BD (g cm-3), water field capacity – FC (vol. %), texture (ClL – 
clay loam, S - sandy loam), pH value, carbonates as CaCO3 (%), soil organic carbon (SOC), 
total nitrogen (TN), C to N ratio – C/N; Bedrock, soil type and humus form were determined 
during site survey and compared with soil map 

No. Soil type N Depth BD FC Texture pH 
(CaCl2)

CaCO3
% 

SOC 
% 

TN 
% 

C/N 
cm g cm-3 vol. % US Soil

Calcareous soil 
1. Calcaric Cambisol 

(Limestone) 
1 0–10 0.40 44.0 ClL 5.98 3.50 12.1 0.80 15.1 

2. 1 10–20 0.51 40.0 ClL 6.12 3.50 11.3 0.40 28.3 
Acidic sandstone soil 

3. Dystric Cambisol 
(Sandstone) 

1 0–10 1.30 31.8 SL 3.53 0.00 8.01 0.37 21.6 
4. 1 10–20 1.42 21.5 SL 3.93 0.00 4.90 0.23 21.3 

After the transportation to the laboratory, soil samples were manually cleaned, homo-
genized, and air-dried in preparation for subsequent drying, freezing, and re-wetting treatments. 
The natural aggregate structure was preserved; samples were not milled, but instead gently 
ground by hand and sieved through a 4 mm mesh. A portion of each sample was set aside for 
pre-treatment analysis of soil properties. 

Pre-treatment measurements included determining following properties: bulk density (BD, 
gravimetrically), field capacity (FC, gravimetrically), soil texture (pipet method with 0.2M Na 
pyrophosphate), pH value (in 0.01M CaCl2 dilution), amount of CaCO3 (volumetrically, ISO 
10693:1995),14 soil organic carbon (SOC, combustion with K2Cr2O7, ISO 14235:1998 )15 and 
total nitrogen (TN, Kjeldahl method, ISO 11261:1995)16 were determined per fixed layer depth 
prior to further analysis (Table I) at the laboratory of University of Sarajevo – Faculty of For-
estry, Sarajevo (Bosnia and Herzegovina).  
Experimental design 

The experiment was designed to test the impact of drying–rewetting and freezing–rewet-
ting cycles on the composition of soil leachate (Fig. 1). Applying a light drizzle with an intensity 
of approximately 0.25 mm h-1, the concentrations of leached ions were quantified for each 
treatment after four rewetting cycles. Equal masses (~110 g) of air-dried calcareous soil (CS) 
and acidic sandstone soil (AS) were used to fill the porous plastic containers, six per soil type 
(twelve in total), for subsequent treatments. 

The control soil (CS control 0-10, CS control 10-20, AS control 0-10, AS control 10-20) 
was soil in porous plastic containers left with approximate 40 % of water, corresponding to 
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average field capacity content for both soils. The soil was left at room temperature approx-
imately 22–23 °C, overnight and re-wetting cycles were performed with the rain intensity of 
122 ml during 30 min, i.e., ~0.25 mm h-1. 

 
Fig. 1. Experimental design of drying-re-wetting and freezing–re-wetting treatment impact on 
soil leachate composition. Soil samples are marked as control calcareous (CS control 0-10, CS 

control 10-20, CS drying 0-10, CS drying 10-20, CS freezing 0-10, CS freezing 10-20) and 
acidic sandstone soil (AS control 0-10, AS control 10-20, AS drying 0-10, AS drying 10-20, 

AS freezing 0-10, CS freezing 10-20). 

The drying treatment involved sudden drying event of soil sample (CS drying 0-10, CS 
drying 10-20, AS drying 0-10, AS drying 10-20) in the oven at 35 °C for 4 h, cooling at room 
temperature and re-wetting with simulated rain intensity of 122 ml in 30 min which corres-
ponded to light rain intensity of ~0.25 mm h-1. 

The freezing treatment involved freezing of soil sample (CS freezing 0-10, CS freezing 
10-20, AS freezing 0-10, CS freezing 10-20) at –10 °C over night, leaving at room temperature 
for one hour and re-wetting with the same rainfall intensity of 122ml in 30 min which cor-
responded to light rain intensity of ~0.25 mm h-1. 

Experiment was set up at the Institute of Chemistry, Technology and Metallurgy (ICTM), 
University of Belgrade (Serbia). All samples in plastic containers were connected to rain-event 
simulator with funnel so that no water is lost. Soil water leaching from plastic containers was 
collected and used for further measurements. 
Leachate measurements 

Leachate (soil water) volume, pH value and electric conductivity (EC, µS cm-1) captured 
after each treatment and control were measured (electrometrically). Concentrations of soil 
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leached cations (K+, Ca2+, Mg2+, Na+, Al3+, Fe3+, Mn2+) were measured on Inductively coupled 
plasma optical emission spectrometer with axial view (Thermo scientific iCAP 6000 series ICP 
spectrometer, USA). Concentrations of anions (F-, Cl-, NO2

-, SO4
2-, NO3

-, PO4
3-) were 

determined on Dionex ICS 3000, i.e., ion chromatography with conductometric detection. The 
method refers to is EPA 314.7 (this method applies to anions in water) but at Institute of 
Chemistry, Technology and Metallurgy in Belgrade it is validated and verified it for anions in 
soil. Concentrations of cations and anions in soil leachate are given in mg L-1. Ion measurements 
were made in the ICTM laboratories  
Statistical analysis 

Descriptive statistical methods were used to present the average composition of the leach-
ate concentrations based on the control (N = 16), treatment drying (N = 16) and treatment free-
zing (N = 16). Total number of observations was N = 48. Soil leachate composition, means and 
standard deviations were calculated for calcareaus (CS control 0-10, CS control 10-20) and 
acidic sandstone soil (AS control 0-10, AS control 10-20). Leachate concentrations of ions and 
anions represent means of two rain cycles. Principal component analysis (PCA) was used to 
address cumulative variance among variables and the effect of bedrock and treatment. The 
“prcomp” function from the base R package “stats” was employed for this purpose. Variables 
were scaled prior to model fit.17 Analysis were performed in RStudio version 4.3.1.18 

RESULTS AND DISCUSSION 

Soil leachate composition 
Determined values of leachate pH, EC and ion concentrations were generally 

corresponded to those reported in the literature, although some deviations were 
observed (Table II). The only exception were the pH values in the calcareous soil, 

TABLE II. Means and standard deviations (in brackets) of pH values, electrical conductivity
(EC, µS cm-1) and ion concentrations (mg L-1) in leachate of control calcareous and acidic
sandstone soils (combined M10 and M20) compared to typical forest soil ranges according to
Blume et al. (2016)19 

Feature Calcareous soil 
(M10 and M20) 

Acidic sandstone soil 
(M10 and M20) Typical range for forest soils 

pH 7.07 (0.25) 4.31 (0.09) 3.00–4.50 
EC 747 (475) 97.7 (9.48) 200–1600 
Al 0.16 (0.05) 1.71 (0.11) 0.20–3.00 
Ca 127 (0.35) 5.35 (0.16) <1.00–180 
Mg 6.80 (0.39) 1.47 (0.06) <0.01–30.0 
Na 18.5 (14.7) 1.43 (0.14) <1.00–40.0 
K 1.51 (0.02) 0.58 (0.44) 0.30–50.0 
Mn 0.11 (0.07) 2.35 (0.05) 0.02–3.00 
Fe 0.13 (0.02) 0.50 (0.05) 0.00–10.0 
F 0.01 (0.00) 0.00 (0.00) 0.20–30.0 
Cl 0.96 (0.06) 0.89 (0.17) 3.00–170 
NO2 0.01 (0.00) 0.00 (0.00) <1.00 
SO4 0.78 (0.21) 1.62 (0.02) 5.00–350 
NO3 3.86 (2.37) 0.58 (0.05) 5.00–450 
PO4 0.04 (0.03) 0.12 (0.02) <0.05–12.0 
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and concentrations of Cl–, SO42– and NO3– in the acidic soil applying light rainfall 
of 0.25 mm h–1 the leaching rates may vary in respect to natural soil heterogeneity. 
Soil leachate composition was imparted by geochemical characteristic of the two 
soil sample sets, the acidic sandstone and the calcareous soil. 

Soil leachate composition in relation to bedrock  
The variation in ion concentrations of leachate are linked to soil pH, buffering 

capacity, and the presence of organic matter influenced by bedrock. This was 
revealed by the cumulative variance in PCA which indicates sample bedrock type 
as the main discriminating factor, while drying–re-wetting and freezing–re-wetting 
treatment did not significantly impact variance (Fig. 2). 

  
Fig. 2. Principal component analysis (PCA) plot of drying–re-wetting and freezing–re-wetting 
experiment showing variance in soil water composition impacted by soil geochemistry on two 

different soils calcareous soil (dashed line) and sandstone soil (solid line). The first two 
principal components (PCs) are plotted and colored according to bedrock. PCA was 

performed using all data (48 observations). Percentage of variation accounted for by each 
principal component is shown in brackets with the axis label. 

The first two PCs account for approximately 65.4 % of the total variance. This 
suggests that these components effectively capture the essential patterns within the 
data. The eigenvalues associated with each PCs reveal the amount of variance 
explained by that component. Higher eigenvalues, PC1 = 6.91, PC2 = 2.58 explain 
the most variance. Variables Al3+, Fe3+ and Mn2+ were negatively correlated with 
PC1 and pH, EC, all anions concentrations, as well as Ca2+, Mg2+, Na+ and K+ 
were positively correlated with PC1. The anion concentrations were corelated with 
the increase of PC2, EC, Ca2+ and Mg2+ were corelated with decrease of PC2, and 
there was no correlation to pH values and nitrite concentrations. 
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The primary outcome illustrates the influence of soil geochemistry on the ion 
leachate composition and ions concentrations (Fig. 2). The leachate ion concen-
trations varied according to PC1 (eigenvalue, 6.91), followed by PC2 (eigenvalue, 
2.58). The strong correlation between Al3+, Fe3+ and Mn2+ was specific for soil 
formed on acidic sandstone. Anions except nitrites corelated to each other and 
basic ions, Na+, K+, Ca2+ and Mg2+, specific for calcareous soil formed on lime-
stone. Many interrelated properties different for the two types of soil, like text-
ure.20 Also, the soil water holding capacity explain variation in soil ion diffusion.21 

Effect of treatments 
To assess the cumulative ion release and show overall treatment effects, con-

centrations from all four rewetting cycles were summed for each sample (Table III). 

TABLE III. Summed ion concentrations (mg L-1) in leachate from control, drying–rewetting 
(drying) and freezing–rewetting (freezing) treatments in calcareous and acidic sandstone soils 
(M10 and M20 layers); values of pH and electric conductivity (EC, µS cm-1) are mean values 

Feature 
Calcareous soil Acidic sandstone soil 

Control Drying Freezing Control Drying Freezing 
M10 M20 M10 M20 M10 M20 M10 M20 M10 M20 M10 M20 

pH 6.90 7.25 7.10 7.77 6.93 7.47 4.24 4.37 4.33 4.57 4.16 4.16 
EC  411 1083 157 232 244 235 104 91.0 151 95.4 117 106 
Al  0.76 0.48 0.76 0.24 0.93 0.39 7.14 6.51 17.1 5.02 9.53 5.60 
Ca 506 508 142 308 226 290 20.9 21.8 39.6 25.7 21.9 17.6 
Mg 28.3 26.1 10.3 13.2 20.2 13.0 5.73 6.07 12.1 7.39 7.88 5.56 
Na 32.4 60.1 5.70 7.00 50.0 6.60 5.34 6.11 9.12 7.06 7.51 9.39 
K 6.00 6.10 7.60 5.00 3.53 3.12 3.57 1.07 9.00 2.48 1.54 0.04 
Mn 0.64 0.25 0.37 0.11 0.63 0.12 9.56 9.26 23.4 10.6 11.9 6.43 
Fe 0.58 0.46 0.47 0.32 0.63 0.34 2.13 1.87 5.31 0.95 4.61 2.92 
F 0.04 0.02 0.65 0.34 0.47 0.38 0.01 0.02 0.01 0.01 0.04 0.01 
Cl 3.68 4.03 10.6 12.6 7.68 11.5 4.03 3.09 3.63 2.61 2.56 0.75 
NO2 0.02 0.02 0.97 1.03 0.84 1.00 0.02 0.01 0.03 0.01 0.00 0.00 
SO4 3.73 2.52 58.6 63.8 44.1 63.7 6.55 6.44 4.69 3.53 3.67 1.66 
NO3 22.1 8.72 19.2 25.9 9.92 25.8 2.21 2.44 2.07 0.49 0.76 0.81 
PO4 0.05 0.23 0.24 0.25 0.24 0.25 0.51 0.42 0.18 0.33 0.10 0.02 

The leachate pH values, EC and the ion concentrations differed between the 
two bedrock types: calcareous and acidic sandstone (Figs. 3 and 4). 

In calcareous soils, K+ concentrations increased after the drying–rewetting 
treatment, while Na+ concentrations were higher following the freezing–rewetting 
treatment (Fig. 3). No increase in the cation concentrations was observed in the 
calcareous soil following the treatments. In the acidic sandstone soils, the drying– 
–rewetting treatment led to elevated concentrations of Al3+, K+, Mg2+, Mn2+ and 
Fe3+ in the layer M10 compared to the control leachate. No increase in the cation 
concentrations was observed in the acidic sandstone soil following the freezing– 

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

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



1248 HUKIĆ et al. 

–rewetting treatment. These effects were not observed in the M20 horizon of both 
soil types. Consequently, drying-rewetting vs freezing–rewetting treatments did 
not reveal a consistent and uniform effect with respect to the analysed variables of 
soil leachate in acidic sandstone and calcareous soil.  

 
Fig. 3. Mean and standard error for leachate pH values, electric conductivity EC (µS cm-1)  

and cation concentrations (mg L-1) concentrations relative to bedrock, treatment and soil layer 
(0–10 cm M10; 10–20 cm M20).  

The effect of drying–rewetting and freezing–rewetting treatments was evident 
in the concentrations of analysed anions in calcareous soil (Fig. 4). Anion concen-
trations were higher after both treatments compared to the control. In contrast, no 
significant differences in anion concentrations were observed in acidic sandstone 
soil.  

No clear differences between treatments (drying–rewetting and freezing– 
–rewetting) were observed. 

The potassium concentration increased with higher temperature in calcareous 
soil was previously explained by higher K transmission factor with higher tempe-
rature in regard to water viscosity.22 Also in nutrient rich soils, drying–rewetting 
and freezing–rewetting treatments influenced increases in leached concentration 
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of anions, which are most likely linked to easily soluble ions in soil organic matter. 
Drying induces N and P mobilization which may influence their leaching from 
soils.23 Drying and rewetting probably caused dissolution of the organic N in this 
soil organic matter rich soil.24 Nitrogen availability in natural soils is predomin-
antly linked to soil organic matter dynamic and microbial processes which are 
sensitive to drying and rewetting. Increase in SO42– and Cl– are linked to the inc-
rease in temperature and higher moisture content as highly susceptible to dissol-
ution.25 In calcareous soils ions, Ca2+, Mg2+, K+ and Na+, stand in equilibrium 
with negatively charged surfaces of clay minerals and organic matter. Dissolved 
available ions, Al3+, Fe3+ and Mn2+, in calcareous soil did not show significant 
difference from control leachate, indicating their stability in such kinetic state.  

 
Fig. 4. Mean and standard error for leachate anion concentrations (mg L-1) concentrations 

relative to bedrock, treatment and soil layer (0–10 cm M10; 10–20 cm M20).  

In acidic soil leachate unclear treatment effect was found, observed in similar 
values of EC, pH values and ion concentrations among treatments. Only concen-
trations of Al3+, Mn2+ were higher after drying–rewetting events, or Fe3+ also after 
freezing–rewetting treatment. Freezing-–rewetting stimulated substantially higher 
Fe3+ concentrations in the acidic soil. Organic acids and rewetting may be linked 
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to metal leaching in the form of Al3+ and Mn2+ chelates. It was found that a sol-
ubilization of Al3+, Fe3+ and Mn2+ is higher in low pH soil.26 Most probably Fe 
chelated with organic acids or the non-chelating acidic agents is prone to leaching 
processes in acidic sandstone soil. It was found in field conditions that soil rewet-
ting after dry periods can cause low pH and high amounts of dissolved metals in 
the water.27 Depending on disturbance level acidic sandstone soil may cause 
periodically higher metal concentrations in water. The anion concentrations dif-
fered between treatments, but generally they were in the same range as control.  

The dissolution of ions should be considered both thermodynamically and 
kinetically, meaning that changes in energy and kinetics may be favourable or not 
for ion dissolution.  

It is known that implications of changes of thermodynamic conditions may be 
more intense in acidic soil on sandstone due to higher concentrations of Al3+, Fe3+ 
and Mn2+.28 The acidification also affects calcareous soil, but due to the buffering 
effect of CaCO3 these soils are not having increase in Al3+, Fe3+ and Mn2+ con-
centrations in leachate. The ion concentrations variability in the soil leachate can 
be attributed to the inherent differences in ion dissolution rates, which are influ-
enced by soil properties.29 

Additionally, the sample size and the number of cycles of repeating treatments 
in this study, in order to fully capture variability in leaching dynamics should be 
enlarged in further studies. 

CONCLUSION 

The results of this study indicate that the thermodynamic conditions signific-
antly influence the composition of leachate in relation to the geochemical pro-
perties of the soil. The observed differences in ion concentrations between the 
drying–rewetting and the freezing–rewetting conditions suggest that ion solubility 
in agreement between both the type of ion and the prevailing thermodynamic con-
ditions. 

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal web-
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И З В О Д  

УТИЦАЈ СУШЕЊА, ЗАМРЗАВАЊА И ПОНОВНОГ ОВЛАЖИВАЊА НА ФИЛТРАТ 
ЗЕМЉИШТА У КИСЕЛИМ И КАЛЦИТНИМ ЗЕМЉИШТИМА 

EMIRA HUKIĆ1, МИЛИЦА КАШАНИН-ГРУБИН2, МИРЕЛ СУБАШИЋ1, ТОМИСЛАВ ТОСТИ2, СВЕТЛАНА 
ЂОГО-МРАЧЕВИЋ3, СНЕЖАНА ШТРБАЦ2 и САЊА СТОЈАДИНОВИЋ2 

1 University of Sarajevo – Faculty of Forestry, Sarajevo, Bosnia and Herzegovina, 2Институт за хемију, 
технологију и металургију, Београд и 3Универзитет у Београду, Факултет фармације, Београд 

Истраживање проучава утицај догађаја сушења-поновног овлаживања и замрзавања– 
–поновног овлаживања на састав јона у филтрату земљишта кроз серију контролисаних 
лабораторијских експеримената. реакције растворености јона (Na⁺, K⁺, Ca²⁺, Mg²⁺, Al³⁺, 
Fe³⁺, Mn²⁺, F⁻, Cl⁻, NO₂⁻, SO₄²⁻, NO₃⁻, PO₄³⁻) у филтрату земљишта су анализиране након 
циклуса поновног овлаживања под различитим условима. Резултати указују да састав фил-
трата зависи од специфичног процеса поновног овлаживања (сушење у односу на замрза-
вање) и геохемијских својстава земљишта. Циклуси сушења–поновног овлаживања и за-
мрзавања–поновног овлаживања су имали већи утицај на састав филтрата у калцитним зем-
љиштима. Тако су циклуси замрзавања-поновног овлаживања снажно подстакли исцурење 
K+, Al³+ и Mn²+, док су циклуси сушења-поновног овлаживања подстакли исцурење Ca²+ и 
Mg²+ и, за оба третмана, повећане концентрације аниона (F⁻, Cl⁻, NO₂⁻, SO₄²⁻, NO₃⁻, PO₄³⁻). 
Сушење и поновно овлаживање су утицали на веће концентрације Mn²+ и Fe³+ и мало веће 
концентрације аниона у киселом земљишту. Ова истраживања истичу да су ефекти сушења, 
замрзавања и поновног овлаживања неодвојиво повезани са геохемијским карактерис-
тикама земљишта. 

(Примљено 10. марта, ревидирано 24. априла, прихваћено 30. јуна 2025) 
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Pharmacy, Belgrade, Serbia 

J. Serb. Chem. Soc. 90 (10) (2025) 1241–1252 

Table S-Ia: Mean-M, standard deviation-SD, minimum-Min and maximum-Max values (N=4) 
of averaged leachete pH, EC and ion concentrations for the control and treatment samples 

(drying-re-wetting and freezing-re-wetting) of calcareous soil 

Feature 
Depth 
(cm) M SD Min. Max. M SD Min.Max. M SD Min. Max. Sig. (≤0.05)

  Calcareous soil    Calcareous soil    Calcareous soil    

  control - gradual drying x re-wettingdrying x re-wetting   freezing x re-wetting   

pH 0-10 7.01 0.25 6.79 7.23 7.10 0.11 6.94 7.19 6.93 0.28 6.60 7.26 0.59 

  10-20 7.38 0.16 7.24 7.53 7.77 0.14 7.59 7.88 7.47 0.01 7.41 7.60 0.06 

EC (µS cm-1) 0-10 401 23.1 381 421 157 66.6 119 257 244 171 90.7 462 0.03 

 10-20 813 258 606 1148 232 94.0 167 370 235 167.0 103 476 0.02 

Al (mg L-1) 0-10 0.27 0.04 0.23 0.30 0.23 0.07 0.17 0.30 0.34 0.09 0.23 0.41 0.17 

  10-20 0.11 0.01 0.10 0.12 0.11 0.00 0.11 0.12 0.13 0.02 0.11 0.15 0.13 

Ca (mg L-1) 0-10 75.5 0.58 75.0 76.0 40.5 26.3 20.0 75.0 73.0 8.72 66.0 84.0 0.02 

  10-20 157 33.6 124 204 86.3 79.8 37.0 204 84.2 49.3 47.0 151 0.05 

Mg (mg L-1) 0-10 6.40 1.04 5.50 7.30 2.95 1.90 1.50 5.50 6.75 0.49 6.10 7.30 0.00 

  10-20 7.35 1.21 6.20 8.90 3.70 3.51 1.60 8.90 3.80 2.09 2.20 6.60 0.11 

Na (mg L-1) 0-10 12.8 11.8 2.60 23.0 1.75 0.61 1.30 2.60 2.00 - 2.00 2.00 0.22 

  10-20 3.40 0.42 3.10 3.70 2.07 1.13 1.30 3.70 3.80 2.09 2.20 6.60 0.24 

K (mg L-1) 0-10 1.55 0.17 1.40 1.70 2.65 0.84 1.40 3.20 1.11 0.40 0.89 1.70 0.01 

 

* Corresponding author. E-mail: e.hukic@sfsa.unsa.ba  
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  10-20 1.60 1.82 1.40 1.80 1.65 0.17 1.50 1.90 0.93 0.38 0.62 1.40 0.07 

Mn (mg L-1) 0-10 0.24 0.01 0.23 0.25 0.10 0.10 0.03 0.25 0.20 0.05 0.15 0.25 0.04 

  10-20 0.75 0.01 0.07 0.09 0.03 0.04 0.01 0.09 0.03 0.03 0.10 0.70 0.10 

Fe (mg L-1) 0-10 0.18 0.01 0.17 0.18 0.15 0.03 0.12 0.18 0.22 0.03 0.17 0.23 0.01 

  10-20 0.11 0.00 0.11 0.12 0.11 0.01 0.09 0.12 0.11 0.01 0.10 0.12 0.75 

F (mg L-1) 0-10 0.01 0.01 0.00 0.01 0.16 0.12 0.06 0.30 0.12 0.09 0.05 0.25 0.05 

  10-20 0.00 0.00 0.00 0.01 0.09 0.02 0.07 0.10 0.09 0.03 0.06 0.14 0.01 

Cl (mg L-1) 0-10 0.95 0.06 0.89 1.00 2.66 0.95 1.78 3.86 1.92 0.68 1.16 2.78 0.02 

  10-20 0.58 0.49 0.08 1.01 3.15 0.98 2.12 4.11 2.89 0.91 2.10 3.88 0.03 

NO2 (mg L-1) 0-10 0.01 0.00 0.01 0.01 0.24 0.09 0.15 0.36 0.21 0.09 0.13 0.31 0.00 

  10-20 0.00 0.00 0.00 0.00 0.26 0.09 0.18 0.38 0.25 0.09 0.17 0.37 0.00 

SO4 (mg L-1) 0-10 0.98 0.11 0.89 1.07 14.7 3.86 10.2 19.5 11.0 3.42 6.17 13.9 0.00 

  10-20 0.37 0.30 0.05 0.63 16.0 4.06 12.1 19.8 15.9 4.09 11.8 19.7 0.00 

NO3 (mg L-1) 0-10 6.47 2.18 4.59 8.36 4.79 3.29 1.24 9.13 2.48 1.20 1.33 3.66 0.05 

  10-20 1.12 1.23 0.02 2.18 6.47 4.47 2.10 12.7 6.45 4.64 1.69 12.8 0.12 

PO4 (mg L-1) 0-10 0.02 0.01 0.01 0.03 0.06 0.03 0.03 0.09 0.06 0.03 0.03 0.09 0.05 

  10-20 0.03 0.02 0.01 0.06 0.06 0.03 0.03 0.09 0.06 0.03 0.03 0.09 0.37 

 

Table S-Ib: Mean-M, standard deviation-SD, minimum-Min and maximum-Max values (N=4) 
of averaged leachete pH, EC and ion concentrations for the control and treatment samples 

(drying-re-wetting and freezing-re-wetting) of sandstone soils. 

Feature 
Depth 
(cm) M SD Min. Max. M SD Min.Max. M SD Min. Max.Sig. (≤0.05)

  Sandstone soil   Sandstone soil   Sandstone soil    

  control - gradual drying x re-wettingdrying x re-wetting   freezing x re-wetting   

pH 0-10 4.24 0.21 4.10 4.54 4.37 0.08 4.26 4.43 4.13 0.07 4.06 4.22 0.04 

  10-20 4.37 0.16 4.17 4.54 4.79 0.49 4.35 5.21 4.16 0.15 4.07 4.38 0.06 

EC (µS cm-1) 0-10 104 35.9 69.1 135 125 49.5 88.6 194 111 15.3 98.2 128 0.72 

 10-20 91.0 19.4 69.1 115 74.6 42.2 39.1 122 97.7 17.5 87.9 124 0.53 

Al (mg L-1) 0-10 2.25 1.06 1.17 3.68 3.74 1.09 2.84 5.04 2.51 0.24 2.16 2.66 0.05 

  10-20 1.63 0.52 1.17 2.21 1.14 0.23 0.95 1.42 1.62 0.44 1.10 1.99 0.22 

Ca (mg L-1) 0-10 5.24 3.18 2.63 9.82 7.98 3.66 5.13 12.8 5.29 0.59 4.56 6.00 0.30 

  10-20 5.46 1.85 3.54 7.94 5.14 2.48 3.16 8.30 3.61 1.78 2.07 5.26 0.43 

Mg (mg L-1) 0-10 1.43 1.02 0.55 2.89 2.44 1.14 1.54 3.91 1.89 0.20 1.70 2.17 0.21 

  10-20 1.52 0.55 1.02 2.29 1.46 0.75 0.87 2.43 1.21 0.40 0.87 1.57 0.74 

Na (mg L-1) 0-10 1.33 0.45 0.83 1.86 1.80 0.91 1.23 3.14 2.18 0.71 1.16 2.82 0.29 
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  10-20 1.53 0.55 0.78 2.08 1.89 0.35 1.43 2.27 2.24 0.50 1.86 2.91 0.16 

K (mg L-1) 0-10 0.89 0.76 0.01 1.55 1.29 1.82 0.01 3.86 0.38 0.75 0.01 1.51 0.59 

  10-20 0.27 0.52 0.01 1.04 0.31 0.61 0.01 1.23 0.01 0.00 0.01 0.01 0.62 

Mn (mg L-1) 0-10 2.39 1.91 0.74 5.14 4.88 1.89 3.33 7.17 2.78 0.42 2.43 3.39 0.05 

  10-20 2.32 0.63 1.92 3.24 2.09 1.10 1.22 3.51 1.29 0.70 0.68 1.96 0.05 

Fe (mg L-1) 0-10 0.53 0.64 0.01 1.46 1.16 0.44 0.79 1.64 1.25 0.19 0.98 1.37 0.05 

  10-20 0.47 0.35 0.11 0.84 0.17 0.13 0.08 0.35 0.95 0.44 0.42 1.31 0.03 

F (mg L-1) 0-10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 

  10-20 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.94 

Cl (mg L-1) 0-10 0.94 0.38 0.40 1.22 0.79 0.23 0.63 1.12 0.75 0.28 0.46 0.99 0.65 

  10-20 0.77 0.46 0.23 1.22 0.68 0.11 0.55 0.83 0.35 0.32 0.08 0.68 0.21 

NO2 (mg L-1) 0-10 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 

  10-20 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 

SO4 (mg L-1) 0-10 1.70 1.09 0.51 3.14 1.04 0.26 0.88 1.43 0.85 0.16 0.72 1.08 0.05 

  10-20 1.61 1.48 0.18 3.14 0.76 0.27 0.53 1.02 0.68 0.77 0.05 1.61 0.37 

NO3 (mg L-1) 0-10 0.58 0.45 0.11 1.18 0.37 0.32 0.13 0.85 0.20 0.02 0.18 0.22 0.28 

  10-20 0.61 0.61 0.08 1.18 0.13 0.03 0.09 0.16 0.24 0.37 0.02 0.79 0.28 

PO4 (mg L-1) 0-10 0.14 0.11 0.04 0.29 0.05 0.02 0.03 0.08 0.03 0.01 0.02 0.04 0.03 

  10-20 0.10 0.13 0.01 0.29 0.08 0.03 0.06 0.12 0.03 0.03 0.01 0.07 0.43 
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Abstract: Due to Brazil’s significant role as a major global corn producer and the 
impact of pesticide accumulation in sediments on the health of aquatic eco-
systems, this study addresses the need for a simplified method to assess pesticide 
residues in both matrices, corn and sediments. A modified QuEChERS method 
combined with gas chromatography-mass spectrometry, was validated for the 
analysis of seven common pesticides in Paraná State, Brazil: desisopropylatra-
zine (DIA), deethylatrazine (DEA), diazinon, methyl parathion, pirimiphos 
methyl, malathion and pirimiphos ethyl. Following the guidelines of INMETRO 
and SANTE 12682/2019, the method achieved quantification limits (8.40–15.00 
μg kg-1 for sediment and 8.80–13.00 μg kg-1 for corn) below the maximum 
residue limits (MRL) established by EC 396/2005 for corn. The procedure dem-
onstrated excellent linearity (R2 > 0.99), recovery rates (70–120 %) and precision 
(relative standard deviations ≤ 20 %). This validated method provides a unified, 
reliable, and sensitive approach for the multiresidue analysis of pesticides in corn 
and sediment, which is beneficial for environmental monitoring and food safety, 
particularly in essential agricultural regions like Brazil. 

Keywords: agricultural impact; food; environmental matrices; detection and 
quantification; environmental monitoring. 

INTRODUCTION 
Pesticide contamination of food and water resources poses  a significant threat 

to human health and ecosystems integrity.1–3 Researchers have extensively studied  
pesticide residues in various food products and environmental matrices.4 These 
residues can persist in harvested crops, such as corn grains, and can also contamin-
ate environmental matrices, like sediments.5,6 Sediments play a crucial role in the 
study of pesticide residues, as they act as reservoirs, accumulate contaminants 
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transported from agricultural areas via runoff or leaching.4–6 This issue is parti-
cularly concerning in regions with intensive agricultural activity.7,8 

Corn production in Brazil has experienced  significant growth, making the 
country the third-largest producer of this cereal in the world.9,10 Within Brazil, the 
state of Paraná ranks as the second-largest agricultural producer, accounting for 
approximately 13 % of the nation’s total corn and soybean production, based on 
the three-year average from 2021 to 2023.9,11 This increase in crop production has 
led to the extensive use of pesticides, primarily herbicides, fungicides and insect-
icides.8,11 

Many pesticides are classified as persistent organic pollutants due to their pro-
longed presence in the environment and the potential risks they pose to human 
health and ecosystems.6,7,10 Several commonly used pesticides in corn and soy-
bean cultivation, including atrazine, diazinon, malathion, ethyl parathion, pirim-
iphos ethyl, methyl parathion and pirimiphos methyl, fall into this category.8 The 
classification of these substances as chronic residues by Brazil’s National Health 
Surveillance Agency (ANVISA) underscores the urgent need for strict monitoring 
and management practices to mitigate  risks to food safety and environmental 
health.8,12 

Current methods for analyzing pesticide residues often require separate, time- 
-consuming procedures for different matrices.4,13 QuEChERS (Quick, Easy, 
Cheap, Effective, Rugged and Safe), developed by Anastassiades et al. in 2003,14 
is an accessible, cost-effective extraction method with reduced solvent consump-
tion, widely used for extracting organic and inorganic residues from various mat-
rices.4,14 Its consistent application  in food matrices has led to official validation 
by AOAC International and the European Committee for Standardization (CEN), 
underscoring its reliability for detecting pesticide residues in fruits and veget-
ables.13–15 

In recent years, the QuEChERS approach has been the focus of extensive 
research aimed at evaluating a variety of food and environmental samples.4 Num-
erous studies in Brazil have explored the application of QuEChERS for detecting 
pesticide residues in various materials, including rice,3 soy-based beverages,16 
water,17 crop plants,18 soil19 and sediments.6 These studies underscore the import-
ance of this methodology in ensuring food safety2,3,13,16 and promoting environ-
mental conservation.6,17–19 However, there is a growing demand for more efficient 
and compatible methods capable of simultaneously assessing pesticide contamin-
ation in both food and environmental samples.4,10,15,20 

Although some studies have utilized QuEChERS methods to analyze indi-
vidual matrices, such as food and environmental samples,4 the development and 
validation of a unified approach applicable to both corn and sediments remain 
limited.6,15,18 Establishing a standardized analytical method is crucial, as it 
enhance the efficiency of monitoring of these matrices.6,18 
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The type of matrix used significantly influences  the extraction efficiency of 
the QuEChERS method.6,15,18 In environmental matrices, such as soil and sedi-
ment, factors like organic matter and clay content can influence extraction per-
formance.6,19 In food matrices, extraction efficiency may be impacted by water 
content, as well as the presence of fats and sugars.2,15,18,21 While matrix-matched 
calibrations are often recommended for various methodologies,6,15 a more 
straightforward approach can be applied to complex matrices.18 This involves 
using a single level standard addition in the sample (SLSAS),18 which is based on 
the standard addition method outlined in official guidelines (SANTE 
12682/2019).22 To address these challenges, it is essential to continue applying the 
QuEChERS approach while enhancing its validation across different contexts 
(matrices and detection techniques). This will enable more efficient analysis and 
monitoring of pesticide residues.1,4 

This research aims to develop and validate a modified QuEChERS method 
combined with gas chromatography-mass spectrometry for the analysis of multiple 
pesticide residues in corn and sediment samples from the Paraná State in Brazil. 
The study addresses a critical gap in current analytical practices, which often dep-
end on separate methods tailored  to each matrix.1,4,18 It underscores the urgent 
need for a reliable and sensitive technique capable of simultaneously quantifying 
multiple pesticide residues in both food and environmental matrices. By integ-
rating this approach, the study seeks to enhance monitoring capabilities in agricul-
tural regions. 

EXPERIMENTAL 
Reagents 

High-performance liquid chromatography (HPLC)-grade acetonitrile (MeCN) and the sor-
bents, primary secondary amine (PSA) and octadecylsilane (C18) were acquired from Supelco 
(Germany). Ethyl acetate (EtOAc) and dichloromethane (DCM) also HPLC grade, were 
acquired from Honeywell (USA). Glacial acetic acid (HAc) was sourced from Dinâmica (Bra-
zil), heptahydrated magnesium sulfate from Vetec (Brazil), and sodium chloride from Synth 
(Brazil). Ultrapure water was acquired using a Purelab® ultra-purifier (Options-Q). All pesticide 
standards were obtained from Sigma–Aldrich with a purity of > 96.7 %. Individual pesticide 
standard solutions: desisopropylatrazine (DIA), deethylatrazine (DEA), atrazine-D5 (ATZ-D5), 
diazinon, methyl parathion, pirimiphos methyl, malathion and pirimiphos ethyl were prepared 
in EtOAc at a concentration of 1000 mg L-1. An intermediate working standard was then pre-
pared in MeCN at 10 mg L-1. The solutions used for analyte addition to the samples were for-
mulated from the separate intermediate solutions, creating a mixed standard in MeCN. The 
mixed standards were prepared at concentrations of 350, 450, 550, 650, 750, 850, 950 and 1050 
µg L-1. All solutions were stored at –18 °C until used. 

According to recent studies, atrazine (ATZ) exhibits high water solubility, low sediment 
solubility and rapid degradation, forming its metabolites, as DIA and DEA under environmental 
conditions. This degradation is largely influenced by the high organic matter content and 
humidity associated with sediments, which promote increased microbial activity.23-26 These 
characteristics influence the detection and analysis of atrazine in environmental studies, shifting 
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the focus toward its more persistent metabolites. ATZ-D5 was selected as the internal standard, 
while ATZ was excluded due to the unavailability of the standard in the laboratory. 

To monitor the primary pesticides used in corn cultivation, analyses were conducted on 
the following compounds: DIA, DEA, diazinon and methyl parathion. Additionally, to assess 
the methodology’s effectiveness in sediment analysis, the following pesticides were selected: 
DIA, DEA, diazinon, malathion and ethyl parathion. The latter two are particularly significant 
due to their higher affinity for sediments (as organophosphates) and their widespread use in 
large-scale crops such as soybeans.27,28 
Sampling and localization  

The corn grains samples were obtained from traditional cultivation, in the municipalities 
of São Miguel do Iguaçu (M1, M7, M8 and M9); Missal (M2, M3, M4 and M6); Foz do Iguaçu 
(M5, M10), in the Parana State, Brazil. However, sample M5 was sourced from a certified org-
anic cultivation. In total, 10 different samples were collected. All methodology validation tests 
were conducted using sample M10. The samples were harvested between January and February 
2021, with the grains in the milky stage, the optimal phase for fresh consumption (in natura). 
The collected samples correspond to the first annual harvest in the region.9 

Quartering was employed for sample collection.29 At each collection point, the grains were 
mixed separately in a clean container to create a homogeneous sample. The mixed sample was 
then divided into four equal parts. Two opposite quadrants were discarded, while the remaining 
two quarters were combined to form a composite sample. Small portions were taken from this 
composite until each sample reached a weight of 500 g. These 500 g samples were placed in 
airtight plastic bags and stored at –18 °C until analysis. While still frozen, the samples were 
crushed for 1 min using a Hamilton Beach® food processor. 

Sediment samples were collected in the Tamanduá River basin, which supplies part of the 
municipality of Foz do Iguaçu, in the Parana State of Brazil. The five sediment collection points 
were in the Dourado stream; with points 1 and 2 (P1, P2) corresponded to the stream’s springs, 
point 3 (P3) was situated upstream of the former municipal landfill, point 4 (P4) was down-
stream of the former landfill area and point 5 (P5) was  at the intersection with the Tamanduá 
River (for details, see Supplementary material to this paper). The collected samples correspond 
to those cited in Da Silva et al.30 At each collection point, 500 g of composite samples were 
obtained each consisting of a mixture of 16 subsamples.27,29 After collection, the samples were 
placed in stainless steel trays, dried at 40 °C in a Limatec® (Brazil) forced-air oven, for 24 h 
and then macerated and sieved through a 28 mesh.28 All methodology validation tests were 
conducted using sample P3. The maps displaying the locations of the collection points for both 
matrices are provided in Figs. S-1 and S-2 of the Supplementary material. 
QuEChERS Method 

The methodology is based on the QuEChERS approach developed by Anastassiades et 
al.,14 with modifications to enhance its applicability for both corn and sediment matrices. One 
of the simplest strategies involves reducing the sample size.14 Additionally, acidifying the ext-
raction solvent with acetic acid (HAc) helps prevent pesticide hydrolysis in a basic pH environ-
ment.15 Increasing both the duration and speed of the mixing and separation stages can further 
improve extraction efficiency and enhance phase separation during these processes.14 More-
over, using a larger quantity of salts and adsorbents, along with the incorporation of a C18 
adsorbent during the cleaning stage can significantly enhance the method's effectiveness.15 All 
these strategies were implemented to improve the overall efficiency of the process. 
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Similar analysis methodologies have been proposed for the matrices analyzed, specifically 
corn15 and sediments.6 These studies have confirmed the existence of a matrix effect in the 
validation of pesticide quantification methods. In both cases, matrix-matched calibrations were 
employed.6,15,22 

The use of the matrix-matched calibration is advantageous, as it enhances signal detection 
during the analysis stage, particularly in gas chromatography–mass spectrometry (GC– 
–MS).2,6,15,31 When validating methods that involve complex matrices, and a blank or reference 
material is unavailable to prepare matrix-matched standard solutions, the standard addition 
approach can be employed.22 To address this limitation , Viera et al.18 proposed the single level 
standard addition in the sample (SLSAS) technique for analyzing pesticide residues in crops. 
This method enables validation to be carried out on a sample without requiring a specific target 
sample.18 The same approach was applied in the methodology validation stages using samples 
M10 for corn and P3 for sediments. 

To construct the analytical curve, 5.00 g of corn grains or sediment samples were weighted 
in triplicate in a 50 mL polypropylene centrifuge tube. Subsequently, 9.0 mL of 1 vol. % MeCN 
acidified with HAc was added, followed by 1.0 mL of a standard solution containing the ana-
lytes in MeCN, resulting in a total solvent volume of 10 mL. The mixture was then homogenized 
for one minute using a Phoenix® (Brazil) vortex.  

Subsequently, 4.00 g of MgSO4 and 1.00 g of NaCl were added to the 50 mL polypropyl-
ene tube, followed by vortex mixing for 1 min and centrifugation at 4000 rpm for 15 min. After 
centrifugation, 2.0 mL of the supernatant was removed and transferred to a 15 mL polypropyl-
ene tube, where 300 mg of MgSO4, 50 mg of PSA and 100 mg of C18 were added. The mixture 
was vortexed for 30 s and centrifuged at 4000 rpm for 15 min. Next, 1 mL aliquot of the super-
natant was extracted and evaporated under a nitrogen stream using an evaporator. The dried 
residue was reconstituted in 400 µL of DCM for injection into the GC–MS system. 
GC–MS Analysis 

Chromatographic analyses were performed using a TRACE 1300 GC system equipped 
with a TriPlus RSH automatic sampler and coupled to an ISQ single quadrupole MS mass 
analyzer, all from Thermo Scientific (USA). The compounds were separated in a TR-5MS 
capillary column (30 m×0.25 mm×0.25 mm), also from Thermo Scientific (USA), with a sta-
tionary phase composed of 5 % phenyl polysilphenylene–siloxane. The injector temperature 
was set at 250 °C and the samples were injected (1 µL) in splitless mode. The temperature 
program used was from 50 °C (holding for 1 min) to 180 °C at a rate of 25 °C min-1 and 
increased to 280 °C at 3 ºC min-1. The carrier gas used was helium, of chromatographic purity, 
with a constant flow of 0.500 mL min-1. Furthermore, in the mass spectrometry system, the ion 
source temperature was set at 280 °C and the transfer line temperature was set at 270 °C. The 
system was operated in the selective ion monitoring (SIM) mode using one target and three 
qualifier ions, as listed in Table I. Data processing was carried out using Thermo Xcalibur 
software, version 2.2, Thermo Scientific (USA). 

TABLE I. Retention time, corresponding ions, CAS, molecular formula and log Kow of the 
pesticides analyzed 
Pesticide Retention time, min Ions (m/z) CASa Formulaa log Kow

a 

DIA 12.70 173, 158, 145 1007-28-9 C5H8ClN5 – 
DEA 13.53 172, 174, 187 6190-65-4 C6H10ClN5 1.51 
ATZ-D5 15.10 205, 178, 220 163165-75-1 C8H14ClN5 – 

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

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



1258 IMAS-GARAY et al. 

TABLE I. Continued 
Pesticide Retention time, min Ions (m/z) CASa Formulaa log Kow

a 

Diazinon 17.87 179,137, 152 333-41-5 C12H21N2O3PS 3.81 
Methyl paration 18.85 109, 125, 263 298-00-0 C8H10NO5PS 2.86 
Pirimiphos methyl 20.92 290, 276, 305 29232-93-7 C11H20N3O3PS 4.12 
Malathion 22.01 173, 125, 93 121-75-5 C10H19O6PS2 2.36 
Pirimiphos ethyl 23.19 318, 304, 168 23505-41-1 C13H24N3O3PS 5.00 
aData extracted from PubChem32 

Internal standard 
The internal standard (IS) was introduced in the step preceding injection to compensate 

for minor variations in injection volume and instrument performance, ensuring the normaliz-
ation of relative peak areas of each pesticide.22,33 ATZ-D5 was selected  as the internal standard 
due to its expected absent in the sample.23-26 The internal standard, maintained at a fixed con-
centration (10.00 µg L-1), was added to each calibration solution. The response factor, based on 
the detector response of the analyte relative to the internal standard at each injected concen-
tration, was plotted against the pesticide concentration. The adjusted analytical curve was det-
ermined using linear regression. Additionally, ATZ-D5 was incorporated into all final extracts 
as a quality control measure. 
Method validation 

The parameters evaluated for the quantitative analytical method were linearity, limit of 
detection (LOD), limit of quantification (LOQ), repeatability (in terms of relative standard devi-
ation, RSD, %) and recovery. The criteria used to assess validation performance were those 
stablished in SANTE 12682/201922 and by the National Institute of Metrology, Quality and 
Technology (INMETRO, Brazil).33 

The assessment of validation parameters, such as LOD and LOQ was conducted using the 
spreadsheet validation method developed by Ribeiro et al.34 After obtaining the area ratios of 
the peaks for each pesticide relative  to the internal standard peak (AP/AIS) at various concen-
trations during the linearity test (calibration solutions were injected in triplicate, n = 3), the data 
was entered into the spreadsheet created by Ribeiro et al.34 This spreadsheet uses specific 
equations to estimate the limits of detection and quantification: 
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The calculations for each term in these equations are detailed in the work of Ribeiro et 
al.34 and are also included in the Supplementary material. The spreadsheet was chosen because 
it simplifies the calculation of this parameters using information from the calibration curve.33,34 

To ensure repeatability, six concentration levels were established for each analyte, with 
three replicates for each level (n = 3). The assessment values for each analyte were adjusted 
according to the specific linearity of each pesticide. Repeatability was evaluated using the rel-
ative standard deviation (RSD, %), as detailed in Eq. (3) stablished by INMETRO:33 
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 100sRSD
x

=  (3) 

In this context, s represents the standard deviation, and x  denotes the average of the mea-
surements collected on the same day. This calculation helps evaluate the precision related to the 
repeatability of the applied methodology. Using the same levels evaluated for repeatability, a 
recovery study (representing accuracy) was conducted in accordance with INMETRO.33 Eq. (4) 
was utilized for the quantification of recovery: 

 1 2

3
Reovery 100 C C

C
−=  (4) 

The terms used in the Eq. (4), are referred to: C1, concentration of the analyte in the for-
tified sample; C2, concentration of the analyte in the unfortified sample; C3, as the concentration 
of the analyte added to the fortified sample.  

RESULTS AND DISCUSSION 

Linearity, LOD and LOQ limits 
The results obtained were used to assess the linearity of the methodology for 

the analyzed pesticides, as shown in Tables II and III. Analytical curves were 
established within a concentration range of 17.50–52.50 µg kg–1 for the pesticides 
DIA, DEA, diazinon, methyl parathion, pirimiphos methyl, malathion and pirim-
iphos ethyl. The correlation coefficients (R2) for the identified analytes exceeded 
0.990, confirming that the analytical curves met the established criteria for valid-
ating methodologies for pesticide residue extraction and quantification.2,22,33 

TABLE II. Values obtained from the assessment of linearity, limit of detection (LOD) and limit 
of quantification (LOQ) for sediments (n = 3) 

Pesticide 
Parameter 

Range 
µg kg-1 

R2

(AP/AIS)a 
Equation 
y = ax ± b 

LOD 
µg kg-1 

LOQ 
µg kg-1 

DIA 17.50–42.50 0.9961 y = 0.0012x – 0.0019 5.60 8.40 
DEA 17.50–52.50 0.9902 y = 0.0017x – 0.0014 7.30 10.90 
Diazinon 17.50–42.50 0.9901 y = 0.0062x – 0.0468 6.10 9.10 
Malathion 17.50–42.50 0.9937 y = 0.0038x – 0.0273 5.80 8.60 
Pirimiphos ethyl 17.50–42.50 0.9935 y = 0.0029x – 0.0252 9.70 15.00 
aStandardized area with IS (Internal Standard, ATZ-D5) 

The compiled data from Tables II and III, indicate that the LOD (5.60–9.70 
µg kg–1) and LOQ (8.40–15.00 µg kg–1) obtained for sediments, closely align with 
values  reported in the literature for Brazilian samples.6 In contrast, the LOD (5.00– 
–8.70 µg kg–1) and LOQ (8.80–13.00 µg kg–1) for corn grains, are comparable to 
those obtained for the same detection techniques.15 

The maximum residue levels (MRLs) for the pesticides analyzed in corn, are 
established by the values specified in European Union Regulation EC 396/2005 
for food and feed.35 This regulation aims to ensure a high level of food safety and 
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protect consumers from potential health risks associated with pesticide residues. 
The MRL values for the pesticides of interest, applicable to both sweet corn and 
maize, are as follows: atrazine, related to DIA and DEA (50 μg kg–1); diazinon (20 
μg kg–1); methyl parathion (20 μg kg–1) and for pirimiphos methyl (500 μg kg–1). 
Its is important to note that the LOQ must correspond to values ≤ MRL for each 
pesticide.2,22 The LOQ for corn (8.80–13.00 µg kg–1) obtained using this method-
ological approach, is considerably lower than the LOQ suggested by the MRL 
found for each pesticide.15,22 Currently, no MRL values have been reported for 
sediments due to the exploratory nature of pesticide residue studies in this mat-
rix.6,7 However, the LOQs obtained for the sediment matrix (8.40–15.00 µg kg–1), 
are consistent with those obtained for the corn, demonstrating that the method-
ology is adaptable in both matrices.6,15,22 

TABLE III. Values obtained from the assessment of linearity, limit of detection (LOD) and limit 
of quantification (LOQ) for corn grains (n = 3) 

Pesticide 
Parameter 

Range 
µg kg-1 

R2

(AP/AIS)a 
Equation 
y = ax ± b 

LOD 
µg kg-1 

LOQ 
µg kg-1 

DIA 17.50–42.50 0.9914 y = 0.0014x – 0.0112 6.00 8.80 
DEA 22.50–52.50 0.9952 y = 0.0023x – 0.0273 6.70 9.70 
Diazinon 17.50–52.50 0.9928 y = 0.0039x – 0.0029 5.00 7.40 
Malathion 22.50–52.50 0.9953 y = 0.0095x – 0.0144 7.10 10.40 
Pirimiphos ethyl 17.50–47.50 0.9921 y = 0.0028x – 0.0313 8.70 13.00 
aStandardized area with IS (Internal Standard, ATZ-D5) 

Recovery and repeatability 
Favorable findings regarding analyte recoveries are presented in Tables IV 

and V. The recovery percentages obtained are within the following ranges: for 
sediments, DIA (94.30–101.70 %), DEA (93.40–105.50 %), diazinon (88.10– 
–109.80 %), malathion (95.00–108.30 %), pirimiphos ethyl (92.40–111.10 %); for 
corn, DIA (95.10–104.80 %), DEA (92.40–105.30 %), diazinon (88.40–106.60 
%), methyl parathion (94.50–107.40 %), pirimiphos methyl (81.00–112.00 %). 

Recoveries exceeding 100 % in pesticide residue analysis are often attributed 
to the matrix effect.6,15,18,22 The matrix effect occurs when co-extracted com-
pounds from the sample matrix, such as corn or sediment, enhance the ionization 
of target analytes (pesticides) during mass spectrometry analysis.2,22,31 This 
enhancement can lead to an overestimation of pesticide concentration, resulting in 
a recovery rate greater than 100 %.22 The recovery percentages obtained in both 
matrices fall within the recommended range of 70–120 % for each spike level 
tested2,22,33 which ranged from 17.50 to 52.50 µg kg–1, for the pesticides studied, 
as illustrated in Figs. 1 and 2. Importantly, the lowest recovery values exceed the 
recommended lower limit of 70 %.22 
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TABLE IV. Mean recovery (%) and relative standard deviation (RSD, %) for DIA, DEA, 
diazinon, malathion and pirimiphos ethyl in sediments (n = 3) 

Fortification level, µg kg-1 Parameter Pesticide 
DIA DEA Diazinon Malathion Pirimiphos ethyl 

17.50 Recovery 96.90 93.40 99.30 95.40 92.40 
RSD 2.90 3.00 4.60 7.70 4.70 

22.50 Recovery 101.70 107.50 109.80 98.50 103.90 
RSD 5.10 4.50 7.00 5.60 5.50 

27.50 Recovery 96.20 105.60 96.80 108.30 99.40 
RSD 5.50 5.20 2.90 11.90 2.80 

32.50 Recovery 97.00 98.00 100.60 105.70 111.10 
RSD 5.30 7.10 4.40 9.80 2.90 

37.50 Recovery 94.30 95.60 88.10 95.00 101.60 
RSD 2.40 3.80 12.50 9.80 8.50 

42.50 Recovery 97.10 98.00 97.80 95.70 97.90 
RSD 3.80 2.90 13.20 8.00 12.20 

TABLE V. Mean recovery (%) and relative standard deviation (RSD, %) DIA, DEA, diazinon, 
methyl parathion and pirimiphos methyl in corn grains (n = 3) 
Fortification level 
µg kg-1 Parameter Pesticide 

DIA DEA Diazinon Methyl parathion Pirimiphos methyl 
22.50 Recovery 99.40 105.30 106.60 104.10 102.60 

RSD 1.90 1.50 6.80 0.50 2.80 
27.50 Recovery 95.10 97.30 90.80 94.50 98.50 

RSD 1.20 0.80 5.20 1.10 3.60 
32.50 Recovery 102.60 100.90 100.20 107.40 102.20 

RSD 5.90 5.10 3.20 2.50 8.90 
37.50 Recovery 100.10 98.60 104.70 100.10 95.90 

RSD 3.00 3.40 3.80 4.00 7.50 
42.50 Recovery 104.80 102.00 106.10 103.60 81.10 

RSD 5.10 4.70 2.30 3.70 3.10 
47.50 Recovery – 92.40 88.40 106.00 112.60 

RSD – 3.50 1.60 3.00 3.60 

Furthermore, the literature reviewed for similar studies reports comparable 
percentages, highlighting the effectiveness of the proposed methodology.5,6,15,21 
This methodology employs an efficient and simplified calibration technique 
(SLSAS), based on the work of Viera et al.18 The relative standard deviation (RSD) 
for repeatability ranged from 0.80–13.20 %. A repeatability rate of less than 20 % 
is considered acceptable for multiresidue approaches.2,22,33 

Matrix effect 
The matrix effect of the applied method was evaluated by comparing the 

chromatograms of the selected sample for SLSAS calibration (M10 for corn and 
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P3 for sediments) with a spiked level from the pesticide analysis curve. This com-
parison was conducted for both matrices: corn and sediments (see Figs. S-4 and S-5 
of the Supplementary Material). It was observed that there was an incremental 
effect in the signals (GC–MS) of the analytes when using the matrix in the calib-
ration curve with SLSAS,18 a finding that aligns with predictions from similar stu-
dies involving the analyzed matrices.6,15 Due to this signal enhancement, it was 
not possible to validate the methodology for the pesticides malathion and ethyl 
parathion in the corn matrix, as well as for methyl parathion and pirimiphos methyl 
in the sediment matrix. 

 
Fig. 1. Average recovery rates (%) for DIA, DEA, diazinon, malathion and pirimiphos ethyl, 

in sediments samples, obtained in triplicate (n = 3) for the modified QuEChERS/GC–MS 
method.  

 
Fig. 2. Average recovery rates (%) for DIA, DEA, diazinon, methyl parathion and pirimiphos 

methyl, in corn grain samples, obtained in triplicate (n = 3) for the modified 
QuEChERS/GC–MS method.  

Application of the proposed method to real samples 
To assess the performance of the method, it was applied to 10 different corn 

samples and 5 sediment samples. Each samples were analyzed in triplicate; how-
ever, the analytes of interest were not quantified in these samples. All results were 
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below the limit of detection (LOD) for the pesticides analyzed in both matrices 
(see Tables S-1 and S-2 of the Supplementary Material). 

Given the validation quality of the approach developed in this study, it is con-
sidered a suitable alternative to conventional laboratory methods. The modific-
ations to the methodology of Anastassiades et al.14 enabled the simultaneous det-
ection of seven pesticides: diazinon, malathion, pirimiphos ethyl, methyl para-
thion, pirimiphos methyl, DEA and DIA in two matrices with significantly differ-
ent characteristics, corn and sediments. This was achieved using GC–MS/MS in 
selected ion monitoring (SIM) mode, a technique commonly employed for effect-
ively analyzing pesticide residues in diverse matrices.2,31 Furthermore, this adapt-
ation aligns with other methodologies applicable to multiple matrices and meets 
the analytical control parameters necessary to establish it a viable option for use in 
sediment and corn within similar agricultural contexts and pesticide applications. 

CONCLUSION 

This study presents a methodology for analyzing seven pesticides in corn and 
sediment samples, specifically for application in the agricultural regions of Paraná 
State, Brazil. The QuEChERS/GC–MS methodology proved to be both simple and 
effective. It was validated with recovery rates ranging from 70 to 120 %. The valid-
ation parameters were appropriate for analyzing pesticide residues in both matrices 
– corn and sediments – with concentrations between 17.50 to 52.50 µg kg–1. These 
concentrations resulted in quantification limits (LOQ) below the maximum residue 
limits established for the analyzed food matrix. The use of GC–MS with selective 
ion monitoring (SIM) and SLSAS calibration enhanced the method’s sensitivity, 
further reinforced by the inclusion of an internal standard (ATZ-D5). 

The proposed method was applied to corn and sediment samples from Paraná 
State, where no significant levels of the targeted pesticides were found in the 
samples. This method achieved satisfactory limits of quantification, precision 
(repeatability) and accuracy (recovery), demonstrating its suitability for multiresi-
due pesticide analysis in both corn and sediments, serving both regulatory and 
routine residue monitoring purposes. Given the widespread use of pesticides, this 
study encourages the application of this methodology to other matrices involved 
in the environmental degradation cycles of pesticides, as well as on a broader range 
of pesticides used in various agricultural practices and application patterns. 

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/13136, or from the correspond-
ing author on request. 
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И З В О Д  

ОБЈЕДИЊЕНА МЕТОДА МУЛТИРЕЗИДУАЛНЕ АНАЛИЗЕ ПЕСТИЦИДА У КУКУРУЗУ И 
СЕДИМЕНТИМА 

LOURDES IMAS-GARAY1, EMILENE DE CARVALHO LOURENÇO1, FERNANDA RUBIO1, ALINE THEODORO TOCI1 
и MARCELA BOROSKI1 

1Federal University of Latin American Integration (UNILA), Environmental и Food Interdisciplinary Studies 
Laboratory (LEIMAA), 85867-970, Foz do Iguaçu, PR, Brazil 

Због значајне улоге Бразила као главног светског произвођача кукуруза и утицаја 
акумулације пестицида у седиментима на здравље водених екосистема, ова студија се 
бави потребом за поједностављеном методом за процену остатака пестицида у матрицама 
као што су кукуруз и седименти. Модификована QuEChERS метода комбинована са 
гасном хроматографијом–масеном спектрометријом, валидирана је за анализу седам 
уобичајених пестицида у држави Парана, Бразил: дезизопропилатразин (DIA), деетил-
атразин (DEA), диазинон, метилпаратион, метилпиримифос, малатион и етилпиримиф. 
Пратећи смернице INMETRO и SANTE 12682/2019, методом су постигнуте границе кван-
тификације (8,40–15,00 μg kg-1 за седимент и 8,80-–13,00 μg kg-1 за кукуруз) испод макси-
малних граница остатка (MRL) утврђених од стране EC 396/2005 за кукуруз. Процедура 
је показала одличну линеарност (R2 > 0,99), стопе опоравка (70–120 %) и прецизност 
(релативне стандардне девијације ≤ 20 %). Ова валидирана метода пружа јединствен, 
поуздан и осетљив приступ за анализу остатака већег броја пестицида у кукурузу и седи-
менту, што је корисно за праћење животне средине и безбедност хране, посебно у кључ-
ним пољопривредним регионима као што је Бразил. 

(Примљено 2. новембра, ревидирано 17. децембра 2024, прихваћено 11. апрла 2025) 
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Sampling and Localization (Cont.) 
Detailed maps illustrating the locations of the collection points for both 

matrices, corn and sediments, are provided in Fig. S-1 and S-2. 

 
Fig. S-1. Spatial distribution of sampling sites selected for sediments samples collection using 

the modified QuEChERS/GC-MS method in Paraná State , Brazil. 

 

* Corresponding author. E-mail: marcelaboroski@yahoo.com.br  
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Fig. S-2. Spatial distribution of sampling sites selected for corn samples collection using the 

modified QuEChERS/GC-MS method in Paraná State , Brazil. 

Method Validation (Cont.) 
The limit of detection (LOD) refers to the smallest quantity of analyte in a 

sample that can be detected but not necessarily quantified under the conditions set 
for the assay conditions.1 Estimating the limit of detection using parameters from 
the analytical curve provides greater statistical reliability, as it considers the 
confidence interval of the regression. In this context, the LOD is defined as the 
minimum concentration of a substance that can be measured and reported with 
either 99% or 95% confidence.  

The estimation of the analytical signal from the regression equation introduces 
a standard error. By multiplying this error by the approximate value of t from 
Student's distribution, the confidence interval of the analytical curve can be 
calculated . This interval is represented by two hyperbolic lines surrounding the 
obtained curve, as illustrated in Figure S-3.2 
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Fig. S-3. Calibration curve with illustration of the parameters used in the calculation of: (a) 
the limit of detection (LOD) and (b) limit of quantification (LOQ). Source: Ribeiro et al.34 

The upper limit of the confidence interval is referred to as 𝑦௖ (y - critical). 
Its projection onto the lower limit provides an estimate of the minimum 
concentration that can be measured with a statistically validated level of 
confidence, known as the limit of detection (LOD) of the method. This 
limit is determined by calculating the standard deviation 𝑠௬, for a linear fit, 
as described in Equation S-1. 

 
(S-1) 

Where N represents the number of measurements; 𝑦௜ is the individual value 
of the instrumental signal (response); 𝑦ො௜ is the value of the response predicted by 
the analytical curve equation. 
 

 
(S-2) 

On the other hand, the limit of quantification (LOQ) of an analytical procedure 
is the smallest amount of analyte in a sample that can be quantitatively determined 

L L
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with acceptable precision and accuracy.33 The LOQ is calculated from the 
confidence interval of the analytical curve. Specifically, 𝑥௖ represents the 
concentration value at the point where the value of 𝑎଴ intercepts the regression line 
down to the lower hyperbola. 𝑦௛ corresponds to the intensity value of y, which is 
projected from 𝑥௖ to the upper hyperbola. With these values, it is possible to 
calculate the LOQ using the following equations: 

 (S-3) 

 
(S-4) 

Matrix Effect (Cont.) 

 
Fig. S-4. Total ion chromatogram (TIC) of pesticides obtained for a sediment sample (P3), 

and a calibration curve for Level 6 (42.50 µg kg-1).  
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Fig. S-5. Total ion chromatogram (TIC) of pesticides obtained for a corn sample (M10), and a 

calibration curve for Level 6 (52.50 µg kg-1).  

Application of the proposed method to real samples (Cont.) 

TABLE S-1. Results obtained using the linear equation derived from the modified 
QuEChERS/GC-MS method with sediment samples collected in the state of Paraná, Brazil. 

Samples 
SEDIMENTS 

DIA DEA Diazinon Malation Pirimiphos 
Ethyl 

P1 ND ND ND ND ND 
P2 ND ND ND ND ND 
P3 ND ND ND ND ND 
P4 ND ND ND ND ND 
P5 ND ND ND ND ND 

ND: Not Detectable, below the LOD. 
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TABLE S-2. Results obtained using the linear equation derived from the modified 
QuEChERS/GC-MS method with corn samples collected in the state of Paraná, Brazil. 

Samples 
CORN 

DIA DEA Diazinon Methyl 
Parathion 

Pirimiphos 
Methyl 

M1 ND ND ND ND ND 
M2 ND ND ND ND ND 
M3 ND ND ND ND ND 
M4 ND ND ND ND ND 
M5 ND ND ND ND ND 
M6 ND ND ND ND ND 
M7 ND ND ND ND ND 
M8 ND ND ND ND ND 
M9 ND ND ND ND ND 
M10 ND ND ND ND ND 

ND: Not Detectable, below the LOD. 
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Abstract: This study investigated undergraduate students’ recognition of chem-
ical reaction arrows and electron arrows and their understanding of their func-
tions. The research was conducted using a comparative research design. A four- 
-tier diagnostic test for chemical reaction arrows and electron arrows was devel-
oped. 181 university students participated in the test development phase. The dif-
ficulty and discrimination indices of the test items were calculated. The 
reliability coefficient of the test was found to be 0.76. The four-tier diagnostic 
test was then administered to 174 university students to determine whether the 
participants’ levels of scientific knowledge of chemical reaction arrows and 
electron arrows differed by gender, department and grade levels. The results 
showed that the university students had an inadequate level of scientific know-
ledge about chemical reaction arrows and electron arrows. It was found that more 
than half of the university students were deficient in all questions. It was also 
found that the level of scientific knowledge of the participants did not differ 
according to gender, but did differ according to grade level and department. 
These differences were in favour of fourth year students and against electrical 
and electronics engineering students. 

Keywords: chemical reaction arrows; diagnostic test; electron arrows; university 
students. 

INTRODUCTION 
The arrow is known as “baan” or “teer” in Sanskrit, a language belonging to 

the Indo–Iranian branch of the Indo–European language family.1 This word, which 
means curve, is used to describe the arc.2 Arrows have been used in many fields 
for many years and continue to be used. One of the fields in which arrows are 
commonly used is chemistry. Arrows are the most basic and widely used symbols 
in chemistry. Arrows are among the symbols used in the early days of alchemy and 
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chemistry. Arrows were used to represent processes such as purification, layering, 
and some substances. These arrows were removed from chemistry texts with the 
introduction of atomic symbols by Berzelius in 1814. Arrows regained their place 
in chemistry with the use of arrows to represent chemical reactions. Chemical 
reactions and equations are represented by arrows. Arrows are also used to show 
the movement of electrons. The use of arrows makes it possible to avoid countless 
sequences of words and sentences.  

Lakshminarayanan classified the arrows used in chemistry as reaction arrows 
and electron arrows.1 Chemical reaction arrows are used to describe the state or 
progress of the reaction, while electron arrows are used to show the movement of 
electrons. Chemical reaction arrows are chemical reaction arrow (right arrow, left 
arrow), balance arrows (dynamic balance arrows, balance arrows in favour of 
reactants/products), the upward arrow, the downward arrow, the retrosynthetic 
arrow, clockwise and anti-clockwise arrows, the reflux arrow, the wavy arrow, the 
rearrangement arrow, the dashed arrow, the broken arrow and the crossed arrow. 
Electron arrows are the curved or curled arrow, the fishhook arrow, the resonance 
arrow, the mid-hook arrow, the dipole moment arrow and electrons occupying an 
orbital. 

Historical development of arrow symbols 
The first chemical equation (primitive reaction diagram) was drawn by Jean 

Beguin in 1615.1 Lavoisier was the first to propose a type of chemical equation, 
linking reactants and products with an equal sign, in describing the fermentation 
of sugar.3,4  

A chemical reaction arrow is a straight arrow showing the direction of 
chemical change. The most common arrow used in chemical reaction formulae is 
the right arrow. This arrow is shown with a straight line and a double hook at the 
right end of the line. The direction of the hook indicates the direction of the 
reaction. It indicates that the reactants are changing into products. If the direction 
of the arrow is reversed, it means that the products are changing into reactants. 

Equilibrium arrows were first introduced by J.H. van’t Hoff in 1884 in his 
book Etude de Dynamique Chemique.5 These arrows are used to show the rev-
ersible reaction. H. Marshall revised these arrows in 1902 and used half-hooked 
arrows showing opposite directions, which are widely used today.6 Half-hooked 
opposite double arrows are used to represent dynamic equilibrium. In equilibrium 
arrows in favour of the reactants, the arrow towards the products is shorter and 
there are more reactants than products at equilibrium. For equilibrium arrows in 
favour of products, the arrow towards the reactants is shorter and there are more 
products than reactants at equilibrium. 

Curved arrows are the most important and widely used electron arrows. These 
arrows were introduced by Sir Robert Robinson in 1922.1 This arrow is used to 
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write the reaction mechanism by showing the movement of the electron. Single- 
-hook fishhook arrows are used to show the movement of a single electron.7 The 
resonance arrow is a double-hooked straight arrow that shows the similarity of two 
equivalent structures of the same molecule. Although the concept of resonance was 
first used by Linus Pauling in 1928, Fritz Arndt was the first to mention the 
resonance arrow.1 This arrow links two structures of the same molecule with 
different electron distribution patterns. 

Related studies 
The number of studies focusing on arrow symbols in the educational research 

literature was limited. Some of these studies were in the form of reviews explaining 
the historical development of arrow symbols.1,8 Studies focusing on arrow sym-
bols in chemistry education have generally been conducted in organic and inorg-
anic chemistry. Electron arrows were the focus of these studies. These studies gen-
erally investigated the use of curved arrows in computer-based training.9 In ano-
ther study that focused on the curved arrows representing electron flow in the org-
anic reaction mechanism, researchers investigated the impact of an online learning 
module (interactive videos and activities with feedback) on undergraduate stu-
dents’ learning and experience.10 The results showed that students made signific-
ant learning gains on questions that required them to draw the products of a react-
ion.10 The most common type of error found in the research was drawing an arrow 
from an atom or charge. Berg and Ghosh investigated the value of the mechanistic 
approach in inorganic chemistry and found that this approach led to a participatory 
learning model.11 They also reported that the arrow-pushing method created a des-
criptive, fun, reasoning-based and participatory classroom environment. Another 
study focusing on organic mechanisms showed that new bouncing curved arrows 
for electrophilic addition reactions can be a powerful teaching tool.12 Ruder et al. 
used a method to assess students’ use of curved arrows in multiple choice quest-
ions. The method was found to provide a deeper conceptual understanding of org-
anic reactions and mechanisms.13 Ferguson investigated how they made sense of 
the arrow pushing formalism.14 The research was carried out with 16 university 
students studying chemistry. The barriers to their understanding in solving prob-
lems were discussed. A recent study investigated the effects of using diagrammatic 
arrows in an animation of salt dissolution.15 

Current study and research questions 
The studies described above were generally carried out by chemistry students 

in organic chemistry classes and fell within the scope of the curved arrow. The 
valuable contributions of these studies to the field of chemistry education should 
not be overlooked. Science students will encounter some reaction and electron 
arrows at every stage of their school, university or postgraduate studies. Arrow 
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symbols are an integral part of chemistry and contribute to its understanding. For 
this reason, it is important to assess students’ knowledge of arrow symbols.  

People often use diagrams to facilitate communication.16 Arrow symbols are 
often used in these diagrams and are one of the components of these diagrams. 
Arrow symbols have no specific meaning except in context. Arrow symbols pro-
vide information about other elements that are shown around them or that can be 
inferred from the context.16 Arrow symbols can have semantic roles such as label-
ling, indicating direction and indicating movement.16 Arrow symbols are the most 
powerful pictorial devices used in chemistry.1 The semantic role of arrow symbols 
used to represent reactions and the movement of electrons was to indicate direction 
and movement. It is important for undergraduate science students to know the 
name and function of these arrow symbols, which are used to determine the dir-
ection of reactions and the movement of electrons. Recognising reaction arrows 
and knowing their functions provides information about the direction of the react-
ion. Recognising electron arrows and knowing their functions gives information 
about the movement of electron. It contributes to the understanding of chemical 
reactions and reaction mechanisms by providing information about other elements 
that are shown around them or can be inferred from context. 

Chemistry, one of the branches of science, is difficult for many students of 
different ages to learn, because it contains abstract concepts.17 Chemistry is a 
branch of science that explains how macroscopic events occur at the particle level, 
using numbers and symbols.18,19 As can be seen from the definition, chemistry 
includes macroscopic, microscopic and symbolic representations.20 According to 
Johnstone, one of the reasons why chemistry is difficult for students is that it 
requires multidimensional thinking.21 Understanding complex chemical processes 
requires making connections between the symbolic, microscopic and macroscopic 
levels.22,23 This connection contributes to more permanent learning of chemistry 
topics and understanding of chemical principles.24 The present study revealed the 
levels of scientific knowledge, misconceptions, positive/negative errors, lack of 
confidence and lack of knowledge regarding reaction arrows and electron arrows 
of undergraduate science students. In this respect, it is believed that the research 
will make a significant contribution to the relevant literature. 

In order to understand a drawing containing arrow symbols, the reader must 
infer the semantic role of each arrow symbol. It may be easy for adults with suf-
ficient experience in drawing communication to make such comments.16 However, 
interpreting arrow symbols used in chemistry remains a problem for undergraduate 
science students. In addition, failure to learn basic principles in general chemistry 
makes it difficult to transfer this knowledge to courses such as organic chemistry.14 
Undergraduate science students will struggle with problems related to the correct 
use of curved or reaction mechanisms. In the current research, it is important to 
identify the level of scientific knowledge of undergraduate students and their lack 
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of knowledge of arrow symbols. Chemical reactions and electrons are the fundam-
ental topics of chemistry. In addition, understanding these topics ensures the under-
standing of other chemistry topics. Chemical reaction arrows and electron arrows 
are used in many topics in university chemistry. It is important for university 
students to recognise chemical reaction arrows and electron arrows and to under-
stand their functions when learning chemistry topics. A chemical reaction has 
reactants and products. Chemical reactions are written in formulae. Chemical 
reaction arrows are used in formulae. The most common arrows used in chemical 
reactions are: right arrow, left arrow, balance arrow, dynamic balance arrow, 
balance arrow in favour of reactants/products, dashed arrow, crossed arrow and 
broken arrow. Electron arrows show the movement of electrons. The most com-
monly used electron arrows are: single-ended curved arrow (fishhook arrow), 
double-ended curved arrow (curved, curly) and resonance arrow. The aim of this 
research is to compare the level of scientific knowledge of university students 
about chemical reaction arrows and electron arrows. In this context, the research 
questions are presented below: 

1) What was the validity and reliability evidence of the four-tier diagnostic 
test developed to determine university students’ level of recognition of chemical 
reaction arrows and electron arrows and understanding of their functions? 

2) What were the levels of scientific knowledge, misconceptions, posit-
ive/negative errors, lack of confidence and lack of knowledge of undergraduate 
science students about reactions and electron arrows? 

3) Was there a difference between university students’ levels of scientific 
knowledge regarding chemical reaction arrows and electron arrows according to 
gender? 

4) Was there a difference between university students’ levels of scientific 
knowledge regarding chemical reaction arrows and electron arrows according to 
department? 

5) Was there a difference between university students’ levels of scientific 
know-ledge regarding chemical reaction arrows and electron arrows according to 
grade level? 

EXPERIMENTAL 
Research design 

A quantitative research method was used in the study. A comparative research design, one 
of the non-experimental quantitative research designs, was used in the research. It is preferred 
as the best option when experimental models cannot be used.25 This design is a step forward 
from survey research. This design was preferred in the research to find out whether there were 
statistically significant differences between university students’ levels of scientific knowledge 
of chemical reaction arrows and electron arrows according to gender, department and grade 
level. In a comparative design, the researcher conducts research in the natural environment. 
Cause-effect relationships are not sought in the results of such studies. 
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Sample 
The research was carried out with university students. 181 students participated in test 

development phase. The test was then administered to another group of 174 students. Con-
venience sampling, a non-random sampling techniques, was used in the research. The par-
ticipants were favoured due to their proximity to the researchers. Due to time and labour con-
straints, the sample was selected from easily accessible and convenient locations.26 The parti-
cipants were second, third and fourth year students who taken chemistry courses during their 
undergraduate education. They were studying in the departments of science teachers, molecular 
biology and genetics, mechanical engineering, civil engineering, electrical and electronics 
engineering and biotechnology. Mechanical, civil and electronics engineering students took 
four or five hours of chemistry per week (one or two hours were laboratory or practical) in the 
first semester of their undergraduate education. Pre-service science teachers took four hours of 
chemistry per week (two hours were practical) in the first, second and third semesters of their 
undergraduate education. Biotechnology students took three or five hours of chemistry per week 
(two hours were practical) during the first six semesters of their undergraduate education. 
Molecular biology and genetics students took three or five or six hours of chemistry per week 
(two or three hours were practical) during the first six semesters of their undergraduate edu-
cation. While students from the Faculty of Engineering were taught only general chemistry, 
students from the Faculty of Education (pre-service science teachers) were taught general, org-
anic and analytical chemistry. The science faculty students (biotechnology and molecular bio-
logy and genetics) were taught general chemistry, organic chemistry and biochemistry. Particip-
ants were placed in their undergraduate programmes based on numerical scores. In order to be 
admitted to these departments in education and engineering faculties in Turkey, it was necessary 
to be in the top three hundred thousand in terms of numerical score in the university entrance 
exams. In the pilot study, the majority of participants (82.8 %) were studying at a state university 
(A university) in the Western Black Sea region.  In addition, a small number of students studying 
at different universities in Turkey also participated in the pilot study (as online). This provided 
the missing sample for the validity and reliability stages of the test. For the main study, all 
participants studied at another state university (B university) in the Western Black Sea region. 
Participation in the research was completely voluntary. Ethics Committee approval was 
obtained and all ethical standards were followed during the research. The sample group is det-
ailed in Table I. 
Data collection tools 

In recent years, two-, three- and four-tier diagnostic tests have emerged. The first tier of 
two-tier tests is content and the second tier is reasoning. Two-tier tests could not distinguish 
whether the student had a lack of knowledge or a misconception.28 A confidence tier was added 
to the two-tier tests to create three-tier diagnostic tests. In three-tier tests, it is not known whether 
the student is confident about the content in the first tier, the reason in the second tier, or both 
answers. Therefore, a four-tier diagnostic test was developed and used in this study. We dev-
eloped and used the Chemical Reaction Arrows and Electron Arrows diagnostic test as a data 
collection tool. The diagnostic test was constructed by the researchers and its validity and reli-
ability were tested. The test included nine (9) chemical reaction arrows and three (3) electron 
arrows, which are commonly used in chemical reactions and the movement of electrons. This 
test was designed in four tiers and the questions were open-ended. 

The first tier of this test was the content stage and it was the stage where the participants’ 
knowledge was described. In this stage, the participants were presented with pictures of the 
arrows and it was determined whether they correctly named the chemical reaction arrows and 
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electron arrows. The third tier was the reasoning stage and included the reason for the answer 
given in the first tier. This stage determined the participants’ level of understanding of the 
functions of the chemical reactions arrows and electron arrows. In the second and fourth tiers, 
participants were asked whether they were confident of their answers in the content and reason 
tiers respectively.27 The diagnostic tests for chemical reaction arrows and electron arrows are 
presented in Appendix-1 of the Supplementary material to this paper. 

TABLE I. The sample of the research 

Sample Pilot study (test development) Main study 
Frequency % Frequency % 

Gender Female 125 69.0 75 43.1 
Male 56 31.0 99 56.9 
Total 181 100 174 100 

Grade level Sophomore 81 44.7 74 42.5 
Third grade student 48 26.5 65 37.4 
Fourth grade student 50 27.6 35 20.1 
Unspecified 2 1.2 – – 
Total 181 100 174 100 

Department Science teacher 59 32.6 56 32.2 
Molecular biology and genetics 57 31.5 – – 
Mechanical engineering 23 12.7 41 23.5 
Civil engineering 4 2.2 29 16.7 
Electrical-electronics engineering 2 1.1 48 27.6 
Biotechnology 29 16.0 – – 
Other 7 3.9 – – 
Total 181 100 174 100 

University A university 150 82.8 – – 
B university 16 8.9 174 100 
Other 15 8.3 – – 
Total 181 100 – 100 

Data analysis 
The first and third tier of the test contained short-answer and open-ended questions. The 

criteria used to analyse the two-tiers of open-ended questions were used to score the test.29 
Correct reasoning (third tier) was worth 2 points and correct content (a first tier) was worth 1 
point. Confidence tiers were not included in the scoring and were used to determine the level of 
scientific knowledge of the participants. We conducted validity and reliability analyses of the 
test using data from the pilot study. For this purpose, the difficulty and discrimination indices 
of each test question were calculated. The reliability coefficient of the test was calculated using 
the KR-20 formula. These calculations followed the item analysis steps applied to short-answer 
and open-ended questions.30 Pilot study data were analysed using Excel.  

SPSS 22 was used for the analysis of the main study. Normality of data was checked for 
each group. First, the mode, median and arithmetic mean of the groups were examined and it 
was found that the values were not close to each other. The kurtosis and skewness values for 
each group were not in the range of –1 and +1. As the number of participants was more than 50, 
the results of the Kolmogorov-Smirnov test were examined and it was found that the p-values 
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were less than 0.05. The histogram graphs of the data were not in the form of a symmetrical 
curve. Therefore, non-parametric tests were performed on the main study data. The Mann- 
Whitney U test was used to compare the means of two groups, and the Kruskal-Wallis test was 
used to compare the means of more than two groups.  

In this study it was determined whether the students had scientific knowledge, miscon-
ceptions, positive errors, negative errors, lack of confidence and lack of knowledge. For this 
purpose, decisions were made about the questions from the participants’ responses to the four- 
-tier diagnostic test according to the criteria in Table II.31,32 The second and fourth tiers of the 
four-tier tests were the confidence tier. The confidence level of three or four-tier diagnostic tests 
should be constructed using Likert-type33 or binary logic.34 Students must be confident in their 
answers in order to avoid misconceptions.35 The binary confidence tier was preferred in the 
current research. If the student answered the first and third tiers correctly and was confident in 
his/her answer for the second and fourth tiers, it meant that the student had scientific knowledge. 
If the student answered the first and third tiers incorrectly and was confident about the second 
and fourth tiers, the student had a misconception. If the student was confident in his/her answers 
and answered the first tier of the test correctly but the reason was wrong, he/she had a positive 
false. If the student was confident in his/her answers and answered the third tier of the test 
correctly but the first tier was wrong, he/she had a negative false. If the student’s answers are 
correct but he/she is not confident about at least one tier of his/her answer, there is a lack of 
confidence. If a student is unconfident in at least one tier of their answers and at least one tier 
of their answer is incorrect, there is a lack of knowledge. 

TABLE II. Comparison of decisions for all possibilities in the four-tier test 

Arrow name The state of being 
confident Function The state of being 

confident Decision of the question  

True Confident True Confident Scientific knowledge  
True Confident False Confident M-Positive false  
False Confident True Confident M-Negative false  
False Confident False Confident Misconception  
True Confident True Not Confident Lack of confident  
True Not confident True Confident Lack of confident  
True Not confident True Not confident Lack of confident  
True Confident False Not Confident Lack of knowledge  
True Not confident False Confident Lack of knowledge  
True Not confident False Not confident Lack of knowledge  
False Confident True Not Confident Lack of knowledge  
False Not confident True Confident Lack of knowledge  
False Not confident True Not confident Lack of knowledge  
False Confident False Not Confident Lack of knowledge  
False Not confident False Confident Lack of knowledge  
False Not confident False Not confident Lack of knowledge  

RESULTS 

Findings for the first research question 
The difficulty and discrimination indices of the test items were calculated 

from the test scores of 181 university students. There were 50 participants in each 
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of the lower and upper groups. The difficulty and discrimination indices of each 
question are shown in Table III. The difficulty indices of the 12 questions ranged 
from 0.18 to 0.40. The discrimination indices were between 0.36 and 0.67. The 
average difficulty index of the test was 0.28 and the average discrimination index 
was 0.52. According to these results it can be said that the developed diagnostic 
test is a difficult test for university students. The reliability coefficient of the test 
was determined to be 0.76 using the KR-20 formula. 

TABLE III. Item analysis 
Question Difficulty index Discrimination index 
1 0.32 0.51 
2 0.26 0.45 
3 0.40 0.61 
4 0.36 0.64 
5 0.18 0.37 
6 0.18 0.36 
7 0.25 0.49 
8 0.35 0.67 
9 0.31 0.61 
10 0.32 0.63 
11 0.24 0.48 
12 0.20 0.41 
Mean 0.28 0.52 

Descriptive findings 
After ensuring the validity and reliability, the diagnostic test was administered 

to 174 participants. There were 12 questions in the test and each question had a 
maximum of three points and a total of 36 points could be obtained from the test. 
It was found that the minimum score obtained from the test was 0 and the max-
imum score was 27. The average score of the test was 6.72 (see Table IV). It was 
found that the easiest question of the test was the second question (mean = 1.20) 
and the most difficult question was the seventh question (mean = 0.10). It was found 
that the average score obtained from the first two questions of the test was above 
one, while the average score obtained from the other questions was below one. 

TABLE IV. Descriptive findings; SD = standard deviation 
Question Mean SD 
1 1.18 1.04 
2 1.20 1.04 
3 0.91 1.12 
4 0.95 1.30 
5 0.14 0.41 
6 0.14 0.41 
7 0.10 0.47 
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TABLE IV. Continued 
Question Mean SD 
8 0.29 0.72 
9 0.27 0.67 
10 0.46 0.75 
11 0.18 0.69 
12 0.83 1.07 
Total 6.72 5.60 

Findings for the second research question 
Participants’ understanding of chemical reaction arrows and electron arrows 

was grouped and presented in Table V. The percentage of participants with sci-
entific knowledge ranged from 0.5 to 17.2 %. Lack of confidence was highest in 
the third (8.0 %) and fourth (8.6 %) questions. The rate of students with miscon-
ceptions was less than 10 % in all questions. Students had the most positive false 
(17.8 %) in the first question and the most negative false (9.1 %) in the twelfth 
question. More than half of the university students had lack of knowledge in all 
questions. 

TABLE V. Grouping participants’ understanding of chemical reactions and electron arrows; 
SK = scientific knowledge; LC = lack of confident; M = misconception; PF = positive false; 
NF = negative false; LK = lack of knowledge; f = frequency 

Question SK LC M PF NF LK 
f % f % f % f % f % f % 

1 30 17.2 5 2.8 10 5.7 31 17.8 3 1.7 95 54.5 
2 30 17.2 5 2.8 8 4.5 30 17.2 4 2.2 97 55.7 
3 18 10.3 14 8.0 16 9.1 12 6.8 3 1.7 111 63.7 
4 30 17.2 15 8.6 12 6.8 3 1.7 2 1.1 112 64.3 
5 1 0.5 0 0 4 2.2 4 2.2 0 0 165 94.8 
6 1 0.5 0 0 5 2.8 3 1.7 0 0 165 94.8 
7 3 1.7 0 0 12 6.8 0 0 1 0.5 158 90.8 
8 7 4.0 1 0.5 7 4.0 1 0.5 1 0.5 157 90.2 
9 6 3.4 0 0 7 4.0 1 0.5 2 1.1 158 90.8 
10 5 2.8 4 2.2 2 1.1 4 2.2 0 0 159 91.3 
11 6 3.4 2 1.1 5 2.8 0 0 0 0 161 92.5 
12 9 5.1 3 1.7 4 2.2 0 0 16 9.1 142 81.6 

The third, fourth and fifth research questions investigated whether there was 
a statistical difference between the levels of scientific knowledge of the par-
ticipants according to gender, department and grade level. Prior to the analyses, it 
was examined whether the data met the assumption of normal distribution for all 
variables (see Table VI). It was found that the kurtosis and skewness values for all 
variables were not within the range of –1 and +1. Kurtosis and skewness values 
between –1 and +1 are considered indicators of normal distribution.36 In addition, 
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the results of the Kolmogorov-Smirnov test were examined and it was found that 
the p-values were less than 0.05. As the data were not normally distributed, 
differences between two groups were analysed using the Mann Whitney U test, 
and differences between more than two groups were analysed using the Kruskal- 
-Wallis test. 

TABLE VI. Normal distribution of data according to variables 
Sample N Mean Median SD Kurtosis Skewness 
Gender Female 75 7.29 6.00 5.54 1.401 1.019 

Male 99 6.29 5.00 5.64 0.256 0.998 
Grade level Second  74 5.31 5.00 4.30 –0.093 0.715 

Third  65 7.61 5.00 6.38 –0.405 0.783 
Fourth  35 8.05 8.00 5.98 1.540 1.007 

Department Science teacher 56 8.28 8.00 4.92 2.739 1.204 
Mechanical engineering 41 6.58 5.00 4.75 –0.504 0.702 
Civil engineering 29 8.65 8.00 7.32 –0.944 0.507 
Electrical-electronics engineering 48 3.85 3.00 4.74 3.750 1.905 

Findings for the third research question 
The third research question was: Is there a difference between university 

students’ level of scientific knowledge regarding chemical reaction arrows and 
electron arrows according to gender? The Mann Whitney U test was used to deter-
mine whether there was a statistically significant difference between the groups 
according to gender (see Table VII). According to the analysis results, it was found 
that there was no statistically significant difference between male and female 
participants’ levels of scientific knowledge regarding chemical reaction arrows and 
electron arrows.  

Table VII. Comparison of test scores by gender 
Group N Mean ranks Sum of ranks U p 
Female 75 94.29 7072.00 3203.000 0.120 
Male 99 82.35 8153.00 

Findings for the fourth research question 
Another research question was: Is there a difference between university stu-

dents’ levels of scientific knowledge regarding chemical reaction arrows and elec-
tron arrows according to department? The data were analysed using the Kruskal 
Wallis test (see Table VIII) and according to the results of the analysis, there were 
significant differences between the groups according to departments. These differ-
ences were between science teachers and electrical and electronics engineering 
students (U = 550.500; p < 0.05). In addition, significant differences were found 
between mechanical engineering (U = 602.500; p < 0.05), civic engineering (U =  
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= 424.000 p < 0.05) and electrical and electronics engineering students. These 
differences were against electrical and electronics engineering students.  

Table VIII. Comparison of test results by undergraduate program 
Department N Mean ranks df x2 p 
Science teacher 56 106.88 3 26.996 0.000 
Mechanical engineering 41 88.73 
Civil engineering 29 98.24 
Electrical-electronics engineering 48 57.35 

Findings for the fifth research question 
Another question of the research was: Is there a difference between university 

students’ level of scientific knowledge regarding chemical reaction arrows and 
electron arrows according to grade level? The data were analysed using the Krus-
kal-Wallis test (see Table IX) and according to the results of the analysis, there 
were significant differences between the groups according to grade levels. These 
differences were between the second and fourth grades (U = 942.000; p < 0.05) 
and in favour of the fourth grade.  

Table IX. Comparison of test results by grade level 
Grade level N Mean ranks df x2 p 
Second 74 77.04 2 6.000 0.050 
Third 65 92.88 
Fourth 35 99.63 

DISCUSSION AND CONCLUSION 

A four-tier diagnostic test was developed to determine the level of scientific 
knowledge of university students regarding chemical reaction arrows and electron 
arrows. Item analysis was used to calculate the difficulty and discrimination ind-
ices of the test items. The average difficulty index of the test was 0.28, and the 
average discrimination index was 0.52. In addition, the reliability coefficient of the 
test was found to be 0.76 using the KR-20 formula. Item difficulty scores must be 
between 0 and 1. If the score is below 0.30, it is a difficult item; if it is between 
0.30 and 0.70, it is an item of medium difficulty; and if it is above 0.70, it is an 
item of easy difficulty.37 The average difficulty of the test is expected to be 0.50. 
If the item discrimination value is 0.19 and below, the item should be removed 
from the test, items in the range 0.20–0.29 should be corrected, items in the range 
0.30–0.39 are good items, and items 0.40 and above are very good items.37 Based 
on these results, it can be said that the diagnostic test is difficult and distinctive for 
university students. In addition, if the reliability coefficient is greater than 0.70, 
the test is reliable.38 When these results were evaluated together, a diagnostic test 
was developed that ensured reliability and validity. In addition, for most of the 
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questions, the percentage of participants with positive and negative false was less 
than 10 %. Researchers recommend that the percentage of positive and negative 
false in a test should be less than 10 %.39 The lower this percentage, the higher the 
validity of the test. The first task of the research was to develop a four-tier diag-
nostic test, tested for validity and reliability, for researchers wishing to determine 
the level of scientific knowledge of university students in relation to chemical 
reaction arrows and electron arrows. There have been studies in the literature to 
develop a four-tier diagnostic test.40–42 Researchers developed a four-tier diagnos-
tic test to assess upper secondary school students’ understanding of isomers.40 
Researchers reported that the Cronbach alpha coefficient of the test was greater 
than 0.70 for each tier and dimension. In another study, researchers developed a 
four-tier diagnostic test to identify high school students’ misconceptions about 
alcohols and carbonyl compounds.41 The researcher calculated the McDonald’s ω 
value of the test to be 0.85 for the response tier, 0.83 for the reason tier, and 0.86 
for both tiers. In another study, a four-tier diagnostic test was developed to assess 
university students’ understanding of transition metal chemistry, a topic in inorg-
anic chemistry.42 The researchers reported that the diagnostic test was difficult for 
students to complete and the Cronbach alpha reliability coefficient of the test was 
0.60. Similar to the current research findings, the above studies also reported 
modest reliability values for their four-tier tests. Diagnostic tests can be used both 
to identify misconceptions and to determine students’ levels of scientific know-
ledge. Studies on misconceptions have generally considered misconceptions det-
ected at 10 % or more.28,34 The percentage of students with misconceptions was 
below 10 % for all questions. For this reason, the test developed in this study was 
used to determine the level of students’ scientific knowledge about chemical react-
ion arrows and electron arrows.  

Another result of the research was that university students were deficient in 
recognizing chemical reaction arrows and electron arrows and in understanding 
their functions. The percentage of those who had scientific knowledge about chem-
ical reaction arrows and electron arrows was between 0.5 and 17.2 %. In addition, 
more than half of the university students lacked knowledge on all questions. It was 
found that the participants’ level of scientific knowledge about chemical reaction 
arrows was higher than their level of scientific knowledge about electron arrows. 
The percentage of those with a lack of knowledge in the questions about right 
arrows, left arrows, balance arrows and dynamic balance arrows was between 54.5 
and 64.3 %. This rate was over 90 % for the questions on electron arrows. The 
researcher states that the use of curved arrows in organic chemistry is an excellent 
way of showing the flow of electrons as products are formed from reactants.9 In 
his study, he noted that some students had difficulty using curved arrows correctly 
and attributed this to the fact that the basis of curved arrows was explained in few 
textbooks. A possible reason for the higher level of scientific knowledge about 
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chemical reaction arrows than electron arrows among the participants in the current 
study may be that chemical reaction arrows are mentioned in more topics in chem-
istry courses. On the other hand, lack of confidence was greatest in the third (8.0 
%) and fourth (8.6 %) questions. Although students answered the first and third 
tiers of these questions correctly, they were not confident of their answers. The 
third question was about the balance arrow and the fourth question was about the 
dynamic balance arrow. It was found that students were not confident in their 
answers to the arrows used to represent reversible reactions and chemical reactions 
at equilibrium. The reason why students are not confident in their answers may be 
that the balance arrows used to represent reversible reactions are now represented 
with half-hooked opposite double arrows to represent dynamic equilibrium. 

In the research, it was found that university students’ level of scientific know-
ledge about right arrow (it shows that the reactants are transformed into product), 
left arrow (it shows that products are transformed into reactants), balance arrow (it 
shows a reversible reaction) and dynamic balance arrow (it shows a chemical react-
ion in equilibrium) was higher than other chemical reaction arrows (balance arrows 
in favor of reactants/products, dashed arrow, broken arrow and crossed arrow) and 
electron arrows (resonance arrow, single-ended curved arrow, double-ended 
curved arrow). It was observed that the level of scientific knowledge of university 
students about resonance arrows (it shows the resonance relationship between two 
molecules) and balance arrows in favor of reactants/products (it shows the strong 
preference in the equilibrium reaction) was quite low (it was between 0.10 and 
0.14 points out of 3 points). The percentage of those with no knowledge in the 
questions about resonance arrows and balance arrows in favor of reactants/pro-
ducts was over 90 %. The percentage of those with scientific knowledge was 
between 0.5 and 1.7 %. On the other hand, the level of scientific knowledge of the 
university students was below one out of three for the single-ended curved arrow 
(it shows the path of a single electron), the double-ended curved arrow (it shows 
the path of a pair of electrons), the dashed arrow (it shows that a chemical reaction 
is taking place but the conditions are unknown), the broken arrow (it shows 
reactions that have been tried but do not work) and the crossed arrow (it shows a 
reaction that cannot take place). The percentage of those with lack of knowledge 
on those questions was over 80 %. The percentage of those with scientific know-
ledge was between 2.8 and 5.1 %. Alchemists included arrows into their symbols 
hundreds of years before modern chemists included arrows in chemical equations.8 
Different types of arrows have different roles in chemistry. The complexity of the 
environment in which chemicals, glassware and other laboratory equipment are 
displayed in the virtual chemistry laboratory creates a cognitive load. For this 
reason, researchers conducted an experimental exercise in a virtual chemistry 
laboratory supported by arrow texts and found that the exercise improved students’ 
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performance in terms of time and errors.43 Studies of the use of arrows in chem-
istry have tended to be in the area of organic chemistry. As students did not develop 
a conceptual understanding of organic chemistry, studies in the literature generally 
focused on the techniques of using, meaning and usefulness of the curved arrow in 
organic chemistry.12 Researchers focused on how students made sense of the arrow 
and the common barriers to understanding.14,44 The literature included module 
development studies that guided students to learn and apply the electron repulsion 
approach.10 Another study found that using the arrow pushing approach in inorg-
anic chemistry significantly increased the sense of participation in the lesson.11 In 
another study, researchers described a new assessment technique that allows lec-
turers to ask open-ended questions about curved arrow representation in a multiple- 
-choice format.13 The above studies were generally conducted in the context of 
organic and inorganic chemistry courses and generally focused on curved arrows.  

Finally, it was found that there was no statistically significant difference 
between participants’ level of scientific knowledge about chemical reaction arrows 
and electron arrows according to gender. The effect of using labels and arrows in 
salt dissolution animation has been investigated in the literature.15 The study rep-
orted that students with high spatial ability performed better than students with low 
spatial ability. It was also found that females outperformed males in the post-test. 
It was found that students in the animation group, where only arrows were used, 
scored lower than the other groups. The current study revealed differences in the 
scores of the chemical reaction arrows and the electron arrow diagnostic test 
between groups by department and grade level. These differences were in favor of 
fourth year students and against electrical and electronics engineering students. 
According to the researchers, advanced courses in chemistry education strength-
ened students’ conceptual understanding. These courses introduced and used dif-
ferent arrow symbols to deepen understanding of chemical processes.45 While 
students from the Faculty of Education (science teacher) took courses in analytical 
chemistry and organic chemistry in addition to general chemistry, students from 
the Faculty of Engineering only took courses in general chemistry. This situation 
showed that the educational process and advanced courses played an important 
role in increasing the scientific knowledge level of university students regarding 
chemical reaction arrows and electron arrows. 

RECOMMENDATIONS AND LIMITATIONS 

We developed a test to determine the scientific knowledge level of university 
students regarding chemical reaction arrows and electron arrows. This test was 
designed to determine whether there were differences in university students’ 
scientific knowledge of chemical reaction arrows and electron arrows according to 
gender, department and grade level. Data were collected from students studying in 
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four different undergraduate programs. It is recommended that future studies inc-
lude students from other undergraduate programs taking chemistry courses. In 
addition, most of the research data was collected from students studying at two 
different universities. This situation is considered a limitation of the study. Stu-
dents studying at different universities could be included in future studies.  

Diagnostic tests can be used to reveal both misconceptions and students’ level 
of scientific knowledge. The percentage of students with misconceptions was 
below 10 % for all questions in this study. Therefore, the test developed in this 
study was used to determine the level of students’ scientific knowledge about 
chemical reaction arrows and electron arrows. Future studies could investigate 
students’ misconceptions about chemical reaction arrows and electron arrows. 

This study revealed university students’ level of scientific knowledge about 
chemical reaction arrows and electron arrows. Future studies could investigate 
whether university students’ use chemical reaction arrows and electron arrows 
correctly in concrete examples.  

The study developed a four-tier diagnostic test. The second and fourth tier of 
this test were the confident tier. The confidence level had two options: confident 
and not confident. Future studies may prefer five-point Likert-type scales for con-
fident tiers. 

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal web-
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И З В О Д  

НИВОИ НАУЧНОГ ЗНАЊА УНИВЕРЗИТЕТСКИХ СТУДЕНАТА О СИМБОЛИЦИ 
СТРЕЛИЦА У ЈЕДНАЧИНАМА ХЕМИЈСКИХ РЕАКЦИЈА И О КРЕТАЊУ ЕЛЕКТРОНА 

GÖKÇE ÖZVEREN1, BETÜL TURAN1, MELİKE ULUCAN1 и CEMAL TOSUN2 

Bartın University, Bartın, Turkey и 2Bartın University, Faculty of Education, Department of Science 

Education, Bartın, Turkey 

Ово истраживање је имало за циљ да испита у којој мери студенти основних академ-
ских студија препознају и разумеју значење и функцију стрелица у једначинама хемијских 
реакција и о кретању електрона. Истраживање је спроведено применом компаративног 
истраживачког дизајна. Развијен је четворостепени дијагностички тест намењен процени 
знања о наведеним типовима стрелица. У фази развоја инструмента учествовао је 181 сту-
дент, а на основу добијених резултата израчунати су индекси тежине и дискриминативности 
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задатака. Коефицијент поузданости теста износио је 0,76. Након тога, тест је примењен на 
узорку од 174 студента с циљем утврђивања разлика у нивоу научног знања у зависности од 
пола, студијског програма и године студија. Резултати су указали на недовољан ниво науч-
ног знања студената о значењу и функцији стрелица у једначинама хемијских реакција и о 
кретању електрона. Више од половине испитаника показало је недовољно разумевање у 
свим питањима теста. Утврђено је да не постоје статистички значајне разлике у нивоу знања 
у односу на пол, док су уочене значајне разлике у односу на студијски програм и годину 
студија. Ове разлике су биле у корист студената четврте године, док су студенти електро-
технике и рачунарства остварили слабије резултате. 

(Примљено 23. маја, ревидирано 27. јуна 2024, прихваћено 17. јула 2025) 
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APPENDIX-1: CHEMICAL REACTION AND ELECTRON ARROWS DIAGNOSTIC 
TEST (NEXT PAGE) 

Table S-I. Write the names of the arrows given in the table below and explain in what 
sense/function they are used in chemical reaction formulas and the movement of electrons? 

  Arrow name Are you sure? Function Are you sure? 

1a 
 

 (  ) I am sure 
(  ) I am not sure  (  ) I am sure 

(  ) I am not sure 

1b 
 

 (  ) I am sure 
(  ) I am not sure  (  ) I am sure 

(  ) I am not sure 

1c   (  ) I am sure 
(  ) I am not sure  (  ) I am sure 

(  ) I am not sure 

1d   (  ) I am sure 
(  ) I am not sure  (  ) I am sure 

(  ) I am not sure 

1e   (  ) I am sure 
(  ) I am not sure  (  ) I am sure 

(  ) I am not sure 

1f   (  ) I am sure 
(  ) I am not sure  (  ) I am sure 

(  ) I am not sure 

1g   (  ) I am sure 
(  ) I am not sure  (  ) I am sure 

(  ) I am not sure 

1h 

 

 
(  ) I am sure 
(  ) I am not sure  (  ) I am sure 

(  ) I am not sure 

 

* Corresponding author. E-mail: E-mail: ctosun@bartin.edu.tr 
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1ı 

 

 
(  ) I am sure 
(  ) I am not sure  (  ) I am sure 

(  ) I am not sure 

1i  
 (  ) I am sure 

(  ) I am not sure  (  ) I am sure 
(  ) I am not sure 

1j  
 (  ) I am sure 

(  ) I am not sure  (  ) I am sure 
(  ) I am not sure 

1k  
 (  ) I am sure 

(  ) I am not sure  (  ) I am sure 
(  ) I am not sure 

R= Reactants; P= Products 
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