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Synthesis and mechanism of formation of hybrid structures
comprising 2-oxochromene, thiazole and hydrazilidenechromene
fragments

OLGA A. MAZHUKINA'*, ALEXANDER YU. KOSTRITSKY!, VYACHESLAV S.
GRINEV'? YEKATERINA M. ARZYAMOVA' and ALEVTINA YU. YEGOROVA!

!Institute of Chemistry, N.G. Chernyshevsky Saratov National Research State University, 83
Astrakhanskaya St., 410012 Saratov, Russian Federation and *Institute of Biochemistry and
Physiology of Plants and Microorganisms—Subdivision of the Federal State Budgetary
Research Institution Saratov Federal Scientific Centre of the Russian Academy of Sciences
(IBPPM RAS), 13 Entuziastov Pr., 410049 Saratov, Russian Federation

(Received 11 July, revised 22 September 2024, accepted 21 December 2025)

Abstract: Molecules with a hybrid structure containing 1,3-, 1,5-dicarbonyl frag-
ments, based on 2H-chromen-2-one, hold significant potential as biologically
active substances. A direct method has been developed for the preparation of
thiosemicarbazones 2-(7-(aryl)-10,10-dimethyl-6-0x0-7,9,10,11-tetrahydro-6H,8 H-
-chromeno[4,3-b]chromen-8-ylidene)hydrazine- 1-carbothioamides. Their further
modification by reaction with 3-bromoacetyl-2H-chromen-2-one was carried
out, involving the thioamide group to form hybrid structures comprising 2-oxoch-
romene, thiazole and hydrazineylidenechromene fragments (yield 71-97%)). It is
shown that hydrazine-1-carbothioamides can be obtained from both the initial
1,5-dicarbonyl compound and the product of its intramolecular O-heterocyc-
lization. A one-step method is preferable, because the one-step method is prefer-
red over the more labour-intensive two-step approach (with a similar yield). A
plausible reaction mechanism is presented, based on quantum chemical calcul-
ations of few possible tautomeric forms of the intermediates and the corres-
ponding products. A comparative analysis of the 'H NMR spectrum of the exp-
erimental sample and the spectra of several possible final products calculated by
a quantum chemical method has also confirmed the chosen reaction pathway.

Keywords: 2H-chromen-2-one; hydrazine-1-carbothioamide; tautomeric system;
DEFT.

* Corresponding author. E-mail: mazhukinaoa@gmail.com
https://doi.org/10.2298/J1SC240711091M
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2 MAZHUKINA et al.

INTRODUCTION

Nowadays, the interest in chromenone-containing systems is increasing due
to their wide biological activity. Polyfunctional 4H-pyrans, most often used as anti-
spasmodics,!-2 have anti-HIV,3 antioxidant* and antihistamine activities.* These
compounds can also be used to treat neurodegenerative diseases, including Alz-
heimer’s disease, schizophrenia and myoclonus. In addition, some 2-amino-4H-
-pyran derivatives can be used as photoactive materials. 5

There are works®-3 in the literature that demonstrate the possibility of carrying
out a multi-component synthesis involving 3-substituted chromanone or 1,3-indan-
edione systems with urea derivatives and 3-bromomethylcoumarin. However, modi-
fying the initial system by combining coumarin and a carbocyclic 1,3-diketone exp-
ands the synthetic capabilities to combine biologically relevant scaffolds.

In our previous studies, we found that 4-hydroxy-3-((2-hydroxy-4,4-dimethyl-
-6-oxocyclohex-1-en-1-yl)(aryl)methyl)-2 H-chromen-2-ones 1a, b and d (Fig. 1)
exhibited anticoagulant activity, and Compound 1e significantly reduced the rate
of platelet aggregation. It has been also found that compound 1b has a proplatelet
effect, enhancing and accelerating platelet aggregation.”

Fig. 1. Structures of biologically active 4-hydroxy-3-((2-hydroxy-4,4-dimethyl-6-oxo-
cyclohex-1-en-1-yl)(aryl)methyl)-2H-chromen-2-ones 1a—d.

EXPERIMENTAL
General information

Thin-layer chromatography (TLC), Fourier IR and 'H-NMR spectroscopy were used to
monitor the reaction progress, to analyze the main mixtures and isolated individual products,
and to identify them. TLC analysis was performed on Silufol UV-254 plates, eluent — ethyl
acetate:hexane:chloroform (2:2:1), developer — iodine vapor. FTIR spectra were recorded on a
Nicolet 6700 spectrometer (Thermo Scientific, USA) in KBr pellets (wavenumber range 4000—
—400 cm™) with a spectral resolution of 4 cm!. 'H-, 13C-NMR, HSQC and HMBC spectra were
recorded on a Varian 400 MHz spectrometer (USA) at 400 MHz for protons (*H) and at 100
MHZz for carbons (13C). Chemical shifts are given here in ppm from tetramethylsilane (TMS) as
an internal standard in deuterated chloroform (CDCl;). Coupling constants (J) are reported in
Hz. All spectra were recorded at 25 °C, unless otherwise specified. Melting points were
measured at a heating rate of 4 °C/min with no correction. Elemental analysis was performed
on a Vario micro cube — C, H, N, S elemental analyzer (Elementar Analysensysteme GmbH,
Germany).

Available online at: http://www.shd.org.rs/JSCS
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SYNTHESIS AND MECHANISM OF FORMATION OF HYBRID STRUCTURES 3

Quantum chemical calculations

Quantum chemical calculations were performed using the density functional theory (DFT)
with Becke’s three-parameter Lee—Yang—Parr (B3LYP) hybrid functional and the 6-311G(d,p)
basis set, involving p-orbitals for hydrogen and d-orbitals for heavier atoms, as well as polar-
ization functions (B3LYP/6-311G++ (d,p)).

The complete geometry was optimized for each possible isomer with a strict convergence
criterion.

General procedure for the synthesis of 7-aryl-10,10-dimethyl-7,9,10, 1 1-tetrahydro-6H,8H-
-chromeno[4,3-bJchromene-6,8-diones 2a—e

A mixture of 4-hydroxy-3-((2-hydroxy-4,4-dimethyl-6-oxocyclohex-1-en-1-yl)(aryl)met-
hyl)-2H-chromen-2-ones 1a—e (1.2 mmol) and acetyl acetate (3 mL, 31.8 mmol) was refluxed
for 30-90 min. The liquid fraction was evaporated, and the crystals precipitated were filtered out.
General procedure for the synthesis of 2-(7-aryl-10, 10-dimethyl-6-oxo0-7,9,10, 1 I -tetrahydro-
-6H,8H-chromeno[4,3-b]chromen-8-ylidene)hydrazine-1-carbothioamides 3a—e

Method 1. A mixture of 7-aryl-10,10-dimethyl-7,9,10,1 1-tetrahydro-6 H,8 H-chromeno[4,3-
-b]chromene-6,8-dione 2a—e (0.6 mmol) and TSC (0.065 g, 0.7 mmol) in absolute ethanol (15
ml) was refluxed for 3 h. The liquid fraction was evaporated, and the crystals precipitated were
filtered out.

Method 2. A mixture of 4-hydroxy-3-((2-hydroxy-4,4-dimethyl-6-oxocyclohex-1-en-1-
-yl)arylmethyl)-2 H-chromen-2-one 1a—e (0.6 mmol) and TSC (0.065 g, 0.7 mmol) in absolute
ethanol (15 ml) was refluxed for 90 min. The liquid fraction was evaporated, and the prec-
ipitated crystals were filtered out.

General procedure for the synthesis of 7-aryl-10,10-dimethyl-8-(2-(4-(2-oxo-2H-chromen-3-yl))-
thiazol-2-yl)hydrazilidene)-8,9,10, 1 I-tetrahydro-6H, 7H-chromeno[4,3-b]chromene-6-ones
Sa—e

A mixture of carbothioamides 3a—e (0.42 mmol) and 3-bromoacetyl-2H-chromen-2-one
(0.11 g, 0.42 mmol) in absolute ethanol (15 ml) was refluxed for 2 h. The liquid fraction was
evaporated, and the precipitated crystals were filtered out.

Analytical and spectral data of the compounds are given in the Supplementary material to
this paper.

RESULTS AND DISCUSSION

In this work, we obtained polycyclic condensed compounds by reaction of the
initial 4-hydroxy-3-((2-hydroxy-4,4-dimethyl-6-oxocyclohex-1-en-1-yl)(aryl)met-
hyl)-2H-chromen-2-ones la—e with acetic anhydride (Fig. 2). As a result, O-
-heterocyclization products with sufficiently high yields were obtained, namely: 7-
-aryl-10,10-dimethyl-7,9,10,11-tetrahydro-6 H,8 H-chromeno[4,3-b]chromene-6,8-
-diones 2a—e (Fig. 2), whose structure was confirmed by !H-, 13C-NMR, HSQC
and HMBC spectroscopy data.

Available online at: http://www.shd.org.rs/JSCS
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4 MAZHUKINA ef al.

1a, 2a; R=2-OMe;

1b. 2b; R=2 4-OMe;

1c, 2¢; R=4-OMe;

1d, 2d; R=3,4-OMe;

1e, 2e; R=3-OMe, 4-OH.

Fig. 2. O-Heterocyclization of 4-hydroxy-3-((2-hydroxy-4,4-dimethyl-6-oxocyclohex-1-en-1-
-yl)(aryl)methyl)-2 H-chromen-2-ones 1a—e.

In the 'H-NMR spectra of the isolated chromeno[4,3-h]chromen-6,8-diones
2a—e, as compared with those of the initial compounds, there are no signals of
hydroxyl groups in a weak field, while the methine proton signal has shifted to a
higher field (4.87-6.15 ppm). The protons of the methylene groups are character-
ized by magnetic non-equivalence, so each methylene group is displayed in the
spectrum as a doublet of doublets at 2.45-2.69 and 2.13-2.29 ppm. This is exp-
lained by fixation of the dimedonyl ring, whose rotation around the single C—C bond
gets impossible, which leads to the possibility of implementing an asymmetric
spatial structure of the fragment.

The HSQC spectrum shows a difference in the chemical shifts of the methyl
groups along both axes, due to the dimedonyl ring fixation.

A difference in the nature of the protons in the methylene groups is clearly
visible in the HMBC spectrum. The protons in the methylene group located at the
carbonyl group correlate with the carbonyl carbon atom at 2.28/195.67 ppm and
the cross peak at 2.63/163.55 ppm reflects interaction between the protons in the
methylene group and the C-2 atom of the 4H-pyran moiety in the compound.

For the purpose of further functionalization and expansion of synthetic cap-
abilities, the behavior of the initial polyoxo compounds in their nucleophilic trans-
formations with TSC was studied. Our choice of this reagent was not accidental,
since numerous studies have shown that thiosemicarbazones exhibit antimicrobial,
antitumor properties and can inhibit the central nervous system activity.10-15 It is
believed that this is due to TSC being able to form various complex compounds
with proteins and metal ions.!0 Therefore, of current interest is the preparation of
polycondensed structures to combine the properties of semicarbazides and chrom-
enochromenediones 2a—e (polyfunctional compounds containing several electron-
-deficient centers).

This reaction was found to involve the dimedonyl carbonyl group of oxo com-
pounds 2a—e and the hydrazine fragment due to its greater activity compared to
thioamide. The reaction produced carbothioamides 3a—e in 44-51 % yields (Fig. 3).

A similar product was also obtained by direct reaction of the initial 2H-
-chromene-2-ones 1a—e with TSC, which made it possible to bypass the isolation
of the cyclization product into tetrahydrochromenochromendione 2 and, in general,
significantly reduced the reaction time.

Available online at: http://www.shd.org.rs/JSCS
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SYNTHESIS AND MECHANISM OF FORMATION OF HYBRID STRUCTURES 5

Fig. 3. Synthesis of chromeno[4,3-b]chromenhydrazine-1-carbothioamides 3a—e.

Such a course of the process, namely, no products of nucleophilic attack at the
competing reaction center in substrate 1, allows us to conclude on the primary
process of O-heterocyclization in compounds 2a—e.

In the 'H-NMR spectrum of carbothioamide 3 two protons of the thioamide
group are located at 6.21-6.25 and 8.17-8.25 ppm, respectively; the NH proton
singlet is located at 8.50—8.54 ppm, which is confirmed by the absence of correl-
ation signals in the HSQC spectrum.

It is worth noting the signals at 8.52/178.6 ppm and 8.51/145.7 ppm in the
HMBC spectrum, responsible for the interaction of the thioamide proton in the
hydrazine fragment with the imine carbon atom, as well as with the a-carbon atom
of the dihydropyran fragment, respectively; correlations of the protons of one of
the methylene moieties at 2.24/145.2 ppm are also observed with the a-carbon
atom and the tertiary proton of the dihydropyran heteroring at 5.48/145.2 ppm,
which indicates the formation of thiosemicarbazone 3a.

In order to obtain a series of novel complex polycyclic structures, carboth-
ioamides 3 were reacted with 3-bromoacetylcoumarin. As a result of the reaction,
the thiol group of compounds 3a—e initially interacted with the haloalkyl fragment
of the reagent to eliminate hydrogen bromide, which led to the formation of hydra-
zinecarbimidothiolate 4a—e and its respective tautamers 4’a—e and subsequent
cyclization into either thiazoles Sa—e, which can be tautomerized to 5’a—e or 6a—e,
or mixture thereof.

In order to evaluate the reactivity of the nucleophilic centers of tautomers 4
and 4°, the Fukui indices were calculated (Table I).

Quantum chemical calculations were carried out in the Firefly 8.2.0 program
within the framework of density functional theory (DFT) using the B3LYP hybrid
functional and the 6-31G(d,p) basis set.17-20

Full geometry optimization was done for neutral molecules; the energies of
radical cations and radical anions were calculated based on the geometry of the

Available online at: http://www.shd.org.rs/JSCS
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6 MAZHUKINA ef al.

neutral molecule in accordance with Koopmans’ theorem. From these values, ion-
ization energies (/) and electron affinities (4) were calculated. For an N-electron
system, the Fukui indices (£7) were calculated using the Mulliken populations (g)
by the following equations:

FI* =q(N+1)—g(N) (1)
FI™ =q(N)—q(N -1) @)

where g(N) is the population of the atom in a neutral molecule (cluster), and g(N—1)
and g(N+1) are the population of the atom in the cation and anion of the molecule
(cluster), respectively.

TABLE I. Reactivity indices of hydrazinecarbimidothioate 4’a and carbamohydrazonothioate 4a
Reactivity indices (FI"/FI")

Compound N2 N (29)
4a 0.049118/-0.0028 0.062148/0.002623
4a 0.026116/0.019385 0.030662/—0.02827

According to the calculated Fukui indices, N (29) is more nucleophilic in both
tautomeric forms 4 and 4’a, which suggests its nucleophilic attack at the free carb-
onyl group in compounds 5a—e or its tautamer forms 5’a—e. Then, the attack of
compound 4’a with hydrazine N (27) to form adduct 6 would not be beneficial

(Fig. 4).

3-6a; R=2-OMe;

3-6b; R=2,4-OMe;

3-6¢; R=4-OMe; -
3-6d; R=3,4-OMe;

3-6e; R=3-OMe, 4-OH.

Fig. 4. Synthesis of thiazolehydrazonotetrahydrochromeno[4,3-b]chromen-6(7H)-ones Sa—e.

Available online at: http://www.shd.org.rs/JSCS
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SYNTHESIS AND MECHANISM OF FORMATION OF HYBRID STRUCTURES 7

To prove the above, the energy profile of the N-heterocyclization reaction was
computed. Hydrazinecarbimidothiolate 4 can be considered as a common inter-
mediate in the process of formation of all three possible products. The energy
barrier for the reaction, calculated using DFT/B3LYP/6-31G(d) in vacuum, was
thus estimated to be 11.70 kcal*/mol. Regardless of the choice of the reaction
center, a new thiazole ring is formed as a result of intramolecular nucleophilic
attack of the carbonyl carbon atom by the nitrogen atom. Considering the geometry
optimization of the molecules of all three hypothetical products using 7-(2-methoxy)-
phenyl derivatives as an example, it should be noted that chromenylthiazole-2(3 H)-
-ylidene)hydrazono)tetrahydrochromeno[4,3-b]chromen-6(7H)-one (5) has turned
out to be stabilized due to the formation of a hydrogen bond (1.983 A) between the
hydrogen atom of the NH group of the thiazole ring and the oxygen of the lactone
carbonyl group, which ensures the coplanarity of the chromene and thiazole rings
and the entire structure as a whole and reduces the overall energy of the molecule

(Fig. 5).

-
« O
@ ¢

N ¢

¢« @ "

“o‘ .
._»o‘ g ¢ ¢
e o @ *a % @

‘O 60 g e e e
“ .‘ ~ 1.933" .
. (™ ‘
g‘ -
¢ %
o N
.
.

Fig. 5. Optimized geometry of 10,10-dimethyl-8-((4-(2-ox0-2H-chromen-3-yl)thiazol-2(3H)-
-ylidene)hydrazono)-7-(2-methoxyphenyl)-8,9,10,11-tetrahydrochromeno[4,3-b]chromen-
-6(7H)-one (5a).

As for the third option of N-heterocyclization due to nucleophilic attack by the
hydrazine nitrogen in chromenylthiazol-3(2H)-ylimino-tetrahydrochromeno[4,3-
-b]lchromen-6(7H)-one (6a), having considered the optimized geometry of the
adduct, where in addition to the lack of coplanarity of the cycles, their proximity
is observed, which determines an unfavorable spatial structure reaction. Moreover,
having computed its formation energy, we can definitely state the impossibility of

*1kcal=4184 ]
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its formation in the course of this reaction, since it significantly exceeds even the
energy of the selected intermediate.

The energy diagram of the proposed simplified N-heterocyclization scheme
was computed using the example of 2-methoxy derivative (a) within the framework
of DFT/B3LYP/6-31G(d) in vacuum with complete optimization of the geometry of
all proposed structures (Fig. 6). According to these calculations, a probable path-
way of the process can be deduced as the transition of tautomer 4 to the energet-
ically more favorable carbamohydrazonothiolate 4', followed by cyclization to thia-
zolehydrazonotetrahydrochromenochromenone (5).

- o

30

E kcal/mol

25
20
15

10 \
-—— 5'

5 ® —@— 53

0
1.0 15 2.0 25 3.0 35 4.0 4.5

Fig. 6. Energy diagram of the reaction of hydrazinecarbothioamide (3a) with
3-bromoacetylcoumarin.

There is only one set of signals in the lH-NMR spectra of the products Sa—e.
This suggests that only one of the tautomeric forms is stabilized (at least in deuter-
onchloroform). Compared with the spectrum of the precursor, there are no signals
from the thioamide group protons. A signal is observed of the vinyl proton in the
thiazole heteroring at 7.87—7.93 ppm. The vinyl proton of the chromenone ring is
located at 8.48—8.56 ppm, the broadened signal of the NH group is at 10.61-10.93
ppm. But since the resulting set of signals, in general, could correspond to any of
the tautomeric forms of the final thiazole S or 5', to clarify the structure of the final
product, we calculated the chemical shifts of protons in the putative tautomers both
in vacuum and in the solvent, which was most close to deuterochloroform (which
the spectra were experimentally recorded in) according to its characteristics. The
calculated chemical shifts of the vinyl, methine protons and amino group protons
correlate well with the experimental data. A distinctive feature of this type of
compounds is the shift of the key signal of the amine proton to a weak field, which
is probably explained by the formation of an intramolecular hydrogen bond with
its participation, which is consistent with the structure of compounds Sa—e.

Available online at: http://www.shd.org.rs/JSCS
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In the 2D correlation HSQC spectrum of chromenylthiazol-2(3 H)-ylidene)-
hydrazono)-tetrahydrochromeno[4,3-b]chromen-6(7H)-one (5a), the previously
absent signals are noted at 7.91/110.55 ppm, belonging to the vinyl proton of the
newly formed thiazole heteroring, as well as a signal from the vinyl proton of the
chromenone fragment at 8.50/139.0 ppm.

In the HMBC spectrum, the key correlation signal means contact of the vinyl
proton of the thiazole heterofragment H62 with the carbonyl carbon of the lactone
fragment of chromenone C38 at 7.82/167.89 ppm. As the HMBC spectrum lacks
any correlation between the protons of the hydrazine group and the carbon atom
of the methylene unit of the dimedone ring, characteristic of structure 5°, this
finally confirms the formation of tautomer 5.

CONCLUSION

Thus, as a result of a series of chemical transformations, it is possible to der-
ivatize the molecules of oxocyclohexenyl(aryl)methyl-2H-chromen-2-ones 1a—e
by introducing pharmacophoric fragments (thiazole and chromen-2-one) therein.
Using calculated and experimental data, a probable pathway of the transformat-
ions, the structure of the intermediates and final reaction products are shown.

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/12976, or from the correspond-
ing author on request.

U3BO[J

CHHTE3A U MEXAHU3AM ®OPMUPAHA XUBPUJIHUX CTPYKTYPA KOJH KAO
CTPYKTYPHE JEJIOBE CAIIPXKE 2-OKCOXPOMEH, THA30JI U XUJPASUJITUJEHXPOMEH

OLGA A. MAZHUKINA!, ALEXANDER YU. KOSTRITSKY!, VYACHESLAV S. GRINEV!?,
YEKATERINA M. ARZYAMOVA'u ALEVTINA YU. YEGOROVA!

Institute of Chemistry, N.G. Chernyshevsky Saratov National Research State University, 83 Astrakhanskaya
St., 410012 Saratov, Russian Federation u *Institute of Biochemistry and Physiology of Plants and
Microorganisms—Subdivision of the Federal State Budgetary Research Institution Saratov Federal Scientific
Centre of the Russian Academy of Sciences (IBPPM RAS), 13 Entuziastov Pr., 410049 Saratov,
Russian Federation

XubpupHu Monexynu koja cagpxu 1,3- u 1,5-puxapdoHunne GparMeHTe, 3aCHOBaHHU Ha
2H-XpoMeH-2-0HY, UMajy 3HauajaH NOTEHLWjasl kao OMOJIOLIKY aKTHBHE CyIICTaHIe. PasBujeHa
je BMpeKTHa MeToda 3a NpUIpeMy THoceMHKapba3oHa 2-(7-(apwn)-10,10-muMeTnn-6-oxco-
-7,9,10,11-tetpaxunpo-6H,8 H-xpomeno|[4,3-b]xpomeH-8-wnuneH ) xugpa3ul-1-kapdbotnoamuna.
H3BpiieHa je mUXOBa Jaska MomuduUKaudja peakuujom ca 3-dpomoauerun-2H-xpomeH-2-
-OHOM, KOja yK/by4yje THOaMHAHY TpyIy, P ueMy cy nobujeHe xudpupHe CTPyKType Koje
cafipke 2-0OKCOXpPOMEHCKE, TUa30IHE U XUIPasUHWINIEHXPOMEHCKe dparmenTe (mpuHoc 71—
—97 %). IlokasaHo je ga ce xuApasuH-1-kapdoTHOAaMUIK MOTry JOOUTH M U3 MoYeTHOr 1,5-
-IUKapOOHUIIHOT jefH’Beha U U3 MPOU3BOJIAa BEr0Be HHTpaMoseKyaapHe O-XeTepouuKIn3anyje.
JemHOCTETIEHW METOJ je OXKeJbHUjH, jep je jeIHOCTeNeH! MEeTO I OKe/bHUjH Y OTHOCY Ha PafiHO
WHTEH3UBHHUjU [IBOCTEIIEHW MPHUCTYN (Ca CIUYHHUM NPHUHOCOM). [IpencraBmeH je BepoBaTaH
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MexXaHHM3aM peaklHje, 3aCHOBAaH Ha KBAaHTHO-XEMHjCKUM ITPOPAuYyHHMa HEKOJIIUKO MOryhux
TayTOMEPHUX OOJIMKAa MHTEpMenujepa M omrosapajyhux mpoussoma. YmopenHa aHaausa 'H-
-NMR crekTpa eKCriepuMeHTaIHOT y30pKa U CliekTapa HeKoJIuKo Moryhux hbHUHaNIHUX IPOU3BOa
M3pauyyHaTHX KBAHTHO-XEMHjCKOM METOJOM Takolhe je moTBpAuia u3adpaHu peakiMOHH TIyT.

(ITpumbeno 11. jyna, pepunupaso 22. centemdpa 2024, npuxsaheHo 21. nenemdpa 2025)
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Synthesis and mechanism of formation of hybrid structures
comprising 2-oxochromene, thiazole and hydrazilidenechromene
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(IBPPM RAS), 13 Entuziastov Pr., 410049 Saratov, Russian Federation

J. Serb. Chem. Soc. 97 (1) (2026) 1-10

7-(2-Methoxyphenyl)-10, 10-dimethyl-7,9,10, 1 I-tetrahydro-6H,8H-chromeno[4, 3-
-bJchromene-6,8-dione (2a)

This compound was obtained as a white solid, yield 0.35 g (74%), mp 193—
195°C. 1R; 3057, 3001, 2958, 2870, 2837 (C-H), 1725 (O—C=0), 1665 (C=0),
1611, 1568, 1502, 1489 (C=C), 1227 (=C—O—C). 'H NMR (400 MHz, CDCl;, &/
ppm): 1.03 (s, 3H, CHj), 1.15 (s, 3H, CH;), 2.26 (q, J = 16.2 Hz, 2H, CH,), 2.65—
2.58 (m, 2H, CH,), 3.69 (s, 3H, OCHj3), 5.04 (s,1H, CH), 6.79-6.75 (m, 1H, Ar),
6.91 (dd, 1H, J=17.5, 1.2 Hz, Ar), 7.15 (td, 1H, J= 7.8, 1.7 Hz, Ar), 7.26 (s, 1H,
Ar), 7.37-7.27 (m, 2H, Ar), 7.52 (dd, 1H, J=5.0, 3.2 Hz, Ar), 7.89-7.86 (m, 1H,
Ar). BC NMR (100 MHz, CDCl;, 6 / ppm): 162.45, 160.62, 157.96, 154.46,
152.63, 132.48, 131.77, 129.09, 128.46, 124.02, 122.17, 120.60, 116,80, 113.91,
113.33, 111.15, 105.08, 55.41, 50.76, 40.94, 31.19, 31.18, 29.35, 26.92; calcd for
C,sH»0s: C, 74.61; H, 5.51, found: C, 75.21; H, 5.28.

7-(2,4-Dimethoxyphenyl)-10, 10-dimethyl-7,9,10, 1 I-tetrahydro-6H,8 H-chromeno-
[4,3-b]chromene-6,8-dione (2b)

This compound was obtained as a white solid, yield 0.33 g (69%), mp 201—
202°C. IR; 3082, 2962, 2935, 2873 (C-H), 1734 (O-C=0), 1688 (C=0), 1630,
1611, 1599, 1584, 1557 (C=C), 1223 (=C-O-C). 'H NMR (400 MHz, CDCl;, &/
ppm): 1.03 (s, 3H, CH;), 1.15 (s, 3H, CH3), 2.25 (q, /=8 Hz, J = 8 Hz, 2H, CH,),
2.59 (m, 2H, CH,), 3.64 (s, 3H, OCH3), 3.74 (s,3H, OCHs;), 4.95 (s,1H, CH), 6.32

* Corresponding author. E-mail: mazhukinaoa@gmail.com
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(d, 1H, J=2.4 Hz, Ar), 6.46 (dd, 1H, J=8.3, 2.3 Hz, Ar), 7.32-7.20 (m, 2H, Ar),
7.43 (d, 1H, J=8.3 Hz, Ar), 7.52 (t, 1H, J= 7.8 Hz, Ar), 7.86 (d, 1H, /= 7.8 Hz,
Ar). BC NMR (100 MHz, CDCl;, 6 / ppm): 162.40, 160.73, 160.11, 158.82,
154.35, 152.58, 137.03, 132.95, 131.71, 124.04, 122.17, 121.73, 116.77, 113.95,
113.33, 105.29, 104.40, 98.97, 55.35, 50.78, 40.93, 32.19, 30.67, 29.41, 26.87,
20.33; caled for Cy¢H,4O4: C, 72.21; H, 5.59, found: C, 72.85; H, 5.82.

7-(4-Methoxyphenyl)-10, 10-dimethyl-7,9, 10, 1 I-tetrahydro-6H,8H-chromeno[4, 3-
-b]chromene-6,8-dione (2¢)

This compound was obtained as a white solid, yield 0.33 g (69%), mp 290—
291°C. 1R; 3074, 2958, 2906, 2908, 2873 (C-H), 1706 (O-C=0), 1646 (C=0),
1634, 1607, 1511, 1483 (C=C), 1225 (=C-O-C). 'H NMR (400 MHz, CDCl;, &/
ppm): 1.13 (s, 3H, CH3), 1.23 (s, 3H, CHy), 2.32 (s, 2H, CH,), 2.54-2.81 (m, 2H,
CH,), 3.84 (s, 3H, OCH3;), 4.98 (s, 1H, CH), 6.62—6.77 (m, 1H, Ar), 6.75-6.92 (m,
1H, Ar), 7.18 (d, 1H, J= 1.9 Hz, Ar), 7.26 (s, 1H, Ar), 7.35 (t, 2H, J= 8.0 Hz, Ar),
7.57 (t, 1H, J = 7.4 Hz, Ar), 7.85 (d, 1H, J = 7.9 Hz, Ar). 3C NMR (100 MHz,
CDCls, 6/ ppm): 168.81, 160.16, 160.56, 154.01, 152.63, 150.73, 141.15, 138.77,
136.89, 132.24, 124.23, 122.34, 119.70, 116.94, 115.01, 114.00, 113.70, 106.63,
55.97, 50.73, 40.89, 33.01, 29.03, 27.70, 20.63; calcd for C,sH,,05: C, 74.61; H,
5.51, found: C, 74.15; H, 5.27.

7-(3,4-Dimethoxyphenyl)-10,10-dimethyl-7,9,10,1 1-tetrahydro-6H,8H-chromeno-
[4,3-b]chromene-6,8-dione (2d)

This compound was obtained as a white solid, yield 0.33 g (69%), mp 223—
224°C. IR; 3098, 3008, 2954, 2925, 2866, 2833 (C-H), 1700 (O-C=0), 1648
(C=0), 1615, 1567, 1503, 1470 (C=C), 1208 (=C-O—C). 'H NMR (400 MHz,
CDCls, 8/ ppm): 1.13 (s, 3H, CHj), 1.26 (s, 3H, CH3), 2.16 (dd, /= 16.2 Hz, J =
8.8 Hz, 2H, CH,), 2.46 (s, 2H, CH,), 3.74 (s, 3H, OCHj,), 3.87 (s,3H, OCHj;), 5.08
(s,1H, CH), 6.71 (d, 1H, J=2.6 Hz, Ar), 6.78 (dd, 1H, J=8.3, 2.3 Hz, Ar), 7.32—
7.25 (m, 2H, Ar), 7.48 (d, 1H, J= 8.3 Hz, Ar), 7.52 (t, 1H, J= 7.8 Hz, Ar), 8.01
(d, 1H, J = 7.8 Hz, Ar). 13C NMR (100 MHz, CDCl;, 6/ ppm): 161.48, 161.19,
160.05, 158.52, 155.36, 153.36, 133.06, 132.92, 125.24, 122.84, 120.68, 117.85,
115.82, 113.67,110.25, 108.82, 106.07, 101.93, 56.58, 53.05, 43.54, 32.92, 31.08,
28.24, 26.43, 24.93; calcd for C,H,,04: C, 72.21; H, 5.59, found: C, 72.48; H,
5.43.

7-(3-Methoxy-4-hydroxyphenyl)-10, 10-dimethyl-7,9,10,1 1 -tetrahydro-6H,8H-
-chromeno(4,3-b]chromene-6,8-dione (2e)

This compound was obtained as a white solid, yield 0.32 g (69%), mp 246—
248°C. IR; 3365 (O-H), 3170, 3049, 2958, 2873, 2835 (C-H), 1688 (O-C=0),
1648 (C=0), 1624, 1513, 1489, 1473, 1434 (C=C), 1244 (=C-O—C). '"HNMR (400
MHz, CDCls, 6/ ppm): 1.10 (s, 3H, CH3), 1.16 (s, 3H, CH3), 2.30 (dd, 2H, J=4.7,
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1.9 Hz, CH,), 2.64-2.70 (m, 2H, CH,), 3.91 (s, 3H, OCH,), 4.88 (s, 1H, CH), 5.50
(s, 1H, OH), 6.62 (dt, 1H, J= 8.3, 2.0 Hz, Ar), 6.74 (dd, 1H, J= 8.1, 1.9 Hz, Ar),
7.12 (d, 1H, J=2.0 Hz, Ar), 7.26 (d, 1H, J= 1.9 Hz, Ar), 7.32-7.34 (m, 2H, Ar),
7.55 (d, 1H, J = 7.9 Hz, Ar), 7.85 (dd, 1H, J = 7.9, 1.9 Hz, Ar). 3C NMR (100
MHz, CDCL;, §/ ppm): 161.81, 160.76, 153.67, 152.55, 146.07, 144.61, 134.79,
132.11, 124.22, 122.37, 120.24, 116.89, 115.25, 114.09, 113.78, 112.51, 106.98,
95.34, 55.97, 50.74, 40.83, 32.85, 32.32, 29.16, 27.52; caled for CysH,,04: C,
72.76; H, 5.30, found: C, 72.54; H, 5.94.

2-(7-(2-Methoxyphenyl)- 10, 10-dimethyl-6-oxo0-7,9,10, 1 I -tetrahydro-6H,8H-
-chromeno(4,3-b]chromen-8-ylidene)hydrazine -1-carbothioamide (3a)

This compound was obtained as a yellow solid, yield 0.13 g (45%) (method 1)
or 0.21 g (72%) (method 2) , mp 274-276°C. IR; 3458, 3346 (N-H, NH,), 3147
(N-H), 2957, 2921, 2837 (C-H), 1736 (O—C=0), 1675 (C=N), 1629, 1609, 1559,
1495 (C=C), 1096 (C=S). 'H NMR (400 MHz, CDCl,, 6/ ppm): 1.04 (s, 3H, CH3),
1.18 (s, 3H, CH3;), 2.08-2.27 (m, 2H, CH,), 2.54 (s, 2H, CH,), 3.97 (s, 3H, OCH3,),
5.49 (s, 1H, CH), 6.23 (s, 1H, NH,), 8.25 (s, 1H, NH), 8.50 (s, 1H, NH,), 6.23 (s,
1H, Ar), 6.88 (dd, 2H, J = 15.7, 7.8 Hz, Ar), 7.02-7.15 (m, 2H, Ar), 7.21 -
—17.27 (m, 2H, Ar), 7.44-7.57 (m, 1H, Ar), 7.85 (dt, IH, J= 8.0 Hz, Ar). B3C NMR
(100 MHz, CDCl;, 6/ ppm): 178.71, 161.97, 160.81, 156.72, 154.02, 152.46,
145.18, 139.32, 131.89, 129.37, 128.28, 124.08, 122.36, 121.71, 116.76, 113.95,
113.27, 111.83, 105.96, 57.06, 40.13, 36.77, 31.07, 29.66, 27.76, 27.36; calcd for
C,6Hys04N58: C, 65.67; H, 5.30; S, 6.74; N, 8.84, found: C, 66.31; H, 5.84; S, 6.57;
N, 8.13.

2-(7-(2,4-Dimethoxyphenyl)- 10, 10-dimethyl-6-oxo-7,9,10, 1 1-tetrahydro-6 H, 8 H-
chromeno[4,3-b]chromen-8-ylidene)hydrazine -1-carbothioamide (3b)

This compound was obtained as a light yellow solid, yield 0.15 g (51%)
(method 1) or 0.24 g (83%) (method 2), mp 233-235°C. IR; 3502, 3439 (N-H,
NH,), 3155 (N-H), 3068, 2968, 2929, 2831 (C-H), 1721 (O-C=0), 1677 (C=N),
1630, 1611, 1582, 1499 (C=C), 1094 (C=S). '"H NMR (400 MHz, CDCl;, &/ ppm):
1.03 (s, 3H, CHy), 1.17 (s, 3H, CH3), 2.13-2.28 (m, , 2H, CH,), 2.47-2.69 (m, 2H,
CH,), 3.73 (s, 3H, OCHs;), 3.93 (s, 3H, OCHj;), 5.37 (s, 1H, CH), 6.24 (s, IH, NH,),
8.16 (s, 1H, NH), 8.52 (s, 1H, NH,), 6.30-6.45 (m, 3H, Ar), 6.98 (d, 1H, /= 8.4
Hz, Ar), 7.19-7.30 (m, 2H, Ar), 7.52 (ddd, 2H, J=8.9, 7.5, 1.7 Hz, Ar), 7.85 (ddd,
1H,J=17.9,5.9,1.6 Hz, Ar). 3C NMR (100 MHz, CDCl;, 6/ ppm): 178.84, 162.39,
160.07, 159.72, 157.64, 153.85, 152.49, 152.43, 146.30, 131.78, 129.94,125.10,
124.04, 122.31, 116.74, 114.01, 110.00, 106.31, 100.12, 56.90, 55.26, 40.90,
40.13, 32.22, 31.06, 29.68, 27.32; calcd for C,;H,;0sN;S: C, 64.14; H, 5.38; S,
6.34; N, 8.31, found: C, 63.75; H, 5.85; S, 6.48; N, 8.65.
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2-(7-(4-Methoxyphenyl)-10, 10-dimethyl-6-oxo0-7,9,10,1 1-tetrahydro-6H,8H-
chromeno([4,3-b]chromen-8-ylidene) hydrazine-1-carbothioamide (3c)

This compound was obtained as a light yellow solid, yield 0.16 g (54%)
(method 1) or 0.20 g (69%) (method 2), mp 248-249°C. IR; 3506, 3485 (N-H,
NH,), 3074 (N-H), 3003, 2957, 2904 (C-H), 1719 (O-C=0), 1675 (C=N), 1619,
1607, 1565, 1509 (C=C), 1092 (C=S). '"H NMR (400 MHz, CDCl;, §/ ppm): 1.05
(s, 3H, CH3), 1.15 (s, 3H, CH3), 2.18 (dd, J = 16.4 Hz, J = 32 Hz, 2H, CH,), 2.51
(s, 2H, CH,), 3.95 (s, 3H, OCHy;), 5.42 (s, 1H, CH), 6.21 (s, 1H, NH,), 8.19 (s, 1H,
NH), 8.50 (s, 1H, NH,), 6.92 (s, 1H, Ar), 6.88 (dd, 2H, /= 15.7, 7.8 Hz, Ar), 7.02—
—7.15 (m, 2H, Ar), 7.21-7.27 (m, 2H, Ar), 7.44-7.57 (m, 1H, Ar), 7.88 (dd, 1H, J
= 8.0, 1.6Hz, Ar)6.92-8.03 (m, 8H, Ar). 3C NMR (100 MHz, CDCl;, ¢/ ppm):
178.85, 165.61, 164.52, 158.41, 152.52, 152.28, 145.71, 135.95, 132.80, 127.61,
126.91, 124.85, 124.36, 116.93, 116.61, 114.01, 105.80, 104.18, 97.11, 55.26,
46.11,45.52,39.79, 35.49, 30.07, 29.43; calcd for C,4H,s0,4N;S: C, 65.67; H, 5.30;
S, 6.74; N, 8.84, found: C, 66.31; H, 5.84; S, 6.57; N, 8.13.

2-(7-(3,4-Dimethoxyphenyl)-10, 10-dimethyl-6-ox0-7,9,10, 1 I-tetrahydro-6H,8H-
-chromeno[4,3-b]chromen-8-ylidene)hydrazine-1-carbothioamide (3d)

This compound was obtained as a light yellow solid, yield 0.14 g (48%)
(method 1) or 0.21 g (75%) (method 2), mp 283-285°C. IR; 3504, 3452 (N-H,
NH,), 3145 (N-H), 3090, 2975, 2931, 2850 (C-H), 1724 (O—C=0), 1675 (C=N),
1638, 1615, 1580, 1503 (C=C), 1093 (C=S). '"H NMR (400 MHz, CDCl;, 6/ ppm):
1.07 (s, 3H, CH;), 1.21 (s, 3H, CHy), 2.14 (dd, J = 16.2 Hz, J = 34 Hz, 2H, CH,),
2.48 (s, 2H, CH,), 3.74 (s, 3H, OCHs), 3.87 (s, 3H, OCHj3), 5.42 (s, 1H, CH), 6.24
(s, 1H, NH,), 8.19 (s, 1H, NH), 8.50 (s, 1H, NH,), 6.38-6.45 (m, 3H, Ar), 6.68—
6.91 (m, 1H, Ar), 7.08-7.20 (m, 2H, Ar), 7.36 (ddd, 2H, J=8.9, 7.5, 1.7 Hz, Ar),
7.98 (dd, 1H, J=17.9, 1.6 Hz, Ar). 3C NMR (100 MHz, CDCls, 6/ ppm): 178.31,
163.39, 160.75, 156.62, 153.65, 146.67, 144.37, 138.30, 136.18, 135.08, 129.28,
126.92, 122.31, 120.81, 120.05, 118.13, 116.35, 113.64, 102.24, 67.32, 58.69,
41.62,40.36,36.18, 31.44,29.16, 27.39; calcd for C,;H,;05N;S: C, 64.14; H, 5.38;
S, 6.34; N, 8.31, found: C, 63.43; H, 5.82; S, 6.48; N, 8.15.

2-(7-(3-Methoxy-4-hydroxyphenyl)- 10, 10-dimethyl-6-oxo-7,9,10, 1 I-tetrahydro-
-6H,8H-chromeno[4,3-b]chromen-8-ylidene)hydrazine - 1-carbothioamide (3e)

This compound was obtained as a yellow solid, yield 0.13 g (44%) (method 1)
or 0.23 g (81%) (method 2), mp 263-264°C. IR; 3487, 3347 (N-H, NH)), 3148
(N-H), 2963, 2923, 2878 (C-H), 1719 (O-C=0), 1675 (C=N), 1628, 1611, 1563,
1511 (C=C), 1094 (C=S).!H NMR (400 MHz, CDCI3, 8/ ppm): 1.12 (s, 3H, CH3),
1.21 (s, 3H, CH3), 2.10-2,353 (m, 2H, CH2), 2.59 (s, 2H, CH2), 3.83 (s, 3H,
OCH3), 4.93 (s, 1H, CH), 5.49 (s, 1H, OH), 6.13 (s, 1H, NH?), 6.92 (s, 1H, NH),
8.55 (s, 1H, NH2),6.75-6.84 (m, 2H, Ar), 6.95-7.03 (m, 1H, Ar), 7.29-7.36 (m,
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2H, Ar), 7.55(ddd, 1H, J=8.4, 7.4, 1.6 Hz, Ar), 7.84 (dd, 1H, J=7.8, 1.6 Hz, Ar).
13c NMR (100 MHz, CDCIl3, 6/ ppm): 175.86, 165.39, 161.70, 158.39, 152.66,
146.58, 140.33, 136.15, 135.38, 131.91, 126.68, 124.23, 122.39, 120.73, 116.84,
114.39, 111.01, 102.49, 100.20, 66.76, 55.96, 40.10, 36.85, 31.26, 29.79, 27.52;
calcd for CogH2505N3S: C, 63.53; H, 5.13; S, 6.52; N, 8.55, found: C, 63.12; H,
5.85; S, 6.58; N, 8.85.

7-(2-Methoxyphenyl)-10, 10-dimethyl-8-(2-(4-(2-oxo-2H-chromen-3-yl)thiazol-2-
-yl)hydrazilidene)-8,9,10, 11-tetrahydro-6H,7H-chromeno[4,3-b]chromene-6-one
(5a)

This compound was obtained as a yellow solid, yield 0.26 g (97%), mp 275—
277°C. IR; 3354 (N-H), 3269, 3182, 3068, 2966, 2963, 2914, 2831 (C-H), 1729
(O—C=0), 1675 (C=N), 1624, 1609, 1576, 1513 (C=C). 'H NMR (400 MHz,
CDCl;, 6/ ppm): 1.05 (s, 3H, CH;), 1.25 (s, 3H, CH;), 2.11-2.48 (m, 2H, CH,),
2.54 (d, 2H, J=16.6 Hz, CH,), 3.67 (s, 3H, OCH,), 5.17 (s, 1H, CH), 6.95 (t, 1H,
J=8.0 Hz, Ar), 6.77 (d, 1H, J= 8.3 Hz, Ar), 7.18 (t, 1H, J= 8.0 Hz, Ar), 7.34 (dt,
4H, J = 14.6, 8.1 Hz, Ar), 7.63 (ddd, 4H, J=44.2, 19.1, 8.4 Hz, Ar), 7.91 (s, 1H,
H-5 jiazop), 8.51 (s, 1H, H-4 () 0men), 10.92 (s, 1H, NH). *C NMR (100 MHz, CDCl,,
o/ ppm): 168.40, 160.59, 160.44, 144.77, 139.05, 138.47, 137.51, 135.51, 135.34,
133.68, 131.70, 131.67, 129.03, 128.54, 128.29, 124.02, 122.21, 121.76, 120.70,
120.05, 118.8, 117.81, 117.48, 116.78, 116.40, 110.92, 110.39, 109.91, 103.78,
55.10, 49.15, 40.60, 40.33, 32.63, 29.89, 27.50, 26.92; calcd for C;;H,yO¢N;S: C,
69.04; H, 4.54; S, 4.98; N, 6.53, found: C, 68.59; H, 4.92; S, 5.16; N, 6.78.

7-(2,4-Dimethoxyphenyl)- 10, 10-dimethy!-8-(2-(4-(2-oxo-2H-chromen-3-yl)thia-
zol-2-yl)hydrazilidene)-8,9,10, 11-tetrahydro-6H,7H-chromeno[4,3-b]chromene-
-6-one (5b)

This compound was obtained as a yellow solid, yield 0.21 g (79%), mp 244—
245°C. IR; 3490 (N-H), 3419, 3358, 3294, 3267, 3176, 3062, 2963, 2931 (C-H),
1727 (O-C=0), 1675 (C=N), 1626, 1607, 1505, 1491 (C=C). '"H NMR (400 MHz,
CDCl;, 6/ ppm): 1.03 (s, 3H, CH;), 1.24 (s, 3H, CH;), 2.14-2.64 (m, 4H, CH,),
3.62 (s, 3H, OCH3), 3.75 (s, 3H, OCH,), 5.11 (s, 1H, CH), 6.32 (d, 1H, J=2.4 Hz,
Ar), 6.48 (dt, 1H, J = 8.4, 1.8 Hz, Ar), 7.27-7.39 (m, 4H, Ar), 7.43-7.63 (m, 4H,
Ar), 7.69 (dd, 1H, J="7.9, 1.6 Hz, Ar), 7.86 (dd, 1H, J = 8.0, 1.6 Hz, Ar), 7.92 (s,
1H, H-5 4201, 8.50 (s, 1H, H-4 ,0men), 10.58 (s, 1H, NH). 3C NMR (100 MHz,
CDCl;, 8/ ppm): 168.38, 160.13, 158.84, 152.94, 139.62, 139.08, 137.13, 135.40,
135.38, 134.04, 132.44, 131.71, 130.67, 130.14, 129.07, 125.99, 124.97, 124.01,
122.17, 120.99, 118.80, 116.76, 116.39, 114.15, 113.36, 110.31, 109.46, 103.67,
98.81, 56.78, 55.25, 50.02, 40.30, 38.48, 32.02, 31.17, 29.94, 26.79; calcd for
CsgH3,0,N;5S: C, 67.74; H, 4.64; S, 4.76; N, 6.24, found: C, 68.27; H, 4.82; S, 4.58;
N, 6.51.
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7-(4-Methoxyphenyl)-10, 10-dimethyl-8-(2-(4-(2-oxo-2H-chromen-3-yl)thiazol-2-
-yl)hydrazilidene)-8,9,10, 11-tetrahydro-6H,7H-chromeno[4,3-b]chromene-6-one
(5¢)

This compound was obtained as a yellow solid, yield 0.24 g (85%), mp 281—
283°C. 1R; 3499 (N-H), 3425, 3327, 2954, 3076, 3059 (C-H), 1733, 1717 (O-
C=0), 1667 (C=N), 1624, 1611, 1588, 1513 (C=C). 'H NMR (400 MHz, CDCls,
o/ ppm): 1.01 (s, 3H, CHy), 1.28 (s, 3H, CH;), 2.37 (d, /= 16.2 Hz, 1H, CH,), 2.49
(m, 3H, CH,), 3.72 (s, 3H, OCHs), 5.23 (s, 1H, CH), 6.95 (t, 1H, J = 8.0 Hz, Ar),
6.77 (d, 1H, J= 8.3 Hz, Ar), 7.18 (t, 1H, J = 8.0 Hz, Ar), 7.34 (dd, 4H, J =44.8,
20.4, 8.2, Ar), 7.63 (dd, 4H, J=44.2, 19.1, 8.4 Hz, Ar) 6.83—7.95 (m, 12H, Ar),
7.93 (s, 1H, H-5 iuz0p), 8.50 (s, 1H, H-4 ,0men)), 10.93 (s, 1H, NH). 3C NMR (100
MHz, CDCls, 8/ ppm): 168.87, 160.85, 160.07, 159.72, 157.63, 153.85, 152.49,
152.43, 145.30, 134.72, 132.96, 131.78, 129.94, 125.53, 125.09, 124.84, 124.01,
122.31, 122.15, 116.70, 114.01, 111.81, 111.46, 110.03, 106.81, 106.01, 104.25,
100.12, 98.94, 56.60, 55.30, 40.90, 40.13, 32.22, 31.06, 29.67, 27.32; calcd for
C37H,006N5S: C, 69.04; H, 4.54; S, 4.98; N, 6.53, found: C, 69.45; H, 4.85; S, 4.58;
N, 6.45.

7-(3,4-Dimethoxyphenyl)-10, 10-dimethy!-8-(2-(4-(2-oxo-2H-chromen-3-yl)thia-
zol-2-yl)hydrazilidene)-8,9,10, 11-tetrahydro-6H,7H-chromeno[4,3-b]chromene-
-6-one (5d)

This compound was obtained as a yellow solid, yield 0.21 g (75%), mp 244—
245°C. IR; 3489 (N-H), 3421, 3360, 3280, 3176, 3058, 2985, 2896 (C-H), 1723
(0-C=0), 1677 (C=N), 1625, 1615, 1599, 1511(C=C). 'H NMR (400 MHz,
CDCl;, o/ ppm): 1.02 (s, 3H, CH;), 1.23 (s, 3H, CH;), 2.25-2.61 (m, 4H, CH,),
3.61 (s, 3H, OCH3), 3.73 (s, 3H, OCHj;), 5.09 (s, 1H, CH), 6.31 (d, 1H, J=2.2 Hz,
Ar), 6.46—6.53 (m, 1H, Ar), 7.24-7.37 (m, 4H, Ar), 7.50-7.58 (m, 3H, Ar), 7.67
(dd, J=17.8, 1.9 Hz, 1H), 7.84 (dd, J = 8.0, 2.0 Hz, 1H), 7.90 (s, 1H, H-54.1),
8.49 (s, 1H, H-4 1 romen), 10.61 (s, 1H, NH). *C NMR (100 MHz, CDCl;, 6/ ppm):
168.36, 161.16, 160.12, 154.94, 158.83, 154.60, 153.28, 152.92, 152.52, 139.35,
138.95, 137.83, 134.03, 133.94, 132.39, 131.58, 129.05, 124.94, 123.98, 122.15,
120.99, 118.79, 116.73, 116.35, 114.14, 110.33, 110.00,109.45, 103.63, 98.80,
55.23, 55.06, 52.68, 40.28, 38.47, 32.00, 31.14, 29.94, 26.82; calcd for
CsgH3,0:N5S: C, 67.74; H, 4.64; S, 4.76; N, 6.24, found: C, 67.25; H, 5.12; S, 5.13;
N, 6.10.

7-(3-Methoxy-4-hydroxyphenyl)- 10, 10-dimethyl-8-(2-(4-(2-oxo-2H-chromen-3-
-yl)thiazol-2-yl)hydrazilidene)-8,9, 10, 1 I-tetrahydro-6H, 7H-chromeno[4,3-b]-
chromene-6-one (Se)

This compound was obtained as an orange solid, yield 0.20 g (71%), mp 285—
286°C. IR; 3506(0O-H), 3419 (N-H), 3347, 3167, 2954, 2933, 2873 (C-H), 1704
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(O-C=0), 1675 (C=N), 1624, 1609, 1576, 1513 (C=C). 'H NMR (400 MHz,
CDCl;, 8/ ppm): 1.01 (s, 3H, CH3), 1.21 (s, 3H, CH;), 2.33 (d, J= 16.4 Hz, 1H,
CH,), 2.38 (m, 3H, CH,), 3.62 (s, 3H, OCHj;), 5.23 (s, 1H, CH), 6.03 (s, 1H, OH),
6.35(d, 1H, J=2.4 Hz, Ar), 6.51-6.54 (m, 1H, Ar), 7.24-7.40 (m, 4H, Ar), 7.51-
7.56 (m, 3H, Ar), 7.68 (dd, J= 7.9, 2.1 Hz, 1H), 7.91 (dd, J = 8.0, 2.0 Hz, 1H),
7.89 (s, 1H, H-5 i4z0p), 8.56 (s, 1H, H-4 1,0men)), 10.74 (s, 1H, NH). 3C NMR (100
MHz, CDCl;, 6/ ppm): 168.83, 161.06, 160.37, 159.72, 157.83, 156.85, 155.99,
155.43, 148.32, 135.74, 133.06, 131.75, 130.04, 126.53, 125.39, 124.95, 124.22,
122.30, 121.95, 116.50, 114.67, 112.31, 110.86, 110.03, 108.01, 106.21, 104.55,
102.12, 100.94, 57.30, 55.35, 41.93, 40.03, 32.42, 31.96, 30.32, 28.67; calcd for
Cs,H,59O;N5S: C, 67.36; H, 4.43; S, 4.86; N, 6.37, found: C, 67.82; H, 4.86; S, 5.14;
N, 6.48.
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Figure S-1. '"H NMR spectrum of 2-(7-(2-methoxyphenyl)-10,10-dimethyl-6-0x0-7,9,10,11-
tetrahydro-6H,8H-chromeno[4,3-b]chromene -8-ylidene)hydrazine-1-carbothioamide (3a),
CDCls
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Figure S-2. HSQC spectra of 2-(7-(2-methoxyphenyl)-10,10-dimethyl-6-0x0-7,9,10,11-
tetrahydro-6H,8H-chromeno[4,3-b] chromene-8-ylidene)hydrazine-1-carbothioamide (3a),

CDCls
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Figure S-3. HMBC spectra of 2-(7-(2-methoxyphenyl)-10,10-dimethyl-6-0x0-7,9,10,11-
tetrahydro-6H,8H-chromeno[4,3-b] chromene-8-ylidene)hydrazine-1-carbothioamide (3a),
CDCl.
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Figure S-4. Optimized geometry of 7-(2-methoxyphenyl)-10,10-dimethyl-8-(2-(4-(2-oxo0-2H-

chromen-3-yl)thiazol-2-yl)hydrazino)-8 ,9,10,11-tetrahydrochromeno[4,3-b]chromen-6(7H)-
one (5'a)
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Figure S-5. Optimized geometry of 8-((2-imino-4-(2-oxo-2H-chromen-3-yl)thiazol-3(2H)-
yl)imino)-7-(2-methoxyphenyl)-10, 10-dimethyl-8,9,10,11-tetrahydrochromeno[4,3-
b]chromen-6(7H)-one (6a)
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Figure S-6. HSQC spectra of 10,10-dimethyl-8-(2-(4-(2-ox0-2H-chromen-3-yl)thiazol-2-
yDhydrazilidene)-7-(2-methoxyphenyl) -8,9,10,11-tetrahydro-6H,7H-chromeno[4,3-
b]chromene-6-one (5a), CDCl3
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Figure S-7. HMBC spectra of 10,10-dimethyl-8-(2-(4-(2-ox0-2H-chromen-3-yl)thiazol-2-
yDhydrazilidene)-7-(2-methoxyphenyl) -8,9,10,11-tetrahydro-6H,7H-chromeno[4,3-
b]chromene-6-one (5a), CDCl3
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Table S-1. Theoretically calculated and experimentally obtained key signals of the 1H NMR
spectra of the probable reaction products of the reaction 2-(7-aryl-10,10-dimethyl-6-oxo-
7,9,10,11-tetrahydro-6H,8H -chromeno[4,3-b]chromen-8-ylidene)hydrazine-1-carbothioamide

MAZHUKINA et al.

(3a-e) with 3-bromoacetylcoumarin

Compound

Calc (vacuum)

Calc (CDCls)

Exp (CDCl3)

S5a

5’a

5b

5’b

5c

5d

5°d

Se

5,7079 Hs2 (CH)
6,787 He2 (CH)
8,065 Hes (CH)

9,8601 He1 (NH)

6,1523 Hs2 (CH)

6,8684 Hes (CH)

7,7973 Heo (CH)
8,27 He7 (NH)

5,6635 Hs4 (CH)

6,7941 He3 (CH)

8,0588 Hes (CH)

9,8933 He2 (NH)

6,0381 Hs3 (CH)
6,883 Heo (CH)
7,7966H70 (CH)

8,2601 Hes (NH)

5,6446 Hs2 (CH)

6,7958 He2 (CH)

8,0576 He; (CH)

9,9938 He1 (NH)

5,4408 Hs2 (CH)

6,8813 Hes (CH)

7,8019 Heo (CH)

8,1723 He7 (NH)

5,6328 Hs4 (CH)

6,7292 He3 (CH)

8,0065 Hes4 (CH)

8,0065 He2 (NH)

5,3841 Hs3 (CH)

6,9191 Heo (CH)

7,7911 H7 (CH)

8,1827 Hes (NH)

5,6262 Hss (CH)

6,7496 He2 (CH)

8,0277 He3 (CH)
9,956 He1 (NH)

5,3814 Hs2 (CH)

6,9406 Hes (CH)

7,8108 Heo (CH)
8,179 He7 (NH)

5,6405 Hs2 (CH)
6,9343 He2 (CH)
8,4178 Hez (CH)
9,9276 He1 (NH)
6,0532 Hs2 (CH)
7,0554 Hes (CH)
8,1128 Heo (CH)
8.46 He7 (NH)
5,5913 Hs4 (CH)
6,9449 He; (CH)
8,4164 Hes (CH)
9,9645 He2 (NH)
5,9312 Hs3 (CH)
7,0674 Heo (CH)
8,1104 H7 (CH)
8,4557 Hes (NH)
5,5869 Hs: (CH)
6,9445 He2 (CH)
8,4179 Hes (CH)
10,0602 He1 (NH)
5,3825 Hs2 (CH)
7,051 Hes (CH)
8,1115 Heo (CH)
8,3877 He7 (NH)
5,5729 Hs4 (CH)
6,8766 Hes (CH)
8,3662 Hes4 (CH)
9,9669 He2 (NH)
5,3232 Hs3 (CH)
7,0928 Heo (CH)
8,106 Hz (CH)
8,4012 Hes (NH)
5,5702 Hs3 (CH)
6,8976 He2 (CH)
8,3876 Hez (CH)
10,024 He1 (NH)
5,3242 Hs2 (CH)
7,1132 Hes (CH)
8,125 H70 (CH)
8,3972 He7 (NH)

5,17 Hs2 (CH)
7,91 Heas) (CH)
8,53 Hes9) (CH)
10,61 Heie7) (NH)

5.09 Hsas3) (CH)
7.87 He3(69) (CH)
8.48 Hea(r0) (CH)
10.62 Hexes) (NH)

5,23 Hs2(CH)
7,93 Hez(68) (CH)
8,50 Hes(9) (CH)
10,93 Hei67 (NH)

5,14 Hsas3) (CH)
7,91 He3(69) (CH)
8,49 Hea(r0) (CH)
10.62 Hezes) (NH)

5,23 Hsas3) (CH)
7,89 He3(e9) (CH)
8,56 Hea(r0) (CH)
10,74 Hexss) (NH)
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Abstract: Epicuticular wax comprises a complex mixture of diverse organic com-
pounds. The predominant class of compounds consists of long-chain n-alkanes.
Chenopodium album and Abutilon theophrasti are cosmopolitan weed species,
both of economic importance due to difficulties in control, and both species
produce wax on the leaf surface. This study shows that in C. album, the propor-
tion of epicuticular waxes has higher values in the oldest leaves and lower in the
youngest leaves. Conversely, in 4. theophrasti, the mean wax content tended to
be slightly higher in the younger upper leaves compared to the lower leaves. The
proportion of waxes in leaves does not reflect the stage of development in either
species. In the epicuticular wax composition of C. album leaves, alkanes and
alcohols are the most abundant compounds. Conversely, in 4. theophrasti leaves,
alkanes, alcohols, and triterpenes dominate. Quantitative variations in leaf epic-
uticular waxes are influenced by leaf age.

Keywords: weed; leaf characteristics; stage of development.

INTRODUCTION

Chenopodium album L. (lambsquarters) and Abutilon theophrasti Medik.
could be considered as part of a group of the most common weed species that can
be found in arable crops across the globe.!=3 These two species have different leaf
surface morphology which is significant not only for taxonomy but also to the
herbicide efficacy due to the uptake and effectiveness of herbicides. C. album

* Corresponding author. E-mail: dbozic@agrif.bg.ac.rs
https://doi.org/10.2298/JSC250620082V

11

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

(CC) 2026 Serbian Chemical Society.



12 VRANIJES et al.

produces wax on the leaf surface, which is a barrier to the absorption of herb-
icides,* while A. theophrasti has a high number of trichomes on both sides of
leaves,® and also certain amount of wax is present on its leaves.®

The epicuticular together with the cuticle, protect the plant’s integrity and act
as a barrier against biotic and abiotic stresses.” Beyond the epicuticular wax that
resides on the leaf surface, the cuticle typically harbors an inner layer of wax. This
intracuticular wax, oriented perpendicular to the cuticle surface, is embedded within
the cutin matrix. Within the very-long-chain aliphatic wax components, primary
alcohols tend to accumulate to higher percentages in the intracuticular wax layer,
while free fatty acids and alkanes in many cases accumulate in the epicuticular
layer.8

Epicuticular wax comprises a complex mixture of diverse organic compounds.
The predominant class of compounds consists of long-chain n-alkanes, charac-
terized by a carbon chain length ranging from Cy7 to C31. In addition to alkanes,
other chemical constituents are present in wax, including unsaturated hydro-
carbons, alcohols, aldehydes, ketones, acids, esters, and other related compounds.
Furthermore, cyclic compounds such as triterpenes, hydroxycinnamic acid deriv-
ateives, sterols, and flavonoids can also be found in epicuticular wax.? A thin-layer
chromatography (TLC) was used to analyze the epicuticular wax composition of
A. theophrasti.® In this findings it was revealed that this wax consists of fatty acids,
primary alcohols, secondary alcohols, esters, and hydrocarbons. Notably, the
chemical composition of cuticular wax undergoes changes during the ontogenetic
development of leaves.

Surface waxes can be effectively analyzed using a combined approach invol-
ving gas chromatography (GC) and mass spectrometry (MS).10 On the other hand,
due to the volatile nature of wax compounds, GC/MS are well-suited for identif-
ying and characterizing constituents within wax mixtures.%!! Additionally, gas
chromatography (GC) and gas chromatography—mass spectrometry (GC-MS)
revealed that n-alkanes constitute an average of approximately 1012 % in Pinus
heldreichii var. Pancié¢i Fukarek.12

Epicuticular waxes form a critical barrier on the surface of leaves, with roles
in limiting non-stomatal water loss, modulating interactions with pathogens, and
influencing the retention and penetration of foliar-applied agrochemicals. Num-
erous studies on crop plants and woody perennials have shown that both the
quantity and composition of surface waxes change substantially during leaf devel-
opment. In Sorghum halepense L., for example, young expanding leaves typically
exhibit lower wax loads enriched in primary alcohols and aldehydes, whereas
mature leaves accumulate greater amounts of long-chain alkanes and cyclic com-
ponents, resulting in more crystalline and hydrophobic surfaces.!3 In maize, alk-
anes and alkyl esters are dominant components of cuticular waxes of adult plant
leaves. During plant development a switch from alkanes to esters as the major wax
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LEAF WAX IN C. album AND A. theophrasti 1 3

type, which is parallel with emergence of an osmiophilic layer of the cuticle,
resulting in establishment of the water barrier.14 Similar ontogenetic shifts have
been reported in Arabidopsis leaves, where the amount and composition of the
cuticular wax mixture change as organs.!5 These developmental trajectories high-
light a strong age dependence of wax deposition and structure, with potential
consequences for leaf surface physiology.

In the context of weed science, investigations into epicuticular waxes have
primarily addressed morphological traits, environmental stress responses, or herb-
icide droplet behavior, but age-related analyses are limited. For weed species,
including C. album and A. theophrasti as two widespread weeds in temperate agro-
ecosystems, information about wax changes with leaf age are missing. This repre-
sents a significant gap, given that surface waxes are known to be a major deter-
minant of foliar herbicide uptake and biological activity.® By systematically char-
acterizing wax traits across a multi-age ontogenetic series under controlled growth
conditions, the present study addresses this knowledge gap and provides an imp-
roved understanding of how developmental dynamics in surface waxes may inf-
luence herbicide performance in these two problematic species.

The study aims to assess the qualitative and quantitative wax content in the
leaves of C. album and A. theophrasti. In particular to determine whether there are
differences in the content of wax in different maturity phases of leaves.

EXPERIMENTAL
Plant material

The seeds of C. album and A. theophrasti were collected at the end of September from the
agricultural field (44°47'0.8" N, 20°17'44.9" E), near Belgrade, Serbia, and stored at room
temperature in the dark until planting. Plants were grown in growth chambers. Temperature was
set to 27 °C during daylight hours (14 h), and 22 °C during darkness (10 h), with supplemental
light intensity of photosynthetic photon flux density (PPFD) = 1300 umol m2 s-! (MH Philips
600 W) at 1 m height. The plants were grown in plastic pots (diameter 10 cm) with 300 ml
volume, containing a commercial potting mix (Floragard TKS1®, pH value of 5.6 with content
N 140 mg L', P 80 mg L', K 190 mg L!, Germany). Weed seeds were scattered on the surface
of soil, and then covered with 1 cm of potting mix. Pots were watered after to near full water
capacity and subsequently watered daily to maintain adequate soil moisture for plant growth.
Emerged plants were thinned to a density of 2 uniformly sized plants per pot. When C. album
reached 5 pairs of leaves and 4. theophrasti reached 5 leaves, leaves samples for wax contend
analyses were harvested and storage at —20 °C.

The content of wax in the leaves of C. album and A. theophrasti

The research focused on changes in the chemical composition of epicuticular waxes in
different growth stages of C. album and A. theophrasti leaves: C. album at stage 10 (5 pairs)
and A. theophrasti at stage 5 of leaf development. To ensure consistency, leaves from both
species were divided into five subsamples (related to five position), with three replications
(weighing approximately 1 g are taken from each phase). Each replicate consisted of pooled
leaves from four plants per pot (one pot = one replicate). For each species and each of the five
leaf positions, three biological replicates (n = 3) were analyzed. These samples of leaves were
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to be of comparable size between stages. Leaf/leaf pairs (1-5) were defined as consecutive
opposite leaves counted from the base of the stem (1 = oldest fully expanded leaves at the lowest
node; 5 = youngest fully expanded leaves near the apex). This morphological criterion was
applied equally to both species to ensure comparability. Prior to analysis, the samples had been
carefully packed in aluminum foil and stored at —20 °C. Epicuticular waxes were extracted from
the leaf surfaces using 20 ml of hexane. The extraction process involved gentle shaking for 1
minute, followed by filtration through filter paper. Since the goal of was to isolate epicuticular
waxes, non-polar hexane as the solvent and a short extraction time of 1 min were chosen. The
resulting extract was then dissolved in CH,Cl, and subjected to analysis using gas chrom-
atography/mass spectrometry (GC/MS).

The GC/FID (gas chromatography with flame ionization detection) and GC/MS analyses
were conducted using an Agilent 7890 A instrument equipped with an automatic injection
system (Agilent GC Sampler 80), an Agilent 5975C XL EI/CI quadrupole mass detector (MSD),
and an HP-5 MS 5 % phenyl methyl silox capillary column (30 m>0.25 mm i.d.x0.25 pum film
thickness). The temperature program involved a linear increase from 60 to 300 °C at a rate of 3
°C min"!. The injector temperature was set at 250 °C, the detector temperature at 300 °C, the
source temperature at 230 °C, and the quadrupole temperature at 150 °C. Helium served as the
carrier gas (16.255 psi, in constant pressure mode). Samples (1 pl) were injected in splitless
mode (using Agilent splitless liner PN 5190-2292) with 1.5 min splitless purge time. Splitless
purge time: 1.5 min with 150 mL/min, then gas saver mode (20 mL/min) activate after 2.0 min.
Liner type: splitless liner ID 4 mm, Agilent Technologies (Agilent inlet liner, Ultra Inert,
splitless, single taper product number 5190-2292). Inlet pressure 16.255 psi, in constant
pressure mode, He currier gas. Initially runs split 10:1 was used, and based on quality control
check, it was necessary to use splitless mode to increase sensitivity and reproducibility.
Moreover, n-alkanes C8-C40 (even series) were used to check sensitivity and to ensure that
high-boiling compounds were able to reach detector during GC/MS run.

Electron ionization (EI-MS; 70 eV) was used to obtain mass spectra, and ion detection
occurred within the range of m/z 30-550. Compound identification relied on comparing EI mass
spectra with those from the Wiley and NIST libraries using NIST MS Search 2.0 and AMDIS
software. Additionally, calculated retention indices (R/) were compared with library retention
indices. Based on the obtained results, the relative proportions of each component in individual
samples were determined. The relative percentage of the epicuticular wax constituents was
calculated as percentage of normalization of FID peak area. Wax quantities were expressed
relative to fresh leaf mass.

Statistical data analysis

The statistical analysis of the collected data was performed using the software Statistica®
7.0 (StatSoft, Inc., 2007), a comprehensive data analysis system. For each species and each leaf
position, three biological replicates (n = 3) were analyzed. One-way ANOVA was applied to
test differences in leaf epicuticular waxes content between positions. Prior to ANOVA, all data
were tested for normality (Shapiro-Wilk test, p > 0.05) and homogeneity of variances (Levene’s
test, p > 0.05). Data with unequal variances were log (x+1) transformed to meet the assumption
of homogeneity of variances. Specifically, we used either the LSD test or the t-test for our
statistical comparisons. In addition to p-values, mean differences with 95 % confidence inter-
vals were calculated to provide effect size estimates.
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RESULTS AND DISCUSSION

In C. album, numerical differences in the proportion of epicuticular waxes
were observed, with higher values in the oldest leaves and lower in the youngest
leaves (Fig. 1). In A. theophrasti, mean wax content tended to be slightly higher in
the younger upper leaves compared to the lower leaves (Fig. 1). Furthermore, a
One-way ANOVA revealed that the proportion of waxes in leaves did not
significantly depend on the stage of development or the position of the leaf on the
plant in either species (C. album: F = 0.720, p = 0.598; A. theophrasti: F = 0.963,
p = 0.469). Although numerical differences in wax proportions were observed
among leaf positions, these were not statistically significant (ANOVA, p > 0.05).
The wax content in C. album leaves (ranging from 0.40 to 0.31 %) exceeded that
in A. theophrasti leaves (ranging from 0.13 to 0.18 %). Therefore, the apparent
trends (higher values in older leaves of C. album, and slightly higher values in
upper leaves of A. theophrasti) should be interpreted with caution as indicative
tendencies rather than robust effects.

045
04 — OC. album BA. theophrasti

0.35

03
0.25
0.2
0.15
0.1
0.05
0
2 3 4 5

1

(%0)

Relative proportion of epicuticular waxes

Leaf pau

Fig. 1. Relative proportion of epicuticular waxes in C. album and A. theophrasti leaves of
different maturity.

Analysis of the chemical composition revealed the presence of several
compound classed in both species, including aldehydes, alkanes, alcohols, esters,
ketones, and triterpenes. The dominant constituents in the wax composition of both
species were alkanes and alcohols, with 4. theophrasti also featuring a significant
proportion of triterpenes. Additionally, C. album contained classes of esters and
sterols, as well as ethers and sterols. In contrast, 4. theophrasti contained fatty
acids, lactones, and vitamin E. Quantitative variations in leaf epicuticular waxes
were influenced by leaf age. The content of compound classes (Fig. 2) varied
across different leaf stages. Specifically, the comprehensive compound list with
retention times, retention indices and identification details is provided in the Sup-
plementary material to this paper (Tables S-I and S-1I). In C. a/bum, the content of
wax components (esters, esters and sterols, ethers, ketones) was significantly
higher (p < 0.05) in the oldest leaves (1st pair), while sterols and triterpenes were

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

(CC) 2026 Serbian Chemical Society.



16 VRANJES et al.

significantly more abundant (p < 0.05) in the youngest leaves (5th pair). Contrary,
the content of aldehydes, alkanes, alkenes, and alcohols did not differ significantly
among leafpositions (p > 0.05), indicating relative stability of these constituents
across development. In the case of A. theophrasti, only aldehydes and esters
showed lower levels in the oldest leaves (p < 0.05), while triterpenes were sig-
nificantly more abundant in the youngest leaves. Other classes (alkanes, alcohols,
ketones, fatty acids, lactones, sterols, vitamin E) remained statistically unchanged
(p > 0.05) across leaf positions, despite minor numerical fluctuations.

4 wAldehydes uAlkanes uAlkenes Alcohols

wEstas uEsters and Sterols  wEthers WKctones
uSterols Tritapenes u Fatty acids uLactones
Vitanm E

' I

‘ ‘
0

Ipar | 2paws  3paws dpaws  Spaws  lpaw  2paws  3paus  dpaus  Spaus

Relative proportion of major compaund classes (%o)

C album A theophrasti

Fig. 2. Major compound classes in composition of epicuticular waxes.

As indicated, in the epicuticular wax composition of leaves of both species,
alkanes and alcohols were the most abundant compounds. Regarding the content
of alkanes, the chemical compounds heptacosane, nonacosane and hentriacontane
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LEAF WAX IN C. album AND A. theophrasti 1 7

constituted the predominant share of the total wax content in leaves of C. album
and A. theophrasti (as shown in Tables S-I and S-II). The content of these com-
pounds varied across leaves of different growth stages or positions on the plant.
Specifically, in C. album, the heptacosane, nonacosane and hentriacontane content
was higher in the younger leaf pair (4th or 5th pair) compared to older leaves (1st
pair). Specifically, in C. album, the content of these mentioned alkanes fell within
the following ranges: heptacosane (1.91-5.42 %), nonacosane (13.34-28.37 %),
and hentriacontane (2.42—6.10 %). In the case of A. theophrasti, the content of
nonacosane was the most dominant component and was quantity lower in the
youngest leaf (5th leaf) compared to the older leaves. Heptacosane and hentri-
acontane were also present in quantity higher than other components while having
no such clear dependence of quantity with the age of leaves as was in C. album
plants. For leaves of A. theophrasti, the measured values decreased from the oldest
to the youngest leaf (heptacosane: 5.19-3.70 %, nonacosane: 21.07-10.86 % and
hetriacontane: 5.47-4.71 %).

Within the class of alcohol compounds, octacosanol and triacontanol con-
stituted the predominant share of total wax content in the leaves of both C. album
and A. theophrasti. In C. album, the octacosanol content was lower in the oldest
leaves (1st pair) and the youngest leaves (5th pair) compared to the other leaves.
Similarly, the triacontanol content was lower in the oldest leaves (1st pair) com-
pared to the remaining leaves. As we moved from the oldest to the youngest leaf
in C. album, the content of these alcohols increased (octacosanol: 21.82-23.60 %,
triacontanol: 2.08-3.34 %). For A. theophrasti, the content of octacosanol was
lower in the oldest leaf compared to the younger (4th and 5th leaves). Additionally,
a difference in triacontanol content was observed only between the oldest and
youngest leaves, with higher content in the oldest leaf. The content of octacosanol
compounds in leaves of A. theophrasti increased (5.29—7.84 %), while triacontanol
content decreases (2.55-1.04 %).

In A. theophrasti, the presence of triterpenes in leaf waxes was noteworthy.
Specifically, the compounds lup-20(29)-en-3-one, olean-12-en-3-one, and squalene
dominated this class. The content of these compounds exhibited variations across
different leaves. The content of lup-20(29)-en-3-one and squalene was lower in the
youngest leaf (5th leaf) compared to the older leaves. Conversely, olean-12-en-3-
-one content was smaller in the 1st leaf compared to the other leaves. Specifically,
the content of lup-20(29)-en-3-one decreased from 5.90 to 1.19 %, squalene con-
tent decreases from 9.69 to 2.15 %, olean-12-en-3-one content increased from 1.67
t0 2.61 %.

Given the distinctiveness of leaf waxes across various plant species, eval-
uating their chemical composition and spatial distribution within and on the leaf
surface hold significant importance for chemotaxonomy.?~11 Numerous studies
have consistently demonstrated that the content and thickness of epicuticular
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waxes in leaves undergo changes as the leaves age. An analysis of wax content in
S. halepense, revealed that the amount of wax per unit area was higher in younger
plants at the 3-leaf stage (123 pg cm=2) compared to older plants at the 6-7 leaf
stage (38 pg cm2).16 Several hypotheses might explained such phenomenon:
younger cells might exhibited greater efficiency in wax production, or production
levels remained constant regardless of plant age, but the overall wax amount
decreased due to the expansion of leaf area. Our findings for the species examined
in our study present a contradictory picture. Specifically, in C. album, the highest
wax content was observed in older leaves, while in A. theophrasti, the younger
upper leaves consistently exhibited higher wax content. Consequently, the results
for C. album align with the perspective that wax content increases with leaf aging.
Notably, older leaves tended to possess a greater proportion of epicuticular waxes,
which can impede herbicide absorption and subsequent translocation to the site of
action within the plant.!”

Different plant species exhibited unique chemical profiles in their waxes. For
instance, testing of Brunnichia ovata Walt. and Campis radicans L. leaves have
shown that the predominant components include alkanes (24—49 %), alcohols (9—
—61 %), acids (0—11 %), and triterpenes (4—62 %).13 Alkanes, primary alcohols
and fatty acids were primary constituents of epicuticular wax, whereas intracut-
icular wax was composed of both, triterpenoids and long-chain aliphatic molec-
ules.!? In one research of the influence of external environmental factors on wax
content in A. theophrasti leaves revealed similar findings.® Specifically, primary
alcohols (29-31 %), alkanes (17-20 %), fatty acids (10-13 %), and esters (8—11
%) were identified as major constituents. Additionally, other species such as Ipo-
moea hederacea L., Ipomoea lacunosa L., Ipomoea wrightii Gray and Jacque-
montia tamnifolia L. exhibited varying compositions. In these species, alkanes
(2958 %), alcohols (19-46 %), acids (5-24 %) and triterpenes (0-25 %) were
present, with variations depending on the specific species.!” Similarly, wax con-
tent was explored in the leaves of three poplar clones. (Populus euramericana cl.
Pannonia (M1), Populus deltoides cl. PE 19/66 and cl. B229 (Bora)).!? Notably,
the highest wax content in poplar leaves was attributed to compounds such as
nonacosane (72—78 %), hexacosane (6—10 %), and untriacontane (5 %). In another
findings it was noted that the wax content, except for alcohol in B. ovata and
triterpenes in C. radicans, consistently remained higher in older leaves (5—7) com-
pared to the youngest apical leaves (1-2).!8

It should be noted that wax quantities were expressed as percentage of fresh
leaf mass rather than per unit surface area. Because leaf water content varies
strongly with age, obtained values cannot be consider as absolute wax coverage.
Therefore, the data should be considered as indicator of trends in wax load and
composition. Although this represents a limitation for direct conclusions about
herbicide spray retention capacity, the clear developmental changes observed still
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provide important insight into the dynamics of wax deposition in C. album and A.
theophrasti under controlled conditions. In many cultivated and woody species,
including S. halepense, various poplar clones, and several ornamentals, wax load
per unit leaf area typically declines with age, largely due to surface expansion and
abrasion losses.!0-16 By contrast, our results show an opposite pattern in C. album,
where older leaves accumulated higher proportions of epicuticular waxes. This
divergence may reflect species-specific differences in cuticle thickening and pro-
longed activity of biosynthetic pathways in older tissues. In 4. theophrasti, the
mixed pattern (higher wax in younger leaves, attenuation in older ones) suggests a
stronger influence of pubescence and trichome architecture on surface deposition
and persistence of waxes.

Previous research on A. theophrasti indicated that environmental conditions
such as light intensity and water stress change wax deposition and consequently
herbicide retention.® In this research plants were grown under controlled chamber
conditions, minimizing environmental variation and allowing us to isolate ontog-
enetic trends. However, in field conditions, interactions between developmental
stage and environmental plasticity may either mask or amplify age-related trends.
Thus, the generality of our findings should be interpreted with caution when ext-
rapolated beyond controlled conditions.

Described differences in wax content between species and leaves at different
positions have important implications for approach of herbicide application. In C.
album, the accumulation of wax on older leaves may decrease herbicide penet-
ration, indicating the need for adjuvants involvement. Conversely, in A. theophrasti,
dense trichomes combined with persistent wax loads in younger leaves suggest
that spray retention is more affected by surface roughness than by cuticular resis-
tance, indicating nozzle type and droplet size have critical importance on effective
coverage. Such knowledge can direct herbicide application practices, including the
selection of surfactants or nozzle designs, to optimize deposition and uptake by
these two species.

The different wax contents observed between C. album (higher wax content
in older leaves) and A. theophrasti (wax content tended to be slightly higher in the
younger leaves than in older) may be partly explained by differences in leaf micro-
morphology and regulation of wax biosynthesis during leaf development.20 C.
album leaves are glabrous, enabling epicuticular waxes to accumulate on exposed
surfaces with development, with relatively limited loss due to abrasion. In contrast,
A. theophrasti leaves are densely hairy, and trichomes may alter the spatial dis-
tribution of waxes, providing a physical barrier that reduces direct deposition on
the epidermal surface and potentially accelerates abrasion or redistribution of wax
layers in older leaves. Also, different wax content could be consequence of dif-
ferent regulation of very long chain fatty acid biosynthesis genes, which drive wax
production. In A. theophrasti, long-term activity of these pathways in developing
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leaves could maintain high amounts of wax in younger tissues, while older leaves
partially lose it due to environmental exposure. Such ontogenetic trends are con-
sistent with general concepts of wax biosynthesis and development.19

CONCLUSION

Our controlled-environment study demonstrates species-specific patterns of
epicuticular wax accumulation with leaf age. In C. album, older leaves tended to
contain higher proportions of certain wax constituents, whereas in A. theophrasti,
younger pubescent leaves maintained relatively high wax loads. These statistically
supported trends suggest that cuticle development and surface architecture interact
differently across species. Importantly, such age- and species-dependent profiles
have direct implications for foliar herbicide performance. In C. album, increased
wax in older leaves may reduce herbicide penetration, requiring optimized surfac-
tant or adjuvant use at later growth stages. In A. theophrasti, persistent waxiness
of young trichome-rich leaves may already hinder spray retention, highlighting the
need for tailored nozzle selection and spray formulations. Integrating wax metrics
into herbicide application frameworks could therefore improve the effectiveness
of weed management strategies for these problematic species.

Although we observed numerical variation among leaf positions, most differ-
ences were small and not statistically significant. Reported values are expressed
relative to fresh leaf mass rather than per unit surface area, which limits direct
inference about spray retention capacity. Therefore, our results should be interpreted
primarily as reflecting relative ontogenetic trends in wax load and composition.

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/13430, or from the correspond-
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H3BOI

[MTPOMEHE EIMTUKYTUKYJIAPHOTI BOCKA KO INCTOBA Chenopodium album L. U Abutilon
theophrasti MEDIK. PA3JTUYUTE CTAPOCTU

OUJIUII BPAIEI!, CABA BPBHUYAHHWH?, BEJIE TEIIEBUR?, MUPJAHA LIBETKOBUR* u JPATAHA BOKUR?

'Eurofins Agroscience Regulatory, Ciygenwucka 35/10, 11000 Beoipag, Ynusepsuiew y Beoipagy,
Homotipuspeghu paxyniem, Hemaruna 6, 11000 3emyn-Beotpag, >Xemujcku Gaxynimeid, YHueep3uineid y
Beotpagy, Ciygenmcku wpi 12-16, Beoipag u *Yrueepsutiein y beolpagy, UHCTuUTy T 3d XeMUujy,
WexHOIOTUjy U Mettanypiujy, ogenere 3a xemujy, Fbeiowesa 12, 11000 Beoipag

EnukyTHKyIapHHA BOCKOBH CE CaCTOje Off KOMIUIEKCHE MEIIaBUHE PA3TMUUTHX OPTaHCKUX
jenumema. [Ipeosnahyjyha knaca jenumema ce cactoju on n-ankana. Chenopodium album u
Abutilon theophrasti cy KOCMOTIONIUTCKe KOPOBCKe BpcTe, 0de O eKOHOMCKOT 3Hayaja 36or
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noretnkoha y cy3dujamy u 0de BpCcTe CHHTETHINY BOCAaK Ha MOBPIIWHHU JUCTOBA.0BO HCTpa-
JKUBame je Tokasaso 1a je ko C. album cagpxaj BockoBa Hajsehu Ko HajCcTapHjuX MUCTOBA, a
HajMamu Kkopx Hajmiaahux sucroBa. Hacympor ToMe, kon A. theophrasti je campxaj BoCKoBa
KOHCTaHTaH KoJ MyIahuX JIMCTOBA KA0 U KOJ CTAapHjUX. YIeo BOCKOBA Y JIMCTOBMMA He 3aBUCH
Ofl CTapOCTH JIMUCTOBA KOA 00e BpCTe. Y cafpiajy enuKyTHKaJIHUX BOCKOBa jJxcTOBa C. album
ITOMHUHHPAjy alnKaHH U aaKoXond. JIok Kof nucToBa A. theophrasti BOMUHHPA]jy alkaHH, aJIKo-
XOJIA U TpUTepHeHH. KBaHTUTaTHBHE BapHjabMIHOCTH €MUKYTHKYJIAPHHUX BOCKOBA 3aBHUCE Of
CTapOCTH JIUCTOBA.

(ITpumsseno 20. jyna, pesupupano 23. jyna, npuxsaheno 17. Hopemdpa 2025)
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Table S-I. Relative abundance of identified compounds in Abutilon theophrasti using the gas
chromatography-mass spectrometry(GC-MS) method.

(rrl?itn) Compound Class RI | RlLit | Al (%) [ A2 (%) | A3 (%) | A4 (%) | A5 (%)
1 140,745 Hexadecanal aldehyde |1814 0,1 0,3 0,5 0,5 0,3
2 143,466 | 9-Hexadecenoic acid, methyl ester, (Z)- ester 1901|1912| 0,0 0,1 0,2 0,1 0,1
3 144,553 Hexadecanoic acid, methyl ester ester 1925]11921| 0,0 0,2 0,2 0,1 0,1
4 147,665 Octadecanal aldehyde |2018 0,1 0,2 0,3 0,3 0,2
5 147,824 | Hexadecanoic acid, 1-methylethyl ester ester 20202024 | 0,1 0,1 0,0 0,0 0,0
6 |50,004| °-12-Octadecadienoic acid (Z.2)-, ester  |2095/2095| 0,0 | 02 | o1 | 01 | 0,1
methyl ester
7 150,378 | 9-Octadecenoic acid (Z)-, methyl ester ester 2098 |2086| 0,0 0,1 0,1 0,1 0,0
8 54,027 Eicosanal aldehyde |2230(2224| 0,1 0,2 0,5 0,4 0,2
9 156,207 Tricosane alkane 230412300 0,1 0,1 0,1 0,1 0,1
10]56,499 2-Heneicosanone ketone |2313 0,1 0,1 0,2 0,1 0,1
12]59,072 Tetracosane alkane 2401|2400| 0,1 0,1 0,1 0,1 0,1
13]59,888 Docosanal aldehyde |2428 0,0 0,1 0,1 0,1 0,1
14| 61,79 Pentacosane alkane 250112500 04 0,9 0,8 1,2 0,6
15(64,393 Hexacosane alkane |2598|2600| 0,1 0,3 0,2 0,2 0,1
16| 66,891 Heptacosane alkane 270312700| 5,4 3,7 6,2 7,3 3,7
17]69,254 Octacosane alkane 28032800 2,1 4,7 2,7 3,1 1,0
18(70,021 Squalene triterpene | 2835 9,9 6,4 6,2 4,6 2,2
19| 71,6 Nonacosane alkane 290312900 21,6 19,2 16,9 19,3 10,9
20 (73,755 Triacontane alkane |3002|3000| 1,6 1,2 0,7 0,8 0,4
21|73,985 NI 3010 0,1 0,2 0,4 0,4 0,4
22| 74,06 Hexacosyl acetate ester 3015(2995| 0,2 0,1 0,2 0,2 0,3
23| 74,68 Octacosanal Aldehyde [3043(3014| 0,2 0,3 0,2 0,2 0,2
24175,605 NI 3084 0,4 0,3 0,3 0,4 0,1
25175,703 15-Nonacosanone ketone |3089(3097| 0,3 0,2 0,2 0,1 0,1
26|75,933 Hentriacontane alkane 3100|3100| 5.6 2.9 3,9 4,6 4.8
27176,099 1-Octacosanol alcohol 3106|3110 5,3 6,4 6,9 8,3 8,2
28 (76,569 Cholesterol sterol 3124|3188 1,4 3,1 3,1 472 3,5
29| 76,83 Vitamin E 3139(3149| 0,8 0,6 1,0 0,5 0,4
30(76,874|  2(Decanoyloxypropane-1,3-diyl ester |3141(3138] 04 | 04 | 04 | 01 | 02
dioctanoate
31(77,028 NI 3144 0,4 0,4 0,5 0,2 0,2
32| 77,37 NI 0,3 0,4 0,5 0,1 0,1
33(78,033 Dotriacontane alkane 3196|3199| 0,3 0,3 0,4 0,2 0,4
34 178,346 1-Nonacosanol alcohol [3208]3233| 0,3 0,1 0,3 0,4 1,1
35(78,616 Octacosyl acetate ester 322713196| 0,3 0,1 0,2 0,3 0,2
36|78,938 Campesterol sterol 3236|3131 04 0,1 0,2 0,1 1,8
37(79,002 NI 3239 0,2 0,4 0,3 0,2 0,7
38179,436 Stigmasterol sterol 3267|3170 0,1 0,2 0,3 0,1 0,2
39180,092 Tritriacontane alkane 329713300 0,9 0,7 1,5 1,4 3,1
40 (80,419 1-Triacontanol alcohol |3305|3306| 2,7 1,9 1,2 1,9 1,0
41180,612 y-Sitosterol sterol 3316(3351| 0,7 0,7 0,6 0,7 0,1
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(nl?itn) Compound Class RI | Rt | Al (%) | A2 (%) | A3 (%) | A4 (%) | A5 (%)
42180,983 B-Sitosterol sterol 3329(3408| 3,1 0,4 0,2 0,2 0,5
43181,071 Olean-12-en-3-one triterpene | 3338|3327 1,8 4.8 5,6 3,8 2,6
44181,202 NI 3346 0,2 0,2 0,5 0,3 0,1
45181,506 a-Amyrin sterol 3361(3376| 6,9 8,0 3,6 2,0 0,7
46| 81,968 Lup-20(29)-en-3-one triterpene | 3385|3384 | 5,9 4,8 4,8 3,0 1,2
47| 82,09 NI 3386 0,1 0,0 1,7 0,5 0,1
48 (82,312 Tetratriacontane alkane | 3404|3400| 0,1 0,1 0,1 0,1 0,1
49 82,448 Lupeol sterol  |3409]3382] 33 42 12 12 0,5
50| 82,536 9-Hexadecenoic azczi)d, nonadecyl ester, ester 3413 15 0.4 1.9 0.2 0.3
51(82,947| Hexadecanoic acid, heptadecyl ester ester 3437 0,2 0,2 0,3 0,2 0,5
52(84,051 Dodecanoic acid, docosyl ester ester 349313553 04 0,3 1,1 2.4 3,9
53| 84,449 NI 3509 0,4 0,3 0,4 0,4 0,1
54 184,599 NI 3513 0,3 0,3 0,3 1,4 0,1
55|84,747 NI 3523 0,3 0,1 0,3 0,7 0,1
56(85,004| 9-Hexadecenoic acid, octadecyl ester ester 3535|3528 1,4 0,9 1,2 0,4 0,9
57 85,157 NI 3540 0,3 0,3 0,3 0,3 0,1
58 (85,372 Hexadecanoic acid, octadecyl ester ester 355413546| 0,8 0,6 0,8 0,5 0,7
59186,015 Dodecanoic acid, tricosyl ester ester 3586 0,1 0,1 0,2 0,3 0,7
601 86,507 NI 3608 13 4,6 1,7 23 5,7
61]87,447 NI 3643 0,2 0,2 0,3 2.1 0,3
62| 88.176 Dodecanoic acid, teztracosyl ester izome ester 3671 0.5 0.6 12 3.1 53
63 88,877 9'Hexadece“°1°(§°;)1’ 9-eicosyl ester, ester  |3695(3730| 14 | 10 | 14 | 04 | 08
64|89357| O-Hexadecenoic acid, eicosyl ester, ester  |3711 12 | 07 | 09 | 06 | 1,0

izomer 2

65189,792 Hexadecanoic acid, eicosyl ester ester 3729 0,7 0,5 0,6 0,6 0,8
66190,759 Dodecanoic acid, pentacosyl ester ester 3762 0,1 0,0 0,2 0,4 0,6
67]91,338 NI 3786 0,6 0,3 0,5 0,3 0,3
68192,398 NI 3825 1,4 3,9 1,5 0,2 3,3
69192,938 Hexadecanoic acid, docosyl ester ester 3847 0,1 0,8 1,8 0,2 8,9
70193,496 Dodecanoic acid, hexacosyl ester ester 3867 0,3 0,4 1,3 2,5 5,3
71(94,488 NI 3892 0,5 1,8 2,4 1,9 2,7
72195,096 Hexadecanoic acid, dosanyl ester ester 3913 0,6 0,3 0,5 1,9 1,5
73| 95,661 | O-Hexadecenoic *Z;‘)d docosanylester, | o |3046 06 | 06 | 1,0 | 03 | 24
74196,835| Dodecanoic acid, heptcosanyl ester ester 3981 0,1 0,0 0,1 1,8 0,2
75197817 NI 4019 0,2 0,3 0,6 0,1 0,3
761 98,108 NI 4032 0,1 0,1 0,4 0,2 0,1
77]99,288 NI 4073 0,0 0,1 0,6 0,2 0,0

aldehydes 0,4 1,0 1,6 1,4 1,0

alkanes 382 | 340 | 334 | 383 | 252

alcohols 8,2 8,4 8,4 10,6 10,4
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(nljiil) Compound Class RI | RlLiit | Al (%) | A2 (%) | A3 (%) | A4 (%) | AS (%)
esters 11,0 8,8 15,9 16,8 34,8
ketones 0,4 0,3 0,4 0,2 0,2
triterpenes 17,6 16,0 16,7 11,4 6,0
sterols 16,0 16,6 9,1 8,5 7,2
vitamin E 0,8 0,6 1,0 0,5 0,4
NI 7,4 14,2 13,5 12,3 14,9
Total 100,0 | 100,0 | 100,0 | 100,0 | 100,0

Al-fist leaf; A2- second leaf; A3- third leaf; A4- fourth leaf; AS- fifth leaf
10 largest peaks for not identified compound:
60. 57(100), 257(82), 43(76), 55(63), 71(60), 83(55), 97(53), 69(53), 171(41), 85(39)
68. 57(100), 257(94), 43(73), 55(60), 71(58), 83(56), 97(56), 69(49), 85(39), 41(32)
71.43(100), 57(99), 69(91), 99(88), 55(80), 71(66), 41(59), 97(45), 68(44), 285(41)
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Table S-II. Relative abundance of identified compounds in Chenopodium album L. using the
gas chromatography-mass spectrometry(GC-MS) method.

Rt (min) Compound Class RI | RIu [CHI (%) | CH2 |CH3 (%) | CH4 (%) | CHS (%)
(%)
1] 65,264 Tetracosanal aldehyde | 2632|2632 0,2 0,2 0,2 0,1 0,1
2 | 65,822 Squalane alkane |2656|2657 1,0 0,3 0,1 0,1 0,1
3| 66,384 Hexacosanal aldehyde | 2681 | 2833 0,1 0,0 0,1 0,0 0,1
4| 66,895 Heptacosane alkane |2701 2700 1,9 3,0 3,8 42 5,7
51 71,607 Nonacosane alkane |2904 |2900 14,3 20,5 30,7 31,5 28,9
6 | 73,780 Triacontane alkane {2999 |3000 0,1 0,1 0,2 0,2 0,3
7| 73,968 Hexacosyl acetate ester [3009|3015 0,1 0,2 0,3 0,2 0,4
8 | 74,737 Octacosanal aldehyde | 3046|3043 9,9 9,7 6,1 6,8 6,8
9 | 75,957 Hentriacontane alkane [3099|3100 2,4 2,5 4,0 3,6 6,3
10| 76,115 1-Octacosanol alcohol [3107|3106| 22,6 31,8 33,1 30,1 24,1
11| 76,537 Cholesterol sterol  [3122]3124 1,1 0,5 0,3 0,4 0,9
12| 76,871 NI 3139 0,9 0,4 0,2 0,2 0,4
13| 77,070 NI 3145 0,3 0,3 0,2 0,2 0,2
14| 78,377 Octacosyl acetate ester [3206|3227 0,7 0,6 0,6 0,9 2,0
15| 79,029 Triacontanal aldehyde | 3242 5,7 49 3,1 3,6 5,9
16| 80,120 9-Hexadecenoic acid, hexadecyl ester ester [3294|3328 0,2 0,3 0,4 0,5 0,7
17| 80,327 1-Triacontanol alcohol |3307|3305 2,1 3,5 3.4 3.4 3,8
19| 81,077 B-Amyrin sterol |[3340 3337 0,4 0,6 0,4 0,5 0,9
20| 81,232 1-Dotriacontanol alcohol |3349 0,2 0,1 0,1 0,1 0,2
21| 81,487 Hexadecanoic acid, hexadecyl ester estar/ |3358 0,2 0,0 0,1 0,1 0,2
22| 81,521 a-Amyrin sterol |3359(3376 0,1 0,2 0,1 0,1 0,1
23| 81,759 Olean-12-en-3-one triterpene | 3375|3327 0,1 0,0 0,0 0,0 0,1
24| 82,568 NI 3415 0,3 0,1 0,1 0,1 0,2
25| 82,990 NI 3435 0,1 0,1 0,1 0,1 0,1
26| 83,112 Tetracontanal aldehyde | 3443 0,9 0,7 0,4 0,3 0,8
27| 83,477 Stigmast-4-en-3-one; triterpene | 3458 | 3237 0,1 0,0 0,1 0,1 0,3
28| 84,480 17-Pentatriacontene alkane |[3509 0,0 0,1 0,1 0,1 0,1
29| 85,019 |9-Hexadecenoic acid, octadecyl ester, (Z)-| ester |3538|3528 0,8 0,3 0,2 0,2 0,6
30| 85,187 NI 3542 0,1 0,1 0,1 0,1 0,1
31| 85,397 Hexadecanoic acid, octadecyl ester ester | 3557|3546 0,8 0,4 0,4 0,3 0,4
32| 86,394 NI 3601 0,2 0,2 0,1 0,1 0,2
33| 86,645 NI 3610 0,5 0,9 0,2 0,1 0,2
34| 87,390 Benzoic acid, hexacosyl ester ester [ 3637 2,7 1,0 0,6 1,0 0,8
35| 88,088 NI 3664 0,1 0,4 0,0 0,0 0,1
36| 88,812 NI 3692 0,6 0,2 0,1 0,1 0,0
37| 88,905 NI 3696 0,1 0,3 0,1 0,1 0,4
38| 89,388 | 9-Hexadecenoic acid, eicosyl ester, (Z)- ester |3715]3700 0,7 0,3 0,1 0,2 0,4
39| 89,843 Hexadecanoic acid, eicosyl ester ester |3731|3747 3,8 3,6 3,8 2,8 1,9
40| 91,370 NI 3782 0,3 0,2 0,1 0,1 0,2
41| 91,629 NI 3795 0,1 0,0 0,0 0,2 0,0
421 92,655 Benzoic acid, octacosyl ester ester [3836 15,1 6,9 32 4,9 3,9
431 93,004 Hexadecanoic acid, hexacosyl ester ester |3846 1,8 0,0 0,0 0,0 0,1
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Rt (min) Compound Class RI | Rl [CHI (%) | CH2 |CH3 (%) | CH4 (%) | CHS (%)
(%)

94,525 NI 3911 0,3 0,2 0,0 0,1 0,2
95,141 NI 3924 0,2 0,1 0,1 0,1 0,2
95,769 Hexadecanoic acid, docosyl ester ester [3948 5,5 3,8 2,5 1,9 0,7
99,735 NI 4098 0,4 0,5 0,2 0,2 0,2
aldehydes 16,8 15,5 9,8 10,9 13,6

alkanes 19,8 26,5 38,8 39,8 41,4

esters 32,3 17,4 12,3 12,9 12,0

alcohols 24,9 35,4 36,6 33,6 28,1

sterols 1,6 1,3 0,8 1,0 1,9

NI 4,5 3,9 1,6 1,8 2,6

triterpenes 0,2 0,1 0,1 0,1 0,4

Total 100,0 |100,0| 100,0 100,0 100,0

CH1first leaf pair; CH2-second leaf pair; CH3-third leaf pair; CH4-fourth leaf pair; CH5-fifth leaf pair
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Abstract. The corrosion inhibition performance of isatin and its N1/C5 sub-
stituted derivatives were analyzed by DFT calculation (B3LYP, 6311g, dp) in
gas phase and solvation method with the help of Gaussian 09W and Gaussian
16. The calculated quantum chemical parameters such as Ejymo, EHoMO»
ionization potential (/), electron affinity (4), electronegativity (y), band gap
energy (AE), softness (0), hardness (77) and electrophilicity (@), proved that isa-
tin and its derivatives have the tendency to donate the electrons to the surface of
metal ion on adsorption. The number of electron transfer (AN) from isatin and
its derivatives to iron metal was calculated theoretically and was in following
order IX>III>VII>IV>II>V>I>VIII>VI. The experimental studies reveal the same
order of inhibition as in theoretical studies. Mulliken’s charge distribution ana-
lysis of the same compounds indicates the high negative magnitude on N1 atom.
The negative magnitude of N1 atom was altered by substitution in N1 and C-5
position of isatin, which was identified theoretically. Fukui local parameters were
also calculated and used in the prediction of the compounds local selectivity.

Keywords: adsorption;, HOMO; LUMO; Fukui local selectivity; Mulliken’s
charge distribution.

INTRODUCTION

Density functional theory (DFT) is an important tool in modern quantum
chemistry in analyzing the electronic parameters of the compounds. It also have
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versatile applications like drug design, solar cells, water splitting, materials dis-
covery and design, corrosion inhibition, efc., with reduced computational cost.!-6
Amongst corrosion inhibition behavior, prediction of metal surface interaction
with inhibitor molecules is one of the crucial field of research over two decades.”9
Corrosion means destruction of metals, plastics, concrete and wood by various
environmental substances surrounding it.”~10 There are various metals used in the
industry for storage of acids, bases and petrochemical products, wine, efc. Among
them iron is the most used metal in various industries.”~2 Added to that, acids have
been utilized for pickling, descaling, acid cleaning, acidifying of oil wells, etc. This
may also attack the surface of the metal resulting in the formation of metal oxide
layers on the surface of the iron by dissolution of the metal.”-8:11-15 For this,
various types of inhibitors like organic/green/bio inhibitors have been reported in
the last two decades.!6-19 Among these three inhibitors, organic inhibitors are
suitable in preventing the corrosion of mild steel due to the known structure of the
inhibitor. This helps to analyze the surface adsorption mechanism exactly. The
above points make organic inhibitor better than bio/green inhibitor. In green inhi-
bitors various chemical compounds are present and in addition prediction of mech-
anism and preserving of bio inhibitor is too difficult in varying temperature, pH
and acidity.

Isatin is an organic compound and its derivatives were reported and well
documented as non-toxic corrosion inhibitors for iron in various acid solutions in
the last decade.20-30 The available report of isatin, as inhibitor determined by
weight loss method, is supported by electrochemical studies.30 There is a lack of
availability of computational data in the mechanism prediction of the metal surface
adsorption by inhibition. Recent days, exact evaluation of nucleophilicity/electro-
philicity by electron donor/acceptor has been documented with a help of Fukui
indices.31-36 This is an important parameter, to analyze the part of the compound
attached for interaction with the surface of metal. In previous reports of isatin
derivatives as corrosion inhibitors, Fukui indices calculation are lacking20-30
because the reports were concentrated only on the Schiff bases of the isatin with
free N—H groups. This free N-H is useful in formation of azanion in acidic solution
which might be useful for surface interaction on the metal 20-22.25-27.30 Ip this
work the main focus is on comparison of isatin and its derivatives with electron
donating/withdrawing moiety in the nitrogen N1- and C5-carbon to predict the
better acceptor and donor parts of the derivatives by computational methods.

EXPERIMENTAL
DFT calculations

Isatin and its derivatives as the chosen inhibitors were subjected to DFT calculations and
all the calculations were performed by Gaussian 09W and Gaussian 16 with B3LYP and 6311G
basic set for optimization.3”-38 All optimized geometries were confirmed as true minima by
vibrational frequency analysis using the same basic set. The calculation of energy was done
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with B3LYP and 6-311G basic set. Grimme’s D3(BJ) provides a gas-phase London dispersion
correction to total energies and geometries were analysed using PBE0-GD3BJ/6-31G (d,p).
Solvent polarization was modeled separately using the IEFPCM-water implicit solvent model
using B3LYP and 6-311G (d,p). The non-covalent interactions in the gas phase, of the proposed
inhibitor, were calculated by using Grimme’s D3 method and the results are provided in the
supporting information (Table S-9 of the Supplementary material to this paper). Corrosion on
the metal surface mainly occurred in the presence of aqueous region, for this cause the energy
analysis were performed using IEFPCM-water implicit solvent model for the proposed inhi-
bitors and the results are provided in the supporting information (Table S-10 of the Supple-
mentary material). The calculation parameters of compounds are provided in Table S-1 of the
Supplementary material. The comparison of the calculations with and without dispersion cor-
rection reveals the change in the bandgap energies. The DFT calculation with dispersion cor-
rection exhibits higher local parameters, such as ionization potential (/), electron affinity (4),
electronegativity (}), band gap energy (AE), softness (o), hardness (77) and electrophilicity (w),
than the calculation without dispersion correction. This is because of presence of non-covalent
interactions like van der Waals force of attraction and London forces between the molecules.
Energy differences occurred in the DFT calculations with or without dispersion correction but
the orders of local parameters have not changed. The comparison of the local parameters
between the gas phase DFT studies and [IEFPCM-water studies have very slight changes due to
the protonation effects of the inhibitors. The obtained result from the energy calculation (gas
phase DFT) has been utilized to predict the Fukui global parameters and local parameters of the
compound by using UCA Fukui software.3® The name of the compound, optimized structure,
HOMO and LUMO diagrams are given in Table I. The numbering of the atoms of the com-
pounds have been assigned by DFT.

TABLE I. Compound number, name, structure, optimized structure, HOMO and LUMO struc-
ture of the compound

Ii(c))mp d. Name and structure  Optimized structure HOMO LUMO
1 o] 9
Che ‘173%.
i f"\r‘ﬂ*
Isatin 9 o
II o 3\ @
a0 @
e gy
N A‘Fw
CH, 5 \ 3
N-Methyl isatin J
111 0

o

u’r FJ‘—‘
p oW
X%

N-Benzyl isatin
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TABLE 1. Continued

Compd.

No Name and structure  Optimized structure HOMO LUMO
v o
CLe
N D
&
<
N-Allyl isatin
\Y4 o
Clo =3
\<
N-Propargyl isatin
VI O
N .1
O ' : "
N A
H .
5-Nitro isatin
VII
@r& e
0
5-Methyl 1sat1n
Vil
o B d
CH3 xi *I*)’*‘
N-Methyl-5-nitro @ ’]
isatin !
X " ,
& )
@[3:0 f‘“«*‘r‘! @
CH, s
N-Methyl-5-methyl 9 -
isatin

By having Exonmo and Epynvo energy values from DFT calculation, following quantum
chemical parameters such as: 1, 4, y, AE, o, n7 and @, were calculated.?!-38

1 is related with highest occupied molecular orbital Fyopo and the expression is as fol-
lows:

I'=-Eyomo )

A is related to the least unoccupied molecular orbital (£} o) the expression is:
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A=-Erumo @)

The energy gap (AE) of isatin and its derivatives is energy difference between highest
occupied molecular orbital Egoyo and least unoccupied molecular orbital Ej (0. The energy
gap is calculated by the following equation:

AE = Eyomo — ELumo 3)
AE=1-4 (4)
n of the compound is defined as the second derivative of electronic energy (£) with respect

to number of electrons (N) at constant external potential. This originates from the Lewis theory
and theory of hard and soft acid and base. The expression for hardness follows:

1
n=—(I-4) (5)
2
1
n= E(EHOMO - Erumo) (6)
o is reciprocal of hardness and expressed as:
o= l (7)
n

Electronegativity is the descriptor of the direction of flow of electrons between metal and
an inhibitor and it is related to 7 and 4 (Eyomo and Erymo):

1
2=5U+4) (8)
1
xX= _E(EHOMO - Erumo) ©))
w1s the reciprocal of electrophilicity and expressed as:

2
w="2 (10)

2n

The number of electrons transferred (AN) were calculated by the following expression
using electrophilicity and hardness of Fe from the previous reported literature:

— XFe — Xinh (11)
z(nFe - nlnh)
Weight loss method

Mass loss method was conducted at different temperatures in the range 308-333 K for 2 h
in 1 M HCI. The specimens were immersed in 100 ml of the respective inhibitor and the test
solution in a thermostatic bath. The specimens were weighed before and after immersion. The
difference in weight was taken as the weight loss of mild steel. From the weight loss (AW),
corrosion rate (4) and the percentage of inhibition efficiency (/E in %) were calculated using
the following equations:

aw
A =534X —— 12
(mpy) DAT (12)
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1£ =100 =M (13)
o
Here, AW = W, — W,, where W,, and W, are the specimen weights before and after immersion
in the tested solution, W and W are the weight loss of mild steel in the absence and presence
of inhibitor respectively, D is the density of the iron (g/cm?3), 4 is the area of the specimen in
in? and T is the period of immersion in h.

RESULTS AND DISCUSSION

From the literature reports, there seems to be a relationship between corrosion
inhibition property and the electronic property of the compound.3° The quantum
chemical parameters /, 4, ¥, AE, o, 171 and @ are used to predict the electronic
property and how it works on the adsorption process.3940 The adsorption of the
organic species on the surface of the metal has been deduced by the above-men-
tioned parameters which was calculated by using highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) and calculated
by DFT studies. The calculated values for various isatin derivatives are shown in
Table II. In general, the interaction between the metal and the inhibitor takes place
due to the transfer of electron from the inhibitor HOMO to metal d-orbital or the
electron transfer from metal d-orbital to LUMO of the inhibitor. From this state-
ment, the inhibitor molecule has highest HOMO value, it has tendency to donate
electron to the metal orbital. In the same way, the inhibitor also has lowest LUMO
value, as well it has tendency to accept the d-orbital electron of the metal. The both
HOMO and LUMO were localized throughout the whole molecule in the isatin and
its derivaties (compounds [-1X) which is witnessed in the Table I. When compared
the HOMO and LUMO of isatin (compound I) with N-substituted isatin
(compounds I1-V), there is change in N-1 atom in compounds [I-V from highest
occupied to lowest unoccupied due to the substitution of electron donating and
electron withdrawing group on the N-1 atom which altered the energies of the
excited states. In addition, the substitution in N-1 position of isatin (compounds II
to V) alters the C5 carbon from highest occupied to lowest unoccupied which also
witnessed in the HOMO and LUMO images in the Table 1. On the other hand, the
substitution on CS5 position of isatin with electron donating -CH3 (compound VII)
and electron withdrawing -NO, (compound VI) did not alter the HOMO and
LUMO present in the N1 position of the isatin moiety. This caused the alteration
of HOMO and LUMO by the substitution in N1 and C5 resulting the active
donating and accepting of electron towards the metal. In this case, both HOMO
and LUMO values of the 5-nitro isatin and 1-methyl-5-nitro isatin are compar-
atively higher than of the other derivatives such as isatin, N1-substituted and C5-
-substituted isatin. This confirms that the electron donating/withdrawing group
(nitro/methyl) substitution polarizes the isatin molecule by electron rich position
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and electron deficient position on it. This might be useful in acting as good inhi-
bitor for corrosion.

TABLE II. Calculated global parameters by HOMO and LUMO energies (eV)

Compd. No. AE 1 A V4 n o} AN @ £

1 3.7793 6.9271 3.1478 5.0324 1.8846 0.5306 0.5219 6.7189 0.1488
I 3.7258 6.7438 3.0180 4.8809 1.8629 0.5367 0.5687 6.3941 0.1563
11T 3.6131 6.6812 3.0680 4.8746 1.8065 0.5535 0.5882 6.5766 0.1520
v 3.6259 6.7054 3.0795 4.8924 1.8129 0.5515 0.5812 6.6014 0.1514
\Y 3.6749 6.8172 3.1423 49798 1.8374 0.5442 0.5497 6.7481 0.1481
VI 3.8798 7.7435 3.8637 5.8036 1.9399 0.5154 0.3083 8.6814 0.1151
VII 3.6188 6.6888 3.0699 4.8794 1.8094 0.5526 0.5859 6.5790 0.1519
VIII 3.6939 7.4850 3.7886 5.6368 1.8481 0.5410 0.3687 8.6252 0.1159
X 3.4942 6.4959 3.0016 4.7487 1.7471 0.5723 0.6442 6.4538 0.1549

The energy gap (AFE) is an important parameter of the molecule in analyzing
the reactivity of the inhibitor towards the metal.38-40 Moreover, band gap energy
decreases and the reactivity of the molecule increases towards the adsorption of
metal surface which leads to the increasing inhibition efficiency of the molecule
with the change in redox property of the ligand. The results exhibited band gap
energy adjustment of isatin by substituting electron withdrawing/donating group
on its C-5, N-1 position in it. The bandgap energy of isatin decreased on intro-
ducing electron donating groups like methyl, benzyl, propargyl and allyl. The band
gap energy of isatin (AE = 3.7793 eV) was reduced by introducing a methyl group
in its N-1 position (AE = 3.7258 eV) and C-5 position (AE = 3.6188 eV) alone.
The bandgap energy is reduced further to 3.4942 eV by substituting both N-1 and
C-5 position of isatin simultaneously. This indicates that methyl substituted isatin
have highest activity towards adsorption by donating electrons to the metal surface.
On the other hand, the bandgap energy of isatin increased while introducing elec-
tron withdrawing group (NO3) in C-5 position of isatin. From all the isatin deriv-
atives 5-nitro isatin possess the highest bandgap energy (AE = 3.8798 eV) which
is also reduced by substituting methyl group in N-1 position of isatin (AE = 3.6939
eV). This indicates that the nitro substituted isatin has higher activity towards ads-
orption by accepting electrons from the metal. All the nine derivatives have the
bandgap energy in the same range. Among them methyl substituted and nitro sub-
stituted were highly warranted for electron accepting and donating to metals res-
pectively in order to prevent corrosion. In addition, the HOMO and LUMO of all
the compounds localized over the benzene ring help in attachment to metal atom
by inhibitors m-electron which doesn’t alter the skeleton of the inhibitors while
adsorbing on the metal. This exhibits the good redox property of the inhibitors by
sharing its -electron with metal.

I and A are the measuring tools for the electron donating and accepting nature
of the ligand, respectively. The case study of ionization potential and electron
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affinity showed that the 5-methyl substituted isatin has the highest tendency to
accept/donate electrons from/to the metal orbitals compared to other reported isatin
derivatives. This is caused by the strongest interaction between the metal and mole-
cule, which doesn’t mean that 5-nitro substituted isatin is the only compound with
corrosion inhibition efficiency compared to other reported isatin derivatives. All
the reported isatin derivatives have the corrosion inhibition efficiency but 5-methyl
substituted isatin has higher efficiency than other derivatives which was accounted
by ionization potential and electron affinity, especially electron donating group
substituted isatin derivative has the higher tendency to adsorb on the surface of the
metal by donating/accepting electrons from the ligand. The parameters ionization
potential and electron affinity showed that the electron donating/accepting nature
of the isatin derivatives are in the order VI>VIII>[>V>II>IV>VII>IT>1X.

¥ is the descriptor for the flow of electron in direction between ligand and
metal which is giving the Erjomo and Erymo values. Isatin (compound I) has
electronegativity of 5.0324 eV, it was increased to 5.8036 eV by introducing
electron withdrawing nitro group (compound VI). The electronegativity is reduced
by adding electron donating methyl group to compound VI and the value is found
to be 5.6368 eV. Other compounds having the degeneracy values around 4.6—4.9
eV. According to Sanderson’s electronegativity equivalization principle, high
electronegativity quickly reaches to equalization. It results in low reactivity and
low inhibition. From this statement N-methyl-5-methyl isatin (IX) may have higher
inhibition efficiency than other compounds by having lowest electronegativity.

The measurement of stability and reactivity of the molecule are the important
properties for analyzing the polarization of electron clouds of the atoms. 77 and o
of isatin derivatives, which were calculated by DFT calculation, are related to their
molecular reactivity and stability. Generally hard molecules have lowest tendency
to polarize the electron cloud of atoms or ions or molecules which have highest
band gap energy and hardness value. In addition, soft molecule has highest ten-
dency to polarize or deformation of electron clouds of atoms or ions or electrons
which has lowest band gap energy and hardness value. From this statement, V-
-methyl-5-methyl isatin softness (IX) possesses lower hardness value and lowest
bandgap energy compared to other isatin derivatives which have been reported in
this work. Softness is in the inverse relationship with the hardness and the result
was the same.

The w and € index is another parameter to predict whether the molecule is
electrophile or nucleophile and it reflects the stabilization energy of a system by
receiving or donating electron from environment. Electrophilicity and nucleophil-
icity both have inversion relation with each other. Electron donating substituted
isatin derivatives are acting as nucleophiles but electron accepting substituted isa-
tin derivatives act as electrophiles. The highest @ and lowest nucleophilicity value
of compounds VI and VIII represent their tendency to accept electron from metal
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surface. Moreover, high € and low electrophilicity compounds II-1V, VII and IX
have tendency to donate electrons to metals surface. All the compounds have ten-
dency to donate/accept electron from/to metal surface due to the polarization of a
compound. In addition, DFT calculations were performed in gas phase, compounds
may be protonated in various solution phase which alter the nucleophilic/electro-
philic approaches of a compound. From this study, substituted isatin derivatives
have higher tendency to donate or accept electrons from metal surface than isatin.

The AN were also calculated for iron metal and it is tabulated in Table II. The
values of AN show that the inhibition efficiency of all the compounds having
tendency to donate electrons to metal surface have the value of AN < 3.6, accord-
ingly the inhibition efficiency of the compounds is in order of IX>III>VII>TV>II>
>V>[>VIII>VL

The solvation (IEFPCM-water) effect in water of the proposed inhibitors also
remains and follows same order of the local parameters exhibited in gas phase DFT
studies (Table S-10 of the Supplementary material). The difference in energy gap
(AE) in this study is due to protonation effects of the inhibitors. The comparison
of compound I (isatin) with its derivatives (compounds II-1X), compound II (-
-methyl isatin) exhibits the higher AE and is about 0.1388 eV which is higher than
0.0679 eV of compound I. This reveals that electron donating —CH3 substituted on
nitrogen atom in isatin increases the availability of the lone pair on the nitrogen.
The other compounds 111 to IX does not exhibit characteristic changes in AE.

Charge distribution on the atoms of a molecule is theoretically identified by
Mulliken charge distribution. From this study, all the above discussed isatin and
its derivatives have the tendency to donate electrons to the empty metal orbitals by
having the negative magnitude on the heteroatoms present in the isatin derivatives
as shown in Fig. 1. Especially negative magnitude of N-1 nitrogen is highly altered
by the substituents in both N-1 and C-5 position, to be precise substituents in C-5
position highly increased the negative magnitude of N-1 nitrogen in isatin from
—0.488 to —0.824 whether the substituent is EWG or EDG. That also slightly
altered the negative magnitude of oxygen present in the neighboring and adjacent
carbon. This suggest that, negatively charged nitrogen and oxygen in the isatin
derivatives were the most predictive adsorption sites.

Fukui functions are the best tool to identify the local selectivity of molecules
active binding site by analyzing whether it undergoes electrophilic or nucleophilic
substitution. For this cause, aforementioned molecules were analyzed for Fukui
indices to predict the local selectivity of the molecule. The global parameters of
examined isatin and its derivatives has been given in Table III. As seen, the global
parameters show the high electron density, high softness and low hardness of com-
pounds VI and VIII compared to other derivatives. This confirms that compounds
VI and VIII have higher electron donating property to metal d orbitals than other
isatin derivatives due to the high electron density, high softness and low hardness
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which allows the molecule to polarize the electron cloud in high order. Fukui ind-
ices for isatin and its derivatives have been analyzed and the data were tabulated
and given in the supporting information. From the above results compounds VI
and VIII have the higher tendency to make the coordination with metal surfaces
than other compounds. Hence, Fukui indices for compounds VI and VIII are shown
in Tables IV and V (Fukui indices of other compounds are given in the Supple-
mentary material, Tables S-2—S8). In addition, Fukui indices are commonly negat-
ive values but in our case a non-negative atomic Fukui indices were obtained due
to the large number of electron involvement (AN = 1). 40

@

9 VI
9
]
9
v ¢ VIII IX
Fig. 1. Mulliken charge population analysis of isatin derivatives.
TABLE III. Global parameters (eV) calculated by Fukui function
Compd. No. Electronic potential Hardness Softness Electrophilicity
I 3.7878 7.0613 104.8615 1.0158
I 3.7279 7.0613 104.8642 0.9836
11 3.6218 6.7865 109.1255 0.9665
v 3.7578 7.0695 104.7227 0.9983
\Y% 3.8531 7.0967 104.3227 1.0451
VI 6.2150 3.4503 214.6347 5.5959
vl 3.7143 7.0504 105.0193 0.9789
VIII 6.1524 3.4531 214.3816 5.4801
IX 3.6572 7.0477 105.0602 0.9491

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

(CC) 2026 Serbian Chemical Society.



THEORETICAL STUDY OF ISATIN DERIVATIVES 33

TABLE IV. Fukui local parameters of compound VI (5-nitro isatin)

N Z f I+ 10 Dual-desc. Hardness, au W—/eV ~ W+/eV
1 C 0.0009 0.0338 0.0173 0.0329 —0.0053 0.0049 0.1892
2 C 0.0042 0.0052 0.0047 0.001 0.0004 0.0234 0.0292
3 C 0.0042 0.0037 0.004 —0.0005 0.0006 0.0235 0.021
4 C 0.0044 0.0022 0.0033 —0.0023 0.0009 0.0248 0.012
5 C 0.0248 0.0013 0.0131 —-0.0235 0.007 0.139 0.0072
6 C 0.0024 0.0019 0.0022 —0.0005 0.0004 0.0134 0.0108
7 N 0.0572 0.0022 0.0297 —0.0549 0.0163 0.3199 0.0126
8 C 0.0612 0.0002 0.0307 —0.0611 0.0178 0.3427 0.0009
9 C 01234 0 0.0617 —0.1234 0.036 0.6907 0.0002
10 O 0.7117 0.0005 0.3561 —0.7111 0.2075 3.9824 0.003
11 O 0.0015 0.0001 0.0008 —0.0014 0.0004 0.0083 0.0006
12 N 0.0002 0.4553 0.2277 0.4551 —0.0751 0.0009 2.5479
13 0 0 0.2611 0.1305 0.261 —0.0431 0.0002 1.4608
14 O 0.0001 0.2324 0.1162 0.2323 —0.0383 0.0003 1.3005
15 H 0 0 0 0 0 0.0002 0
16 H 0.0005 0 0.0002 —0.0005 0.0001 0.0027 0
17 H 0.0001 0 0 —0.0001 0 0.0004 0
18 H 0.0033 0 0.0016 —0.0033 0.001 0.0184 0

TABLE V. Fukui local parameters of compound VIII (1-methyl-5-nitro isatin)

N Z f 1+ 10 Dual-desc. Hardness, au W—/eV ~ W+/eV
1 C 0.0005 0.0346 0.0176 0.0341 —0.0055 0.0029 0.1896
2 C 0.0028 0.0054 0.0041 0.0026 —0.0001 0.0153 0.0296
3 C 0.0026 0.004 0.0033 0.0015 0.0001 0.014 0.022
4 C 0.0028 0.002 0.0024 —0.0008 0.0005 0.0154 0.0111
5 C 0.0233 0.0014 0.0124 —-0.0219 0.0065 0.1278 0.0076
6 C 0.0017 0.0018 0.0018 0.0001 0.0002 0.0096 0.0101
7 N 0.0577 0.0024 0.0301 —0.0553 0.0163 0.3161 0.0133
8 C 0.0523 0.0002 0.0263 —0.0521 0.0151 0.2866 0.0012
9 C 0.1025 0 0.0512 —0.1024 0.0297 0.5616 0.0002
10 O 0.0064 0 0.0032 —0.0064 0.0019 0.0351 0

11 O 0.7401 0.0007 0.3704 —0.7395 0.2142 4.0565 0.0036
12 O 0.0013 0.0001 0.0007 —0.0012 0.0003 0.0069 0.0006
13 N 0.0001 0.4551 0.2276 0.455 -0.074 0.0006 2.4944
14 O 0 0.2603 0.1302 0.2603 —0.0423 0.0001 1.4266
15 O 0 0.2316 0.1158 0.2315 —0.0377 0.0002 1.2691
16 H 0.0001 0 0 —0.0001 0 0.0003 0

17 H 0.0002 0 0.0001 —0.0002 0.0001 0.0013 0

18 H 0.0001 0 0 —0.0001 0 0.0003 0

19 H 0.0054 0 0.0027 —0.0054 0.0016 0.0298 0

20 H 0 0.0002 0.0001 0.0002 0 0.0001 0.001
21 H 0 0.0002  0.0001 0.0002 0 0.0001 0.001

To identify the interaction between iron and inhibitors (compounds [-1X) with
different concentration (0, 10, 15 and 20 ppm) and different temperature (308, 313
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and 323 K), were analyzed in 1 M HCI by weight loss method and the results are
shown in Fig. S-1 of the Supplementary material. From Fig. S-1, the optimum con-
centration of the inhibitors for 1 M HCl is 15 ppm and the inhibition efficiency
increases with increasing temperature. The thermodynamic parameters such as the
apparent activation energy Ea, the enthalpy of activation change AH* and the
entropy of activation change AS* for corrosion of mild steel in 1 M HCI solutions
in the absence and presence of compounds I to IX at 308-323 K were calculated
by Arrhenius and transition plots which are shown in Figs. S-2 and S-3 of the
Supplementary material, respectively, and calculated values are displayed in Table
S-11.8 The positive AH* values and negative AS* values indicate that dissolution
of steel process is endothermic and decreasing the disordering of the film form-
ation on the mild steel in 1 M HCI by compounds I to IX. The 8 values of different
concentrations of inhibitor were tested by fitting to various isotherms including
Langmuir, Freundlich and Temkin isotherm. The obtained results were fitted to all
the three adsorption isotherms and shown in Figs. S-4-S-6 of the Supplementary
material, respectively.8 Adsorption parameters k.45 and free energy change (AG)
were calculated using Langmuir, Freundlich and Temkin isotherm and shown in
Tables S-12-S-14, respectively. From the calculated AG values from Langmuir,
Freundlich, and Temkin isotherms were around —10 kJ mol~! which is consistent
with electrostatic interaction between charged molecules and a charged metal. This
indicates the adsorption between the metal and all nine isatin and its derivatives is
physisorption. The presence of electrostatic interaction between the isatin and its
derivatives with mild steel in 1 M HCI is supported by the adsorption studies as
prescribed in the computational studies.

CONCLUSION

The band gap energy of isatin and its derivatives were successfully identified
in both gas phase and solvation effects by DFT optimization. By having DFT cal-
culations, the quantum chemical parameters such as ionization potential (/),
electron affinity (4), electronegativity (y), band gap energy (AE), softness (o),
hardness (77) and electrophilicity (w) were calculated using HOMO and LUMO
values. Comparison of adsorption behavior of isatin and its derivatives were ana-
lysed theoretically by quantum chemical parameters. The quantum chemical para-
meters show that all the studied derivatives have the tendency to donate the elec-
tron to the metal surface on adsorption. In addition, number of electron transfer
from isatin and its derivatives to iron metal were calculated theoretically and in
following order IX>III>VII>IV>II>V>[>VIII>VI. In both gas phase and solvent
phase, there is the same trend in all the inhibitors. The protonation of compound I
(isatin) and compound II (N-methyl isatin) were identified by the energy gap (AE)
difference in gas phase and solvation models. Mulliken charge analysis confirms
the donation of electrons from the heteroatoms in isatin and its derivatives to the
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metal ions. From the Fukui indices calculation for isatin and its derivatives, is
evident that all the compounds have local selectivity for donating or accepting
electrons towards the metal surface by the presence of hetero atoms. Among the
derivatives, compounds VI and VIII have highest tendency to donate or accept
electrons towards the metals. The adsorption studies support the presence of elec-
trostatic interaction between the Fe and compounds [-IX suggesting the transfer
of electrons from/to the metal surfaces.

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/13336, or from the correspond-
ing author on request.
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H3BOI

TEOPHUJCKA U EKCIIEPUMEHTAJIHA ITPEJBUBHAA EOMKACHOCTHU HHXHUBHULIUJE
KOPO3HUJE U3ATUHA U IbETOBUX JTEPUBATA [IPUMEHOM DFT ITPOPAUYHA U
METOJE I'YBUTKA MACE — YIIOPEOHA CTYOIHUJA

JONE CELESTINA JOSEPH XAVIER RAJ!, MUTHUMANICKAM SHENBAGAPUSHPAM?, ARUL DEEPA VINCENT!,
PRIYADHARSANI SHANMUGARAJ!, CHAKKARAVARTHI RAJ3, SATHEESH RAJAMOHAN?
1 RAMASAMY RAJA VIRUTHACHALAM?

"The Research Centre of Chemistry, Fatima College, Madurai — 625018, Tamilnadu, India, ’Department of
Chemistry, Mannar Thirumalai Naicker College, Madurai — 625004, Tamilnadu, India u *Department of
Physics, Department of Science and Humanities, St. Micheal Coll ege of Engineering, Sivaganagai — 630551,
Tamilnadu, India

Opnvke MHXUOULMje KOPO3Hje MEKOT YeIMKa U3aTHHOM U BEerOBUM JlepUBAaTUMa CYIICTH-
tyucanux Ha N1/C5 nosuuuju aHanusupase cy npumeHom DFT mpopauyna (B3LYP, 6311g,
dp) y racHoj dasu, kao y coaBaTaBUOHOM MeTonoM momohy Gaussian 09W u Gaussian 16
NPOTrpaMCcKUX NakeTa. Mi3pauyHaTH KBaHTHO-XEMHMjCKH NapaMeTpH, kao WTo cy Erumo, Exomo,
joHusaumoHu noreHuujan (I), apuHUTEeT nMpema eneKkTpoHy (A), eleKTpOHeraTWBHOCT (y),
eHepreTckH ja3 (AE), mexoha (o), TBpAoha (1) 1 enexTpoduIHOCT (w), MOKa3aau Cy fa U3aTUH
Y HBETOBU IEPUBATH UMajy TEHIEHLUH]Y Oa NOHUPAjy €1eKTPOHE Ka MOBPIIMHU METAJIHOT jOHa
TOKOM azxcopnudje. TeopHjckH je m3padyHaT Opoj MpeHeTHX enekTpoHa (AN) ca u3aTHHA U
HBEroBUX JlepuBarta Ha rBoxhe, pu yemy je yrephen pemocnen IX>ITISVIISIVSII>VSIS>VIII>
>VI. ExciepyMeHTaIHU pe3y/iTaTyd NOTBPIOMIIH Cy UCTH Pelociiel] UHXUOULMje Kao U TEOPHjCKH.
AHanu3a pacrnopene MUIMKEHOBUX HaejleKTpUCama 3a OBa jefIUIEHa ykasala je Ha BUCOKY
HeraTtuBHY BpenHocT Ha N1 atomy. HeratuBHa BpeHOCT Ha N1 aToMy ce Mewa CyIICTUTYLIHjOM
Ha N1 u C-5 mosunuju u3aTvHa, WTO je TeopHjcku norepheno. Jlokanaun ®Pykyu nmapamerpu
Takohe cy uspauyyHaty U kopuirheHu 3a npenBubame JOKaJIHe CeNeKTUBHOCTH OBUX jeUIbEHba.

(ITpumsbeHo 14. anpuina, peBugupaHo 25. Maja, npuxsaheHo 20. HoBembpa 2025)
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Micheal College of Engineering, Sivaganagai — 630551, Tamilnadu, India
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Table S-1. List of software, functional and basis set analysis for computational studies.

Compounds Functions Software Basis set
Optimization Gaussian 09W B3LYP/6-311G
LIX Frequency Gaussian 09W B3LYP/6-311G
Dispersion Correction ~ Gaussian 16 PBE0-GD3BJ/6-31G (d,p)
IEFPCM Water model  Gaussian 16 B3LYP/6-311G (d,p)

Table S-2. Fukui local parameters of compound I (isatin)

N Z f- f+ f0 Dual-descriptor Hardness (au) W-(eV) W+ (eV)
1 C 0.0001 0.0014 0.0007 0.0013 0 0.0001  0.0014
2 C 0.0019 0.0001 0.001 -0.0018 0.0005 0.002 0.0001
3 C 0.0031 0.004 0.0035 0.0009 0.0008 0.0032  0.0041
4 C 0.005 0.0002 0.0026 -0.0048 0.0013 0.0051  0.0002
5 C 0.0262 0.0003 0.0133 -0.0259 0.007 0.0266  0.0003
6 C 0.0008 0 0.0004 -0.0008 0.0002 0.0008 0

7 N 0.0571 0.1087 0.0829 0.0516 0.0143 0.058 0.1104
8 C 0.0608 0.5624 03116 0.5015 0.0111 0.0618  0.5712
9 C 0.1235 0.0136 0.0685 -0.1099 0.0331 0.1254  0.0138
10 O 0.7159 0.3057 0.5108 -0.4102 0.1897 0.7272  0.3106
11 O 0.0015 0.0035 0.0025 0.002 0.0004 0.0015  0.0036
12 H 0 0 0 0 0 0 0
13 H 0.0001 0 0 -0.0001 0 0.0001 0

* Corresponding author. E-mail: muthumanickams92@gmail.com,
muthumanickams@mannarcollege.ac.in
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14 H 0.0004 0 0.0002 -0.0004 0.0001 0.0005 0
15 H 0.0001 0 0 -0.0001 0 0.0001 0
16 H 0.0034 0 0.0017 -0.0034 0.0009 0.0035 0

Table S-3. Fukui local parameters of compound II (N-methyl isatin)

N Z f- f+ 0 Dual-descriptor Hardness (au) W-(eV) W+ (eV)
1 C 0.0001 0.0015 0.0008 0.0014 0 0.0001  0.0015
2 C 0.0012 0.0001 0.0007 -0.0012 0.0003 0.0012  0.0001
3 C 0.0017 0.0047 0.0032 0.0031 0.0004 0.0016  0.0047
4 C 0.0032 0.0004 0.0018 -0.0028 0.0009 0.0032  0.0004
5 C 0.0243 0.0004 0.0124 -0.0238 0.0065 0.0239  0.0004
6 C 0.0008 0 0.0004 -0.0008 0.0002 0.0008 0

7 N 0.0575 0.1144 0.0859 0.0569 0.0145 0.0565  0.1125
8 C 0.0515 0.556 0.3037 0.5045 0.0097 0.0506  0.5469
9 C 0.1026 0.0141 0.0583 -0.0885 0.0273 0.1009  0.0139
10 O 0.7425 0.2989 0.5207 -0.4435 0.1959 0.7303 0.294
11 O 0.0013 0.0034 0.0023 0.0021 0.0003 0.0013  0.0033
12 C 0.0069 0.0003 0.0036 -0.0066 0.0018 0.0068  0.0003
13 H 0 0 0 0 0 0 0
14 H 0.0001 0 0 -0.0001 0 0.0001 0
15 H 0.0002 0 0.0001 -0.0002 0.0001 0.0002 0
16 H 0 0 0 0 0 0 0
17 H 0.0061 0 0.003 -0.0061 0.0016 0.006 0
18 H 0 0.0029 0.0014 0.0028 0 0 0.0028
19 H 0 0.0029 0.0014 0.0028 0 0 0.0028

Table S-4. Fukui local parameters of compound III (N-benzyl isatin)

N Z f- f+ 0 Dual-descriptor Hardness (au) W-(eV) W+ (eV)
1 C 0.0001 0.0015 0.0008 0.0014 0 0.0001  0.0014
2 C 0 0.0001 0.0001 0.0001 0 0 0.0001
3 C 0.0018 0.0047 0.0032 0.0029 0.0004 0.0017  0.0045
4 C 0.0034 0.0005 0.002 -0.003 0.0009 0.0033  0.0004
5 C 0.0018 0.0004 0.0011 -0.0014 0.0005 0.0017  0.0004
6 C 0.0002 0 0.0001 -0.0002 0 0.0002 0

7 N 0.001 0.1137 0.0574 0.1127 -0.0007 0.001 0.1099
8 C 0.0005 0.555 0.2777 0.5545 -0.0045 0.0005  0.5364
9 C 0.0001 0.0141 0.0071 0.0141 -0.0001 0.0001  0.0137
10 C 0.0024 0.0008 0.0016 -0.0016 0.0006 0.0023  0.0007
11 C 0.0398 0.0047 0.0223 -0.035 0.0102 0.0384  0.0046
12 O 0 0.2974 0.1487 0.2973 -0.0025 0 0.2874
13 O 0 0.0034 0.0017 0.0034 0 0 0.0033
14 C 0.0679 0.0003 0.0341 -0.0676 0.0175 0.0657  0.0003
15 C 0.0623 0.0001 0.0312 -0.0622 0.0161 0.0602  0.0001
16 C 0.0353 0.0002 0.0178 -0.0351 0.0091 0.0341  0.0002
17 C 0.3899 0.0002 0.1951 -0.3897 0.1005 0.3768  0.0002
18 C 0.3916 0.0005 0.1961 -0.3911 0.1009 0.3785  0.0005
19 H 0 0 0 0 0 0 0
20 H 0 0 0 0 0 0 0
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Table S-5. Fukui local parameters of compound IV (N-allyl isatin)

N Z f- f+ 0 Dual-descriptor Hardness (au) W-(eV) W+ (eV)
1 C 0.0001 0.0014 0.0008 0.0013 0 0.0001 0.0014
2 C 0.0009 0.0001 0.0005 -0.0008 0.0002 0.0009  0.0001
3 C 0.002 0.0047 0.0033 0.0027 0.0005 0.002 0.0047
4 C 0.0016 0.0005 0.001 -0.0011 0.0004 0.0016  0.0005
5 C 0.0192 0.0004 0.0098 -0.0188 0.0051 0.0192  0.0004
6 C 0.0009 0 0.0005 -0.0009 0.0002 0.0009 0

7 N 0.063 0.1126 0.0878 0.0496 0.016 0.0629  0.1124
8 C 0.0471 0.5554 0.3013 0.5083 0.0081 0.047 0.5545
9 C 0.0911 0.0141 0.0526 -0.077 0.0243 0.091 0.0141
10 C 0.0074 0.0007 0.0041 -0.0068 0.002 0.0074  0.0007
11 C 0.002 0.0046 0.0033 0.0026 0.0005 0.002 0.0045
12 C 0.001 0.0011 0.001 0 0.0003 0.001 0.0011
13 O 0.7563 0.2986 0.5274 -0.4577 0.2002 0.755 0.2981
14 O 0.0012 0.0034 0.0023 0.0022 0.0003 0.0012  0.0034
15 H 0 0 0 0 0 0 0
16 H 0.0001 0 0 -0.0001 0 0.0001 0
17 H 0.0003 0 0.0002 -0.0003 0.0001 0.0003 0
18 H 0 0 0 0 0 0 0
19 H 0.0002 0.0021 0.0012 0.0019 0 0.0002  0.0021
20 H 0.0052 0.0001 0.0026 -0.0051 0.0014 0.0052  0.0001
21 H 0.0002 0 0.0001 -0.0002 0.0001 0.0002 0
22 H 0 0.0001 0.0001 0.0001 0 0 0.0001
23 H 0 0 0 0 0 0 0

Table S-6. Fukui local parameters of compound V (N-propargyl isatin)

N Z f- f+ 0 Dual-descriptor Hardness (au) W-(eV) W+ (eV)
1 C 0.0001 0.0013 0.0007 0.0012 0 0.0001  0.0014
2 C 0.0009 0.0001 0.0005 -0.0008 0.0002 0.0009  0.0001
3 C 0.0018 0.0046 0.0032 0.0028 0.0004 0.0018  0.0048
4 C 0.0022 0.0004 0.0013 -0.0018 0.0006 0.0023  0.0004
5 C 002 0.0004 0.0102 -0.0196 0.0054 0.0209  0.0004
6 C 0.0009 0 0.0004 -0.0009 0.0002 0.0009 0

7 N 0.0621 0.1094 0.0857 0.0474 0.0157 0.0649  0.1144
8 C 0.0486 0.551 0.2998 0.5024 0.0071 0.0508  0.5759
9 C 0.0939 0.0139 0.0539 -0.08 0.0254 0.0981  0.0145
10 C 0.009 0.0033 0.0061 -0.0057 0.0024 0.0094  0.0034
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0
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0.0048

0

0
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0
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0.003
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-0.4463
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0
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0
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0
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0
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0

0
0.0063
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Table S-7. Fukui local parameters of compound VII (5-methyl isatin)

N Z f- f+ 0 Dual-descriptor Hardness (au) W-(eV) W+ (eV)

1 C 0.0003 0.0013 0.0008 0.001 0.0001 0.0003  0.0013

2 C 0.0027 0.0001 0.0014 -0.0026 0.0007 0.0027  0.0001

3 C 0.0035 0.0041 0.0038 0.0006 0.0009 0.0034  0.0041

4 C 0.0051 0.0002 0.0026 -0.0049 0.0014 0.005 0.0002

5 C 0.0271 0.0003 0.0137 -0.0267 0.0072 0.0265  0.0003

6 C 0.0014 0 0.0007 -0.0014 0.0004 0.0014 0

7 N 0.0564 0.1106 0.0835 0.0542 0.0142 0.0552  0.1082

8 C 0.0608 0.5619 0.3113 0.5011 0.0123 0.0595 0.55

9 C 0.1263 0.0135 0.0699 -0.1127 0.0335 0.1236  0.0133

10 O 0.7109 0.3042 0.5075 -0.4067 0.187 0.6959  0.2978

11 O 0.0015 0.0034 0.0025 0.0019 0.0004 0.0015  0.0033

12 C 0 0 0 0 0 0 0

13 H 0.0001 0 0 -0.0001 0 0.0001 0

14 H 0.0005 0 0.0002 -0.0005 0.0001 0.0005 0

15 H 0.0001 0 0 -0.0001 0 0.0001 0

16 H 0.0035 0 0.0018 -0.0035 0.0009 0.0034 0

17 H 0 0 0 0 0 0 0

18 H 0 0.0001 0.0001 0.0001 0 0 0.0001

19 H 0 0.0001 0.0001 0.0001 0 0 0.0001
Table S-8. Fukui local parameters of compound IX (1-methyl-5-methy] isatin)

N Z f- f+ 0 Dual-Descriptor Hardness(au) W-(eV) W+(eV)

1 C 0 0 0 0 0 0 0

2 C 0 0 0 0 0 0 0

3 C 0.0001 0 0.0001 -0.0001 0 0.0001 0

4 C 0.0012 0.0001 0.0007 -0.0011 0.0003 0.0011  0.0001

5 C 0.0015 0.0001 0.0008 -0.0013 0.0004 0.0014  0.0001

6 C 0.0001 0 0.0001 -0.0001 0 0.0001 0

7 N 0.0023 0.0094 0.0058 0.0071 0.0006 0.0022  0.0089

8 C 0.0117 0.6262 0.3189 0.6145 0 0.0111  0.5943

9 C 0.0026 0.0055 0.0041 0.0029 0.0007 0.0025  0.0053

10 C 0.0002 0.0002 0.0002 0 0.0001 0.0002  0.0002

11 O 0 0 0 0 0 0 0

12 O 098 0.3582 0.6691 -0.6218 0.2569 0.93 0.3399
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Table S-9. Calculated global parameters by HOMO and LUMO energies (Grimme’s D3)

Compound AE 1 A X n c AN o €

No (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

1 43002 6.8316 2.5314 4.6815 2.1501 0.4651 0.5391 5.0966 0.1962
II 41527 6.6281 2.4754 4.5517 2.0763 0.4816 0.5895 4.9891 0.2004
111 4.1524 6.6123 2.4599 4.5361 2.0762 0.4816 0.5933 4.9552 0.2018
v 4.1541 6.6265 2.4724 4.54945 2.0770 0.4814 0.5899 4.9824 0.2007
A% 42033 6.7454 2.5421 4.6437 2.1016 0.4758 0.5605 5.1303 0.1949
VI 4.4096 7.5865 3.1769 5.3817 22048 0.4535 0.3669 6.5681 0.1522
VII 4.1453 6.6014 2.4561 4.52875 2.0726 0.4824 0.5961 4.9476 0.2021
VIII 42336 7.3465 3.1129 5.2297 2.1168 0.4724 0.4181 6.4601 0.1547
IX 4.0494 6.4521 2.4027 4.4274 2.0247 0.4939 0.6353 4.8406 0.2065

Table S-10. Calculated global parameters by HOMO and LUMO energies (IEFPCM-Water).

Compound AE I A c AN 0 €

No (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
I 3.7114 6.6276 2.9162 4.7719 1.8557 0.5389 0.6003 6.1354 0.1630
I 3.587 6.4825 2.8955 4.689 1.7935 0.5576 0.6443 6.1295 0.1631
I 3.6085 6.5421 2.9336 4.7378 1.8042 0.5542 0.6269 6.2207 0.1607
v 3.6077 6.5288 2.9211 4.7249 1.8038 0.5544 0.6306 6.1882 0.1616
\% 3.669 6.6461 29771 4.8116 1.8345 0.5451 0.5965 6.3100 0.1585
VI 3.8738 7.1372 3.2634 5.2003 1.9369 0.5163 0.4646 6.9810 0.1432
vl 3.5454 6.4197 2.8743 4.647 1.7727 0.5641 0.6637 6.0909 0.1642
VIII 3.7108 6.9601 3.2493 5.1047 1.8554 0.5389 0.5108 7.0222 0.1424
IX 3.4452 6.3002 2.8550 4.5776 1.7226 0.5805 0.7031 6.0822 0.1644
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Figure S-1. Inhibition efficiency of mild steel immersed in 1 M HCI with (a) different
concentrations of compounds I to IX (b) Maximum inhibition efficiency of 15 ppm of

compounds I to IX with at 308, 313, 323 K.
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Figure S-2. Arrhenius plots of (a) compound I (b) compound II (¢) compound III (d)
compound IV (e) compound V (f) compound VI (g) compound VII (h) compound VIII (i)

compound IX.
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Figure S-3. Transition state plots of (a) compound I (b) compound II (c) compound III (d)
compound IV (e) compound V (f) compound VI (g) compound VII (h) compound VIII (i)
compound IX.
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Table S-11. Corrosion kinetic parameters of mild steel in 1 M HCl in the absence and presence
of isatin and its derivatives.

Compound Concentration (ppm) E, (KJmol'!) AH (KJ mol!) -AS (KJ mol!)

0 19.54 763703 78.2303
Compound I 5 09.31 58.3556 78.333
10 14.99 10.9885 78.2781

15 33.97 58.2284 78.088

0 20.23 78.6450 78.222

Compound 11 5 13.21 71.2637 78.2934
10 2.64 44.1169 78.4006

15 23.44 24.1465 78.1939

0 21.22 81.6032 78.2130

Compound II 5 16.63 82.8554 78.2589
10 12.4 34.3327 78.5424

15 54.83 119.9951 78.8884

0 19.28 75.3669 78.2188

Compound IV 5 12.33 63.3572 78.3030
10 4.40 49.6083 78.3834

15 21.20 16.9893 78.2149

0 21.14 81.6358 78.2149

Compound V 5 14.04 73.9118 78.2858
10 2.99 452504 78.3968

15 18.43 9.8435 78.2436

0 23.14 87.9313 78.1939

5 11.70 66.0672 78.3088

Compound VI 10 0.56 36.1804 78.4217
15 0.19 46.4203 78.4257

0 23.70 89.4248 78.1881

5 17.97 86.4053 78.2455

Compound VII 10 2.03 31.0011 78.4466
15 11.32 14.9500 78.5423

0 23.07 87.4450 78.1958

5 12.34 67.8536 78.3030

Compound VIIT 10 10.84 69.0043 78.3183
15 1127 13.6864 78.5347

0 20.44 79.0375 78.2207

Compound IX 5 13.55 73.4255 78.2896
10 4.02 51.4100 78.3853

15 41.18 72.8778 78.8391
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Figure S-4. Langmuir adsorption isotherm for mild steel in 1 M HCI containing different

concentrations of (a) compound I (b) compound II (¢) compound III (d) compound IV ()

compound V (f) compound VI (g) compound VII (h) compound VIII (i) compound IX at
308-323 K.

Table S-12. Thermodynamic parameters for Langmuir adsorption of (a) compound I (b)
compound II (¢) compound III (d) compound IV (e) compound V (f) compound VI (g)
compound VII (h) compound VIII (i) compound IX on the mild steel in 1M HCI.

Compound Temperature K, -AG (KJmol)) R2

308 0.5762 8.873 0.998

Compound I 313 0.6526 9.34] 0.999
323 0.7267 9.928 !

308 0.6322 9.110 0.998

Compound II 313 0.6615 9.376 0.999

323 0.7180 9.896 0.999

308 0.7686 9.610 0.999
Compound TIT 313 0.7633 9.748 !
323 0.8070 10.209 !

308 0.6437 9.156 0.998

Compound IV 313 0.7087 9.554 0.999
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323 0.7263 9.926 0.999
308 0.6667 9.246 0.999
Compound VII 313 0.7193 9.594 0.999
323 0.7678 10.076 1
308 0.5675 8.834 0.998
Compound VIII 313 0.7175 9.587 0.999
323 0.7093 9.863 0.998
308 0.7620 9.588 0.999
Compound IX 313 0.7735 9.783 0.999
323 0.8597 10.379 0.999
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Figure S-5. Freundlich adsorption isotherm for mild steel in 1 M HCI containing different
concentrations of (a) compound I (b) compound II (¢) compound III (d) compound IV (e)
compound V (f) compound VI (g) compound VII (h) compound VIII (i) compound IX at

308-323 K.
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Table S-13. Thermodynamic parameters for Freundlich adsorption of (a) compound I (b)
compound II (c) compound III (d) compound IV (e) compound V (f) compound VI (g)
compound VII (h) compound VIII (i) compound IX on the mild steel in 1M HCL

Compound Temperature K3, -AG (KJ mol}) R?

308 0.5530 8.767 0.995
Compound I 313 0.5887 9.072 1
323 0.6147 9.478 0.991
308 0.5897 8.932 0.989
Compound II 313 0.5974 9.111 0.999
323 0.6147 9.478 0.991
308 0.6427 9.152 0.999
Compound IIT 313 0.6320 9.257 0.995
323 0.6513 9.634 0.994
308 0.5933 8.947 0.994
Compound IV 313 0.6170 9.195 1
323 0.6319 9.553 0.999
308 0.5885 8.927 0.993
Compound V 313 0.6145 9.184 0.998
323 0.6265 9.529 0.999
308 0.5483 8.745 0.966
Compound VI 313 0.5901 9.079 0.998
323 0.6291 9.541 0.998
308 0.5996 8.975 0.999
Compound VII 313 0.6258 9.232 0.999
323 0.6322 9.554 0.991
308 0.5470 8.739 0.996
Compound VIII 313 0.6260 9.232 0.996
323 0.6262 9.528 0.994
308 0.6409 9.145 1
Compound IX 313 0.6446 9.309 0.999
323 0.6738 9.725 0.9979
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Figure S-6. Temkin adsorption isotherm for mild steel in 1 M HCI containing different
concentrations of (a) compound I (b) compound II (c) compound III (d) compound IV ()
compound V (f) compound VI (g) compound VII (h) compound VIII (i) compound IX at

308-323 K.

Table S-14. Thermodynamic parameters for Temkin adsorption of (a) compound I (b)
compound II (¢) compound III (d) compound IV (e) compound V (f) compound VI (g)
compound VII (h) compound VIII (i) compound IX on the mild steel in 1M HCI.

Compound Temperature  Kg4.  -AG (KJ mol!) R2

308 0.8044 9.727 0.998
Compound I 313 0.8204 9.936 0.999
323 0.8327 10.294 0.987
308 0.8208 9.779 0.994
Compound IT 313 0.8244 9.949 0.999
323 0.8327 10.294 0.987
308 0.8440 9.850 1
Compound IIT 313 0.8398 9.997 0.992
323 0.8489 10.345 0.991
308 0.8224 9.784 0.9972
Compound IV 313 0.8332 9.976 0.9997
323 0.8401 10.317 1
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308 0.8198 9.775 0.996
Compound V 313 0.8317 9.972 0.999
323 0.8376 10.309 0.999
308 0.8022 9.720 0.975
Compound VI 313 0.8210 9.938 0.999
323 0.8383 10.312 0.999

308 0.8253 9.793 1
Compound VII 313 0.8374 9.989 0.999
323 0.8403 10.318 0.987
308 0.8017 9.718 0.998
Compound VIII 313 0.8366 9.987 0.998
323 0.8373 10.308 0.997
308 0.8440 9.850 0.999
Compound IX 313 0.8458 10.015 0.999
323 0.8587 10.376 0.996

XYZ COORDINATES OF ISATIN AND ITS DERIVATIVES WITHOUT GRIMME D3
OPTIMIZED STRUCTURE

Table S-15. Compound I (Isatin)

Centre Number ~Atomic Number Coordinates (Angstroms)

X Y Z
1 6 2.640644 0.809011 0.000021
2 6 2.766522  -0.58669  0.000348
3 6 1.644607 -1.43081 0.000211
4 6 0.392043  -0.83285 -0.000204
5 6 0.252448 0.572535 -0.000556
6 6 1.371801 1.399081 -0.000498
7 7 -0.88501  -1.4355  -0.000097
8 6 -1.90391  -0.49041 -0.000052
9 6 -1.17957 0.886018  0.000056
10 8 -3.11621  -0.71012 -0.000034
11 8 -1.75124  1.979303  0.000577
12 1 3.526544 1.427684 0.000117
13 1 3.753157 -1.03015  0.000742
14 1 1.760525 -2.50565  0.000539
15 1 1.248075 2.473459 -0.000671
16 1 -1.06113  -2.42563  -0.000349
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Table S-16. Compound II (N-methyl isatin)

= Ja

Centre Number ~Atomic Number Coordinates (Angstroms)
X Y Z

1 6 -2.91547 -0.50036  -0.00003

2 6 -2.73683  0.884986 -0.000027
3 6 -1.46363  1.468996  0.000024
4 6 -0.36684 0.618545  0.000069
5 6 -0.53678 -0.77911  0.000103
6 6 -1.80448 -1.34566  0.000013
7 7 0.995994  0.96027  -0.000034
8 6 1.794392  -0.17241  0.000016
9 6 0.800814 -1.38919 -0.000004
10 8 2.999549 -0.20804  0.000038
11 8 1.138564 -2.54519 -0.000074
12 6 1.516712 2.314489 -0.000043
13 1 -3.91613  -0.9146  -0.00007
14 1 -3.60704 1.531928 -0.000067
15 1 -1.35047 2.545812  0.000047
16 1 -1.91412  -2.42408  0.00007

17 1 2.603864 2.248257 -0.001251
18 1 1.188821 2.857761 -0.890845
19 1 1.190825 2.857119  0.891903

Table S-17. Compound IIT (N-Benzyl isatin)
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Centre Number Atomic Number

Coordinates (Angstroms)

X Y Z

1 6 4.332837 -1.34281 -0.221448
2 6 3.312967 -2.30076 -0.162262
3 6 1.960569 -1.94252 -0.046354
4 6 1.650105 -0.58668  0.004998
5 6 2.675205 0.378957 -0.045086
6 6 4.013006 0.01669 -0.160167
7 7 0.36404 0.037754 0.119461
8 6 0.527336  1.419716  0.186885
9 6 2.045898 1.688851  0.053778
10 6 -0.80563  -0.85357 0.310983
11 6 -2.25948  -0.43797  0.099942
12 8 -0.32114  2.305276  0.322701
13 8 2.549169 2.816152 0.061761
14 6 -3.16913  -1.49523  0.306553
15 6 -4.53809  -1.32081  0.12575
16 6 -5.03533  -0.07454  -0.269678
17 6 -4.14516  0.977615 -0.469716
18 6 -2.76466  0.806596  -0.29271
19 1 5.362389 -1.65855 -0.310022
20 1 3.569455 -3.35087 -0.206563
21 1 1.20508 -2.71111  0.002487
22 1 4.774786  0.783467 -0.195422
23 1 -0.63172  -1.6755  -0.387856
24 1 -0.71601 -1.28643  1.313984
25 1 -2.79919  -2.46851 0.610551
26 1 -5.21225  -2.15117  0.290735
27 1 -6.09844  0.069679 -0.408485
28 1 -4.51563  1.951833 -0.760183
29 1 -2.11364  1.660165 -0.389966

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

S35

(CC) 2026 Serbian Chemical Society.



S3 6 XAVIER RAJ et al.

Table S-18. Compound IV (N-allyl isatin)

9
Centre Number Atomic Number Coordinates (Angstroms)
X Y Y4

1 6 1.801626 2.579291 0.064102
2 6 0.423958 2.768749  -0.26132
3 6 -0.44739  1.676148 -0.297884
4 6 0.083818 0.407831 -0.161006
5 6 1.449647 0.225369  0.0556
6 6 2.325028 1.296081 0.106175
7 7 -0.65304 -0.80136 -0.106187
8 6 0.397473  -1.82426  -0.25862
9 6 1.721748 -1.22548  0.250797
10 6 -2.10156  -0.98869  0.060763
11 6 -2.76268  0.3448  0.221039
12 6 -4.08707 0.418519 0.388134
13 8 0.246123  -2.93664 -0.704698
14 8 2.704167 -1.77729  0.686066
15 1 2474079 3.449488 -0.043544
16 1 0.026708 3.786635 -0.388212
17 1 -1.5294  1.822437 -0.432293
18 1 3.400743 1.140816 0.275429
19 1 -2.51462  -1.50159 -0.836487
20 1 -2.29341  -1.60879  0.964892
21 1 -2.1588  1.264083  0.201205
22 1 -4.5729  1.398387  0.505933
23 1 -4.69103  -0.50071  0.407973

Table S-19. Compound V (N-Propargyl isatin)
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o
Centre Number Atomic Number Coordinates (Angstroms)
X Y Y4

1 6 -2.79631  -1.59025  0.10676
2 6 -1.69917  -2.39279  -0.230685
3 6 -0.41451  -1.85451 -0.414055
4 6 -0.26558  -0.48403  -0.250258
5 6 -1.36444  0.334819  0.09193
6 6 -2.63119  -0.21016  0.272549
7 7 0.90283  0.307718 -0.383762
8 6 0.626822 1.650434 -0.136445
9 6 -0.88732  1.715629  0.19122
10 6 2237973  -0.17476  -0.744217
11 6 2.842946  -1.04537 0.267931
12 8 1.436185 2.580769 -0.187884
13 8 -1.50144 2.749827 0.466374
14 6 3.353456 -1.76287  1.089788
15 1 -3.76974  -2.03978  0.24081
16 1 -1.83913  -3.45857 -0.351771
17 1 0421613 -2.49256 -0.657931
18 1 -3.46166  0.43123  0.534327
19 1 2.185926 -0.68972 -1.707933
20 1 2.84613  0.72068 -0.887179
21 1 3.80299  -2.38696  1.820974
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Table S-20. Compound VI (5-nitro isatin)

Centre Number  Atomic Number Coordinates (Angstroms)
X Y V4
1 6 1.716441 -0.10467 -0.00023
2 6 1.478361 -1.48458 0.000296
3 6 0.172688 -1.97951  0.000585
4 6 -0.87084 -1.05712  0.000561
5 6 -0.61879  0.336584 -0.00027
6 6 0.675877 0.829045 -0.00075
7 7 -2.25216  -1.28792  0.000376
8 6 -2.98198  -0.09594 0.000012
9 6 -1.91384 1.031107 -0.00052
10 8 -4.20539 0.013833 0.000087
11 8 -2.16308 2.236531 -0.00074
12 7 3.097332  0.371653 -0.00028
13 8 3.294797 1.622927 0.002817
14 8 4.027485 -0.48978 -0.00219
15 1 2.323935  -2.1545 0.000288
16 1 -0.00955  -3.04419 0.000917
17 1 0.883257 1.888248 -0.00085
18 1 -2.69181 -2.19328 0.001077

Table S-21. compound VII (5-methyl isatin)

L

@ @
Centre Number Atomic Number Coordinates (Angstroms)
X Y V4
1 6 2.351864 0.210881 -0.000065
2 6 2.193143 -1.18547 0.000274
3 6 0.934023 -1.80883  0.000182
4 6 -0.18656  -0.99428 -0.000242
5 6 -0.05635 0.411034 -0.000597
6 6 1.196223 1.012165 -0.000516
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7 7 -1.55658  -1.34379  -0.000009
8 6 -2.37623  -0.22312  -0.000015
9 6 -1.40335  0.990994  0.000037
10 8 -3.60875 -0.20674  0.000005
11 8 -1.75675 2.173151  0.000526
12 6 3.726366 0.841932  0.00013
13 1 3.077616  -1.8097  0.000624
14 1 0.854628 -2.88715  0.00054
15 1 1.268807 2.092528 -0.000701
16 1 -1.91794  -2.28222 -0.000314
17 1 4.510649 0.084858 -0.000974
18 1 3.875408 1.473428 -0.878971
19 1 3.876099 1.471556  0.880476
Table S-22. Compound VIII (N-methyl-5-nitro isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y Z

1 6 1.939666 -0.13322  -0.000256
2 6 1.532261 -1.47219  0.000259
3 6 0.174767 -1.80259  0.000501
4 6 -0.74845  -0.7582  0.000472
5 6 -0.32295  0.593767 -0.000259
6 6 1.021066 0.922575 -0.000754
7 7 -2.14887  -0.8293  0.000138
8 6 -2.71423  0.451956 -0.000358
9 6 -1.52248 1.440188 -0.000377
10 6 -2.94097 -2.05454  0.000643
11 8 -3.91773  0.71095  -0.000449
12 8 -1.62337  2.667367 -0.000207
13 7 3.367635 0.168107 -0.000307
14 8 3.719283 1.385547 0.002726
15 8 4.184888 -0.80177 -0.002165
16 1 2288511 -2.2416  0.000217
17 1 -0.13459  -2.83675 0.000741
18 1 1.357741 1.948083 -0.000711
19 1 -3.98861 -1.76491 0.001767
20 1 -2.73659  -2.64975 -0.890135
21 1 -2.73453  -2.64988  0.890839
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Table S-23. Compound IX (N-methyl-5-methyl isatin)

- o

Centre Number Atomic Number Coordinates (Angstroms)
X Y V4
1 6 2.579981 0.037445 -0.000077
2 6 2.192296 -1.31228  0.000127
3 6 0.846258 -1.71887  0.000166
4 6 -0.12452  -0.72937 -0.000009
5 6 0.238833  0.634937 -0.000278
6 6 1.572217 1.020047 -0.000324
7 7 -1.53509  -0.85949  0.000171
8 6 -2.14741 0.388913  0.00003
9 6 -0.99453  1.426735 0.000024
10 6 -2.26858  -2.11666 -0.000147
11 6 4.039642 0.433321  0.000047
12 8 -3.36347  0.607383  -0.000038
13 8 -1.14961 2.651084  0.000262
14 1 2961211 -2.07443  0.000254
15 1 0.591552  -2.76893  0.000345
16 1 1.823313  2.073373 -0.000477
17 1 -3.32895 -1.87646 -0.000078
18 1 -2.03622  -2.70447 -0.889961
19 1 -2.03613  -2.70489  0.889326
20 1 4.68849  -0.44264 -0.000878
21 1 4.290743 1.031729 -0.879091
22 1 4.291068 1.030086  0.880222

XYZ COORDINATES OF ISATIN AND ITS DERIVATIVES WITH GRIMME D3
OPTIMIZED STRUCTURE

Table S-24. Compound I (Isatin)

Centre Number Atomic Number Coordinates (Angstroms)
X Y Y4
1 6 2.577738 0.837977  0.17273
2 6 2.742137 -0.55254  0.062287
3 6 1.633569 -1.39159  -0.0841
4 6 0.374899 -0.82129 -0.091509
5 6 0.217201 0.561794 -0.002629
6 6 1.303904 140823  0.131142
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7 7 -0.84807 -1.50711 -0.296728
8 6 -1.85054  -0.49777  0.089843
9 6 -1.22904  0.895255 -0.122197
10 8 -2.96381 -0.72357  0.500788
11 8 -1.76401  1.958696 -0.327579
12 1 3.460266 1.483424 0.293126
13 1 3.752913  -0.98549  0.091302
14 1 1.760123  -2.47905 -0.190727
15 1 1.168173  2.497558  0.202626
16 1 -1.00168  -2.48804 -0.638308
Table S-25. Compound IT (N-methyl isatin)
Centre Number ~Atomic Number Coordinates (Angstroms)
X Y Z
1 6 2.873646  -0.51321 -0.096731
2 6 2.719178 0.882516 -0.125675
3 6 1.446582 1.459511 -0.081711
4 6 0.347649  0.623021 -0.035063
5 6 0.506181 -0.76193  0.014676
6 6 1.758659 -1.34982 -0.016313
7 7 -1.00436  1.031247  0.081293
8 6 -1.74101 -0.21067 -0.215567
9 6 -0.83252  -1.40047  0.146056
10 8 -2.86056  -0.28253  -0.663718
11 8 -1.1239  -2.5326  0.450497
12 6 -1.5383  2.359688  0.414475
13 1 3.881835 -0.95111 -0.13772
14 1 3.608042 1.527808 -0.183486
15 1 1.322976 2.552552 -0.084177
16 1 1.872264 -2.44334  0.021268
17 1 -2.65072  2.322735  0.418469
18 1 -1.17407  2.663522  1.42133
19 1 -1.19462  3.098298 -0.343838
Table S-26 Compound III (N-Benzyl isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y Z
1 6 4.478806 -0.58664 -0.016213
2 6 3.785344 -1.79913  0.131224
3 6 2.388289 -1.81972  0.177808
4 6 1.710993 -0.61767 0.101015
5 6 2402572 0.582077 -0.066399
6 6 3.784701 0.619889 -0.126104
7 7 0.303578  -0.45655  0.064503
8 6 0.14081 0.991974 0.284574
9 6 1.421772  1.694003  -0.20332
10 6 -0.73372  -1.47757 -0.141125
11 6 -2.08433  -0.83327  -0.09945
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12 8 -0.82715 1.533136  0.763481
13 8 1.584895 2.827283 -0.588482
14 6 -3.23187  -1.60739 -0.271248
15 6 -4.49032  -1.0069  -0.232351
16 6 -4.60112  0.367403 -0.021727
17 6 -3.45363  1.141421 0.150147
18 6 -2.19518 0.541032 0.111261
19 1 5.578449 -0.58754 -0.045376
20 1 4346957 -2.74158  0.210845
21 1 1.8416  -2.76944  0.273286
22 1 4320349 1.571801 -0.256173
23 1 -0.58503  -1.9624  -1.13199
24 1 -0.66371  -2.24452  0.662354
25 1 -3.14441  -2.69119 -0.437278
26 1 -5.39535  -1.61734 -0.367964
27 1 -5.59352  0.840828  0.00897
28 1 -3.54101 2.225286 0.316458
29 1 -1.2901  1.151476  0.246787
Table S-27. Compound IV (N-allyl isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y V4

1 6 1.801626 2.579291 -0.064102
2 6 0.423958 2.768749  -0.26132
3 6 -0.44739  1.676148 -0.297884
4 6 0.083818 0.407831 -0.161006
5 6 1.449647 0.225369  0.0556
6 6 2.325028 1.296081 0.106175
7 7 -0.65304 -0.80136 -0.106187
8 6 0.397473  -1.82426  -0.25862
9 6 1.721748 -1.22548  0.250797
10 6 -2.10156  -0.98869  0.060763
11 6 -2.76268  0.3448 0.221039
12 6 -4.08707 0.418519 0.388134
13 8 0.246123 -2.93664 -0.704698
14 8 2.704167 -1.77729  0.686066
15 1 2474079 3.449488 -0.043544
16 1 0.026708 3.786635 -0.388212
17 1 -1.5294  1.822437 -0.432293
18 1 3.400743 1.140816 0.275429
19 1 -2.51462  -1.50159 -0.836487
20 1 -2.29341  -1.60879  0.964892
21 1 -2.1588  1.264083  0.201205
22 1 -4.5729  1.398387  0.505933
23 1 -4.69103  -0.50071  0.407973
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Table S-28. Compound V (N-Propargyl isatin)

Centre Number  Atomic Number Coordinates (Angstroms)
X Y Z
1 6 0.309727 3.003985 -0.109515
2 6 -1.00062  2.528766 -0.282514
3 6 -1.26511  1.156068 -0.292483
4 6 -0.2039  0.281906 -0.153821
5 6 1.092945 0.758154  0.03872
6 6 1.371352  2.113581 0.062824
7 7 -0.29403  -1.13004 -0.073873
8 6 1.109447 -1.55069 -0.236523
9 6 2.010225 -0.39695 0.242267
10 6 -1.48748 -1.96554  0.122002
11 6 -2.66866  -1.1048  0.279402
12 8 1.48663  -2.61357  -0.66929
13 8 3.141938 -0.42199  0.664025
14 6 -3.64252  -0.39508  0.409091
15 1 0.501307 4.087152 -0.109874
16 1 -1.82665 3.243607 -0.411439
17 1 -2.29272  0.781036  -0.40791
18 1 2.398096 2.478496 0.213182
19 1 -1.62608  -2.62676 -0.762494
20 1 -1.35826  -2.58844  1.035379
21 1 -4.51845 0.243241  0.525679
Table S-29. Compound VI (5-nitro isatin)
Centre Number ~ Atomic Number Coordinates (Angstroms)
X Y Z
1 6 1.740137 -0.06979  0.01346
2 6 1.501616 -1.45282 -0.041986
3 6 0.196318 -1.94839 -0.112508
4 6 -0.85014  -1.04599 -0.100418
5 6 -0.60828  0.327342 -0.066413
6 6 0.677553  0.835766 -0.008039
7 7 -2.22472  -1.36418 -0.232329
8 6 -2.88398  -0.10078  0.144957
9 6 -1.90631 1.052155 -0.149373
10 8 -3.99563  0.010554  0.604301
11 8 -2.12953  2.216357 -0.381941
12 7 2912199 0.353414 0.082582
13 8 3.141206 1.642266 0.134607
14 8 3913395 -0.49111 0.103109
15 1 2350079 -2.15276 -0.029757
16 1 0.006915 -3.03008 -0.176022
17 1 0.857089 1.920624  0.020606
18 1 -2.6635  -2.27198 -0.525281
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Table S-30. Compound VII (5-methyl isatin)

Centre Number  Atomic Number Coordinates (Angstroms)
X Y Z
1 6 229372 0.22116  0.071031
2 6 2.179629 -1.17657 -0.007077
3 6 0.924657 -1.78449  -0.10627
4 6 -0.19774 -0.97843  -0.09965
5 6 -0.07913  0.410252 -0.043053
6 6 1.155512  1.02944  0.04384
7 7 -1.53647 -1.41489 -0.258993
8 6 -2.31093  -0.22051  0.124133
9 6 -1.43484 1.018622 -0.138097
10 8 -3.4351  -0.21476  0.566133
11 8 -1.75669  2.16178  -0.358695
12 6 3.647662 0.849857 0.184401
13 1 3.086582 -1.79891  0.009906
14 1 0.832978 -2.87767 -0.187656
15 1 1.237753  2.125413  0.090057
16 1 -1.88843  -2.35345 -0.571518
17 1 4426913 0.055199 0.190756
18 1 3.815616 1.526552 -0.683058
19 1 3.706875 1.434836 1.129417
Table S-31. compound VIII (N-methyl-5-nitro isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y V4
1 6 -1.96287  -0.12005 -0.023243
2 6 -1.54066  -1.45912 -0.060686
3 6 -0.17956  -1.77769 -0.044413
4 6 0.736535  -0.7435  -0.016499
5 6 0.312867 0.584206 0.041773
6 6 -1.03036  0.917369 0.038113
7 7 2.14419  -0.88107 0.071217
8 6 2.619185 0.48034  -0.23549
9 6 1.504305 1.470834 0.148839
10 6 2.932806 -2.08035 0.388364
11 8 3.693946 0.768356 -0.705686
12 8 1.576114 2.638045 0.451735
13 7 -3.18228  0.144811 -0.045036
14 8 -3.58232  1.391802 -0.010331
15 8 -4.06208  -0.82404 -0.102558
16 1 -2.28822  -2.26492  -0.103268
17 1 0.153993  -2.82584 -0.053643
18 1 -1.35367 1.967847 0.082169
19 1 4.016665 -1.82783  0.37026
20 1 2.655248 -2.44912 1.401164
21 1 2.723867 -2.87184 -0.36577

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

(CC) 2026 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL

Table S-32. Compound IX (N-methyl-5-methyl isatin)

Centre Number Atomic Number Coordinates (Angstroms)
X Y Z

1 6 2.523595 -0.03268 -0.051808
2 6 2.162063  1.32401 -0.089697
3 6 0.816924 1.703841 -0.063487
4 6 -0.14472  0.712215 -0.025332
5 6 0.218956 -0.63315 0.033342
6 6 1.545679 -1.02672  0.019928
7 7 -1.54397 091352 0.073205
8 6 -2.08248 -0.42578 -0.225831
9 6 -1.01044 -1.46472  0.15242

10 6 -2.27501  2.147999 0.393345
11 6 3.970093 -0.41628 -0.088658
12 8 -3.17301  -0.66606 -0.686577
13 8 -1.13256  -2.62673  0.45925

14 1 2.944838 2.095168 -0.140459
15 1 0.530942 2.765984 -0.072991
16 1 1.821433  -2.09062  0.064448
17 1 -3.36929  1.944705  0.384597
18 1 -1.9728  2.506349  1.402797
19 1 -2.03653  2.927352  -0.36473
20 1 4.596658 0.501867 -0.145081
21 1 4.226574 -0.98358  0.833928
22 1 4.162531 -1.05204 -0.981655

S45

XYZ COORDINATES OF ISATIN AND ITS DERIVATIVES (IEFPCM-WATER MODEL)

Table S-33. Compound I (Isatin)

Centre Number Atomic Number Coordinates (Angstroms)
X Y V4
1 6 -2.63772  0.799399  0.000188
2 6 -2.75111  -0.59402  0.000325
3 6 -1.6283  -1.42894  0.000077
4 6 -0.38019  -0.8249  -0.000291
5 6 -0.25483  0.576032 -0.000559
6 6 -1.37663  1.394291 -0.000244
7 7 0.884702 -1.42615 -0.000296
8 6 1.909469 -0.49268  0.000027
9 6 1.178667 0.903473  -0.00009
10 8 3.091773 -0.70864  0.000299
11 8 1.739842  1.968239  0.000278
12 1 -3.53057 1.412233  0.000427
13 1 -3.73675  -1.0457  0.000638
14 1 -1.73489  -2.50719  0.00014
15 1 -1.25401 2.471163 -0.000414
16 1 1.054273  -2.42021  0.000075
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Table S-34. Compound II (N-methyl isatin)

Centre Number  Atomic Number Coordinates (Angstroms)
X Y Z
1 6 2912556 -0.50059  0.000156
2 6 2.734748 0.884936 0.000129
3 6 1.462399 1.470103 -0.000053
4 6 0.365798  0.62016  -0.000212
5 6 0.535623 -0.77684 -0.000215
6 6 1.800975 -1.34474 -0.000021
7 7 -0.99427  0.959523 -0.000289
8 6 -1.79457  -0.17371  0.000001
9 6 -0.8 -1.38973  -0.000064
10 8 -2.99884  -0.2053 0.00023
11 8 -1.13265  -2.54671  0.000036
12 6 -1.51474  2.311928  0.000085
13 1 3.912886 -0.91549  0.00032
14 1 3.605549 1.530974  0.000283
15 1 1.345526  2.546363 -0.000061
16 1 1.904632 -2.42364 -0.000032
17 1 -2.60182  2.243088 -0.000237
18 1 -1.18611 2.854172  0.891383
19 1 -1.18557 2.854832 -0.890589
Table S-35. Compound IIT (N-Benzyl isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y V4
1 6 2.704825 2.602199  0.433825
2 6 1.477126 2.843612 -0.188295
3 6 0.642082 1.803543 -0.613252
4 6 1.078083  0.50435  -0.398262
5 6 2309635 0.251249  0.232566
6 6 3.128436  1.290816  0.650399
7 7 0.434532  -0.6977 -0.737317
8 6 1.17676  -1.79512 -0.329843
9 6 2.475847 -1.20489  0.327392
10 6 -0.85939  -0.80151 -1.398178
11 6 -2.01272  -0.35926 -0.519312
12 8 0.872798 -2.95531 -0.452758
13 8 3.368789 -1.86618 0.791147
14 6 -2.92203  0.602139 -0.960362
15 6 -3.98612  0.996634 -0.149767
16 6 -4.1448  0.432554 1.112921
17 6 -3.23913  -0.53026  1.559893
18 6 -2.18051  -0.92445  0.748364
19 1 3.321839 3.434304  0.7497
20 1 1.154571 3.866915 -0.344659
21 1 -0.31448 2.009787 -1.073945
22 1 4.072768 1.068817 1.133801
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23 1 -0.83529  -0.21639 -2.322405
24 1 -0.96621 -1.85419 -1.670253
25 1 -2.80011  1.04579  -1.943895
26 1 -4.68563  1.745562 -0.503605
27 1 -4.96891  0.739607  1.746647
28 1 -3.36076  -0.97587  2.540659
29 1 -1.48086 -1.67818  1.093522
Table S-36. Compound IV (N-allyl isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y Z
1 6 -2.43887 -2.12443  0.079178
2 6 -1.17051  -2.65432 -0.171829
3 6 -0.03882  -1.84178 -0.308943
4 6 -0.21629  -0.47074 -0.189299
5 6 -1.48952  0.071678  0.064466
6 6 -2.60353  -0.74459  0.200314
7 7 0.747373  0.546705 -0.296444
8 6 0.174471 1.798657 -0.120531
9 6 -1.35207 1.532116  0.133748
10 6 2.163275 0.347929 -0.582074
11 6 2.905975 -0.28158 0.5668
12 6 3.663173 -1.36787 0.462243
13 8 0.741678 2.860915 -0.161959
14 8 -2.1727  2.390397  0.332964
15 1 -3.28965 -2.78686  0.180235
16 1 -1.05342  -3.72863  -0.260568
17 1 0.937898 -2.27104 -0.484482
18 1 -3.57291  -0.30045  0.394706
19 1 2269916 -0.25278 -1.491289
20 1 2.559684 1.346426 -0.786743
21 1 2.798678 0.225587  1.522511
22 1 4.201831 -1.77076  1.311838
23 1 3.78086  -1.88945 -0.483574
Table S-37. Compound V (N-Propargyl isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y Z
1 6 -2.75735 -1.61753  0.097592
2 6 -1.64614  -2.39568 -0.237512
3 6 -0.37472  -1.8375 -0.415846
4 6 -0.25072  -0.46618 -0.250677
5 6 -1.36192  0.325821  0.089933
6 6 -2.61694  -0.23999  0.26594
7 7 0.901323 0.327635 -0.382337
8 6 0.625161 1.665739 -0.133429
9 6 -0.91009 1.719417 0.195853
10 6 222734 -0.15419  -0.741957
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11 6 2.817912 -1.03204  0.268975
12 8 1.407215 2.579992 -0.176874
13 8 -1.51566  2.72431  0.464573
14 6 3.294965 -1.76302  1.092401
15 1 -3.72427  -2.08738  0.228452
16 1 -1.76638  -3.46618 -0.360286
17 1 0.478562 -2.45827 -0.655359
18 1 -3.45789  0.391509  0.527908
19 1 2.176776  -0.67464 -1.705128
20 1 2.844905 0.737733 -0.877113
21 1 3.7216  -2.39981  1.828657
Table S-38. Compound VI (5-nitro isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y Z
1 6 1.712432  -0.10453  0.000098
2 6 1.467465 -1.47939  0.000423
3 6 0.163491 -1.96803  0.000836
4 6 -0.87515  -1.04308  0.000653
5 6 -0.61439  0.342675 0.000235
6 6 0.679734  0.830128 -0.000023
7 7 -2.24562  -1.27851  0.001101
8 6 -2.98624  -0.098 -0.00011
9 6 -1.9082  1.04876  -0.000236
10 8 -4.18053  0.005576 -0.001064
11 8 -2.15677 2.223845 -0.000615
12 7 3.110106 0.370124 -0.000217
13 8 3.293279  1.5796  0.002514
14 8 3.996253 -0.47472 -0.003101
15 1 231261  -2.15401  0.000365
16 1 -0.02689  -3.03395 0.001334
17 1 0.88774 1.891536 -0.000168
18 1 -2.67754  -2.19051  -0.00084
Table S-39. Compound VII (5-methyl isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y Z
1 6 2.346811 0.204842 -0.000088
2 6 2.178451  -1.1859  -0.000295
3 6 0.920432 -1.80163 -0.000104
4 6 -0.1954  -0.98311  0.00031
5 6 -0.0531  0.415452  0.000626
6 6 1.199905 1.008538  0.000354
7 7 -1.55314  -1.33431  0.000277
8 6 -2.38141  -0.22443  -0.000053
9 6 -1.39916  1.008384  0.000097
10 8 -3.5837  -0.21067 -0.000317
11 8 -1.74811 2.160448  -0.00032
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12 6 3.721324  0.829981 -0.000163
13 1 3.06055 -1.81772 -0.000635
14 1 0.832462 -2.88164 -0.000245
15 1 1.274246  2.091083  0.000514
16 1 -1.90841 -2.27796 -0.000108
17 1 4.506352 0.071422 -0.002784
18 1 3.866068 1.464041 -0.879953
19 1 3.868041 1.459938 0.882261
Table S-40. compound VIII (N-methyl-5-nitro isatin)
Centre Number ~Atomic Number Coordinates (Angstroms)
X Y Z
1 6 1.933037  -0.1312  0.000066
2 6 1.520412 -1.46443  0.000288
3 6 0.165434  -1.78967  0.000437
4 6 -0.75277  -0.7436  0.000232
5 6 -0.32067  0.599793 -0.000046
6 6 1.021845 0.924427 -0.000098
7 7 -2.14169  -0.82268 -0.000012
8 6 -2.72087  0.446406 -0.000243
9 6 -1.5193  1.455463 -0.000424
10 6 -2.91032  -2.05452  0.000651
11 8 -3.89644  0.694854 -0.000256
12 8 -1.62629  2.652103 -0.000775
13 7 3.377078  0.16791  0.000009
14 8 3.707902 1.345992  0.002757
15 8 4.153779  -0.77898  -0.002779
16 1 2276134 -2.23796  0.000268
17 1 -0.15185 -2.82398  0.000701
18 1 1.359192  1.952042 -0.000082
19 1 -3.96423  -1.78029  0.000667
20 1 -2.68986  -2.64746  -0.890849
21 1 -2.68956  -2.64671  0.892573
Table S-41. compound IX (N-methyl-5-methyl isatin)
Centre Number Atomic Number Coordinates (Angstroms)
X Y Z
1 6 2.571076  0.035221 -0.000115
2 6 2.176228 -1.30765 -0.000133
3 6 0.832869 -1.70839  0.000043
4 6 -0.1332  -0.71651  0.000251
5 6 0.239447 0.639651  0.00028
6 6 1.571428 1.018143  0.000075
7 7 -1.53011  -0.85293  0.000302
8 6 -2.15499  0.384169 -0.000006
9 6 -0.99266  1.441651  0.000069
10 6 -2.24179  -2.11465 -0.000101
11 6 4.029402  0.42645  -0.000099
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1.823922
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-1.9949
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4.277555

— e e e e e e e 00 00

0.593602
2.635082
-2.07606
-2.75869
2.073496
-1.88867
-2.69926
-2.70004
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1.028365
1.02395

-0.000249
-0.000077
-0.000335
-0.000009
0.000071

0.000229

-0.891278
0.890418

-0.002693
-0.879792
0.882296
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Abstract: The purification of natural water and wastewater from nickel ions is
critically important for both environmental protection and human health due to
their high toxicity. This study aimed to investigate the removal of nickel ions
from contaminated aqueous solutions using the coagulant FeSO,4. The results
demonstrate that the removal of nickel ions via an iron(II) hydroxide precipitate,
formed during coagulation at pH 7 and pH 8, can be accurately described by
classical adsorption isotherms, including the Langmuir, Freundlich and Dub-
inin—Radushkevich models. The calculated free energy of adsorption, based on
the Dubinin-Radushkevich equation, does not exceed 8 kJ mol!, indicating the
physical nature of the adsorption process and ruling out ion-exchange inter-
actions between nickel ions and iron(IIT) hydroxide. The sorption capacity of the
resulting iron(III) hydroxide precipitate for nickel ions at pH 8 is 0.727 mg (mg
Fe)! of added Fe to the solution. At pH 7, the sorption capacity depends on the
initial coagulant concentration and ranges from 0.105 to 0.730 mg (mg Fe)!. A
comparison between the coagulants FeSO,4 and the previously studied FeCl; rev-
eals that FeSO, is more effective for nickel ion removal when the initial iron ion
concentration is below 70 mg L. However, at higher initial concentrations of
iron, FeCl; demonstrates greater efficacy.

Keywords: coagulation; iron(IIl) hydroxide; adsorption isotherms; ferrous sul-
phate; removal of nickel ions; water treatment.

INTRODUCTION

Due to the high toxicity of nickel ions, the purification of natural water and
wastewater from nickel ions is critically important for both human health and
environmental protection.!l:2 Various international standards have set stringent
maximum permissible concentrations for nickel ions in purified water. For ins-
tance, the allowable concentration in drinking water ranges from 0.02 to 0.1 mg
L-1,3 while Russian regulations mandate that the concentration of nickel ions in
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purified water discharged into natural reservoirs must not exceed 0.01 mg L1.
Achieving such low residual concentrations of nickel ions during water treatment
is therefore a significant challenge.

In most industrial settings, wastewater is treated with to remove nickel ions
and other heavy metals. This process increases the solution’s pH to 8-10, causing
many heavy metals to precipitate as hydroxides. However, due to the relatively
high solubility of nickel hydroxide, this method is insufficient for reducing nickel
ion concentrations to levels that meet regulatory standards. One approach to
address this limitation is to apply an additional purification step using sorption
methods.

Currently, numerous studies3~!3 have demonstrated the potential for nickel
ion sorption using various carbon, coal, and mineral sorbents. However, their
industrial application is often hindered by challenges related to the disposal of
spent sorbents. Over time, the sorption capacity of these materials decreases, even
with regeneration, necessitating their eventual replacement. This creates concerns
regarding the safe disposal or burial of used sorbents, which is not always straight-
forward.

In light of these challenges, there is ongoing research to identify new, efficient
sorbents that can be easily disposed of or repurposed after use. Metal oxides and
hydroxides, particularly those of iron, show promise as effective sorbents. These
materials offer several advantages, including their compactness, small particle
size, high specific surface area and the potential for recycling in metallurgical pro-
cesses after use. Metal hydroxides can be precipitated directly during the water
purification process using inorganic coagulants. Aluminum and iron salts are com-
monly used as coagulants, and alongside the removal of insoluble coarse and col-
loidal impurities, these coagulants have been shown to also remove dissolved
heavy metal ions.14

Ferric chloride is one of the most widely used coagulants in water treatment.
Several studies have documented its effectiveness in removing arsenic oxyan-
ions, !5 antimony!6 and other heavy metals.!4:17.18 Recently, we conducted a com-
prehensive study on the use of FeClj; as a coagulant for removing nickel ions from
contaminated solutions.!® The hydrolysis of FeCl3 during coagulation leads to the
formation of an iron(Ill) hydroxide precipitate, identified as two-line ferrihydrite
with the general (gross) formula Fe,O3-3H0. This precipitate adsorbs nickel ions
onto its surface during the coagulation process. The sorption of nickel ions by the
forming iron(IIl) hydroxide precipitate at pH 7 and 8 is accurately described by
classical adsorption isotherms, including the Freundlich, Langmuir and Dubinin—
—Radushkevich models. The sorption capacity of the precipitate for nickel ions is
60.5 mg gl at pH 7 and 141.9 mg g! at pH 8 — nearly an order of magnitude
higher than the capacities reported for many mineral, carbon and coal sorbents.3-13
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In this study, we investigated another commonly used iron salt coagulant,
iron(Il) sulfate, for the same purpose. When FeSOy is used, the formation and
precipitation of iron(III) hydroxide occur due to the oxidation of Fe2" by dissolved
atmospheric oxygen in the solution. At low concentrations of Fe2™, this process
can be summarized by the following reaction:

4Fe2t + 0, + 2H,0 + 80H~ — 4Fe(OH)3!

According to the literature, the iron(Ill) hydroxide precipitate formed in this
process is reported to have varying general (gross) formulas.20-23 Consequently,
its sorption properties with respect to nickel ions are likely to differ from those of
the previously studied iron(IIl) hydroxide precipitate derived from the hydrolysis
of iron(I1I) chloride.!® Furthermore, no data have been found in the literature reg-
arding the use of FeSOy as a coagulant for the removal of nickel ions from cont-
aminated solutions. In this context, the objective of this study is to investigate the
potential of FeSO4 as a coagulant for purifying contaminated solutions containing
nickel ions. Additionally, the composition and structure of the iron(Ill) hydroxide
precipitate formed from an FeSO4 solution under the conditions of our experiments
are of interest, as is a comparison of the effectiveness of FeSO,4 and FeCl3 coagul-
ants in nickel ion removal.

Given the extensive experimental data obtained, this study is presented in two
parts. The first part explores the sorption of nickel ions by iron(Ill) hydroxide
formed during the hydrolysis of FeSOy4 at pH 7 and 8. The second part focuses on
the structure, composition and physicochemical properties of the resulting iron(I1I)
hydroxide precipitate.

EXPERIMENTAL
Materials and devices

All studies were conducted under laboratory conditions at room temperature (25+2 °C).
The temperature during the experiments was measured using a thermometer. A sodium sulfate
solution with a concentration of 400 mg L-! was used as a model solution. This solution simul-
ated natural sulfate mine waters and some types of industrial pickling wastewater. The concen-
tration of nickel ions in the model solution varied from 3.13 to 20 mg L"!. Russian-made rea-
gents were used to prepare the solutions: pure-grade FeSO, (the content of the main substance
was 98 %, GOST 4148-78, supplier CISC “KHIMREAKTIVSNAB”), chemically pure NaOH
(the content of the main substance was 99.1 %, GOST 4328-77, supplier of JSC “ECOS-17),
chemically pure Na,SOy, (the content of the main substance was 99 %, GOST 4166-76, supplier
JSC “VEKTON?”), and analytical-grade NiSO, (the content of the main substance was 98 %,
GOST 4465-74, supplier JISC “REAKHIM”). The solutions were mixed using a magnetic stirrer
MR Hei-Tec mixer (Heidolph Instruments GmbH & Co. KG) at a speed of 650 rpm. This
allowed the system to keep the iron(IIT) hydroxide precipitate formed in the solution in a sus-
pended state. An ANION 4100 pH meter (Russia) was used to control the pH. During the exp-
eriments, the pH meter electrodes were constantly immersed in the model solution.
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Preliminary coagulation experiments

Preliminary experiments were conducted to examine the effect of coagulation duration on
the residual concentration of nickel ions in the model solution. In these experiments, a calculated
amount of FeSO, solution (13.57 g L'!) was added to a specified volume of the model solution
containing 6.25 mg L of nickel ions, ensuring that the concentration of Fe?" reached 50 mg L-!.
The pH of the solution was then adjusted to either 7 or 8 using a NaOH solution (10 g L).
After the addition of alkali, the solution was continuously stirred for 30, 60 and 120 min. The
precipitate of iron(III) hydroxide formed during coagulation was separated from the solution by
filtration using blue ribbon filter paper (Russia), with the filtration process lasting 15 min. The
residual concentration of nickel ions in the filtrate was subsequently measured. After filtration,
the iron(II) hydroxide precipitate was rinsed multiple times with distilled water and dried at
room temperature for further analysis. Additionally, a series of similar experiments was per-
formed with aeration of the solution. In these experiments, air was bubbled through the model
solution at a rate of 60 L h™! to evaluate the effect of aeration on the removal of nickel ions by
the FeSO,4 coagulant. The results were compared to determine the influence of air aeration on
nickel ion removal efficiency.

Serial coagulation experiments

The effect of the resulting iron(III) hydroxide precipitate on the removal of nickel ions was
studied in a series of experiments with different initial concentrations of iron(II) ions (12.5, 25,
50 and 100 mg L!) and nickel ions (3.13, 6.25, 10 and 20 mg L-!) in the model solution. The
experimental technique was the same as in the preliminary runs. Aeration of the solution was
not carried out during these experiments.

The concentration of nickel ions in the solutions was determined on a KFK-2 photocolor-
imeter (Russia) by the photocolorimetric method with dimethylglyoxime.2* In each experiment,
three parallel measurements of the concentration of nickel ions in the solution were carried out.
The results were averaged.

RESULTS AND DISCUSSION

Effect of the coagulation duration on the residual concentration of nickel ions in
the solution

Fig. 1 illustrates the effect of coagulation duration on the residual concen-
tration of nickel ions in the model solution. At pH 7, the formation of an iron(I1I)
hydroxide precipitate reduces the nickel ion concentration by approximately
threefold, from 6.25 to 1.56-2.17 mg L~1. At pH 8, the reduction is even more
significant, with the nickel ion concentration decreasing nearly 20-fold, from 6.25
to 0.19-0.35 mg L~1. Aeration has no observable impact on the removal of nickel
ions, as the experimental data for runs with and without aeration align closely on
the same curve for both pH 7 and 8 (Fig. 1). After 30 min of coagulation, the
residual concentration of nickel ions at both pH levels reaches a near-equilibrium
value and changes minimally thereafter. This indicates that the removal process of
nickel ions, as well as the nucleation and formation of the iron(IIl) hydroxide
precipitate, were complete within the studied time intervals at the given pH values.
Based on these observations, the coagulation duration was set to 30 min for all
subsequent experiments.
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Fig. 1. Effect of the coagulation duration and pH on the residual concentration of nickel ions
(C) in the model solution. The initial concentrations of iron(II) and nickel ions in the solution
were 50 and 6.25 mg L-!, respectively.

Coagulation removal of nickel ions at pH 7

Fig. 2a illustrates the changes in the residual concentrations of nickel ions in
the model solution during the coagulation process using FeSOg4 at pH 7. It can be
observed that as the initial concentration of iron(Il) ions introduced into the solution
increases, the residual concentration of nickel ions gradually decreases. For example,
at the initial concentration of iron(II) in a solution of 100 mg L1, the concentration
of nickel ions in it decreases from 10 to 3.12-4.03 mg L1, from 6.25 to 1.57-2.17
mg L1 and from 3.13 to 0.69-0.89 mg L-! (Fig. 2a).
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Fig. 2. Effect of the initial concentration of iron(II) ions (Cg,) in the model solution on the
residual concentration of nickel ions at pH 7 (a) and sorption isotherms of nickel ions on the
iron(IIT) hydroxide precipitate formed in the solution during coagulation at pH 7 (b).

Fig. 2b presents the sorption isotherms of nickel ions on the iron(IIl) hydrox-
ide precipitate formed during coagulation at pH 7. It is important to note that the
sorption value, ¢, in this figure is expressed in units of mg (mg Fe)~!, indicating
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that the calculation is based on the initial concentration of iron(II) ions in the
solution rather than on the concentration of the iron(Ill) hydroxide precipitate
formed, which serves as the sorbent in this case:

g= o ()
Fe
where Cj, is the initial concentration of nickel ions in the solution (mg L-1). This
definition of ¢ was adopted for convenience and to facilitate the subsequent pos-
sible use of the obtained results in practice in technological calculations.

As shown in Fig. 2b, instead of a single generalized curve, three separate
sorption isotherms are observed. This unusual behavior, similar to what was prev-
iously reported?> can be explained by assuming that the iron(IlI) hydroxide pre-
cipitates formed at different initial concentrations of iron(Il) ions in the model sol-
ution have varying specific surface areas. In other words, there is no direct prop-
ortionality between the initial concentration of iron(II) ions in the solution and the
total surface area of the resulting iron(IIl) hydroxide precipitates. This assumption
is supported by Fig. 3, which shows the sorption isotherms recalculated from Fig. 2a
for identical initial concentrations of iron(II) ions introduced into the model solute-
ion at the start of the experiment.
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Fig. 3. Sorption isotherms of nickel ions on iron(IIl) hydroxide formed during coagulation
process at pH 7 and different initial concentrations of iron(II) ions in solution.
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As demonstrated by this calculation of sorption isotherms, they can be clas-
sified as typical L-type isotherms,2® which are well described by the classical
Langmuir equation for monomolecular adsorption:

K. C

o — 2
1+ K. C @

9=9

and the empirical Freundlich equation:

where ¢, is the monolayer adsorption capacity of the sorbent, mg (mg Fe)~!; K.
is the constant of adsorption equilibrium, L mg~1; K is the proportionality factor;
and n is the exponent (n > 1).

In linear form, Egs. (2) and (3) have the following forms, respectively:

LR I @
9 9. q.KL C

logg =log Kf +llogC ®)]
n

To estimate the interaction energy of the adsorbed substance with the sorbent,
the Dubinin—Radushkevich equation was used:>:12

2
q = qoo eXp(—ke”~) (6)
or in linear form (after taking the logarithm):
Ing=Ingq., —ke’ (7)

where k& is a constant related to the average adsorption energy; ¢ is the Polanyi
potential, calculated as:

e=RTIn(1+1/C) (®)
The free energy of adsorption (£) can be found using the equation:
E= L 9)

It is known that if £ lies in the range of 8-16 kJ mol~!, then the adsorption
process proceeds by ion exchange. At E < 8 kJ mol~!, physical adsorption takes
place.5:12

The results of processing the experimental data in the coordinates of Egs. (4),
(5) and (7) are presented in Fig. 4. As can be seen, all the obtained experimental
points can be approximated by straight lines. This indicates that the sorption of
nickel ions by the iron(IIl) hydroxide precipitate formed in the model solution can
be described with satisfactory accuracy by the classical Langmuir, Freundlich and
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Dubinin—Radushkevich isotherms. The parameters of Egs. (2), (3) and (6) calcul-
ated from the experimental data are given in Table I.

(@)
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Fig. 4. Experimental data on the sorption of nickel ions by the precipitate of iron(III)
hydroxide forming in the solution during the coagulation process at pH 7 in the coordinates
of Egs.:a—(4); b—(5); ¢ — (7).

A comparison of the correlation coefficients of equations (2), (3) and (6) (see
Table I) shows that they are very close to each other and have relatively high
values. In general, all three classical isotherms describe with satisfactory accuracy
the sorption of nickel ions by the formed precipitate of iron(IIl) hydroxide during
its precipitation from an FeSQOy4 solution. From a comparison of the sorption capac-
ities of iron(IIl) hydroxide precipitates with respect to nickel ions calculated using
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the Langmuir and Dubinin—Radushkevich equations, it can be seen that calculations
using the Dubinin—Radushkevich isotherm give approximately twofold lower values.
With an increase in the initial concentration of iron(Il) ions in the solution, the
sorption capacity of the resulting iron(IIl) hydroxide precipitates changes. This
indirectly confirms the previously made conclusion about the dependence of the
specific surface area of the precipitates on the initial concentration of iron(II) ions
in the solution. In this case, there is a decrease in the specific surface area of the
precipitates due, apparently, to the aggregation (coagulation) of their particles. It
is clear that in this case, the surfaces of the primary iron(Ill) hydroxide particles
overlap internally in the aggregates and part of their surface inside the aggregates
becomes inaccessible to the solution. This leads to a decrease in the specific surface
area of such an aggregated precipitate.

TABLE 1. Parameters of the Langmuir, Freundlich and Dubinin—Radushkevich equations for
the sorption of nickel ions on the forming precipitate of iron(III) hydroxide at pH 7 and different
initial concentrations of iron(Il) ions in the model solution. R is the correlation coefficient

Initial concentrations of iron(II) ions, mg L 12.5 25 50 100
Langmuir constants

g. / mg (mg Fe)'! 0.730 0.352 0.181 0.105

K /L mg! 0.189 0.289 0.407 0.383

R 0.990 0.971 0.928 0.920
Freundlich constants

Kr 0.119 0.078 0.050 0.028

n 1.407 1.455 1.433 1.452

R 0.994 0.962 0.948 0.933

Dubinin—Radushkevich constants

¢. / mg (mg Fe)’! 0.438 0.199 0.109 0.065

E /kJ mol'! 0913 1.291 1.581 1.581

R 0.995 0.913 0.874 0.915

In addition to a decrease in g, with an increase in Cf, there is also a change
in the value of the adsorption equilibrium constant Ky, namely, its growth. This
may be due to a change in the surface state of the iron(Ill) hydroxide precipitate
during coagulation (aggregation) of its particles.

The values of the free energy of adsorption (£) calculated by the Dubinin—
—Radushkevich equation do not exceed 8 kJ mol~! (see Table I). This indicates the
physical nature of adsorption and excludes ion-exchange interaction of nickel ions
with iron(I1I) hydroxide.

Coagulation removal of nickel ions at pH 8

The changes in the residual concentrations of nickel ions in the model solution
during the coagulation process using FeSOy4 at pH 8 are shown in Fig. 5a. As can
be seen, in this case, as at pH 7, a regular decrease in the residual concentration of
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nickel ions in the solution is observed with an increase in the concentration of
iron(Il) ions introduced into the solution at the beginning of the experiment. In
other words, the concentration of nickel ions in the solution decreases as the
concentration of the formed iron(Ill) hydroxide precipitate increases. In this case,
a deeper purification of the solution from nickel ions occurs. For example, if at pH
7 and an initial concentration of nickel ions in the solution of 10 mg L1, the residual
concentration of its ions in the solution at Cpe = 100 mg L1 was 3.12-4.02 mg L-!
(Fig. 2a), then at pH 8 under the same experimental conditions C = 0.24-0.25 mg L1
(Fig. 5a). Similarly, if at pH 7, Cpe = 100 mg L-! and an initial concentration of
nickel ions in the solution of 6.25 mg L1, the residual concentration of nickel ions
in the solution was 1.57-2.17 mg L-! (Fig. 2a), then at pH 8 under the same exp-
erimental conditions, C = 0.15 mg L1 (Fig. 5a).

12 08

(a) (b)
&-Ni=313mgL! °
®-Ni=625mg [
A-Ni=10mgL!
®-Ni=20mg !

o
@

q/mg {mg Fe)"
T

024

0 20 40 80 80 100 120 0 1 2 3 2
Cre/mg L Ccjmg L

Fig. 5. Effect of the initial concentration of iron(II) ions in the model solution on the residual
concentration of nickel ions in it at pH 8 (a) and the sorption isotherm of nickel ions on the
formed precipitate of iron(IlI) hydroxide at pH 8 (b).

The sorption isotherm for nickel ions on the iron(IIl) hydroxide precipitate
formed at pH 8, derived from the data in Fig. 5a, is shown in Fig. 5b. It is evident
that there is a significant spread of experimental points; however, they all align
along the same curve, which can be classified as a typical L-type isotherm.26
Notably, there is no stratification of the sorption isotherm into multiple indepen-
dent curves, as observed at pH 7 (Fig. 2b). This is likely because, at pH 8, the
coagulation of iron(Ill) hydroxide particles is less pronounced and remains relat-
ively consistent across all values of Cg.. Consequently, the resulting precipitates
exhibit nearly the same specific surface area.

The results of processing the experimental data in the coordinates of Egs. (4),
(5) and (7) are shown in Fig. 6. The corresponding parameters of Egs. (2), (3) and
(6) calculated from the experimental data are given in Table II.
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Fig. 6. Experimental data on the sorption of]
nickel ions by the precipitate of iron(IIl) hyd-
roxide forming in the solution during the coa-
g 10000000 20000000 zooooo0o <occoco ulation process at pH 8 in the coordinates of

g? Egs.:a—(4);b—(5);c— (7).

TABLE II. Parameters of the Langmuir, Freundlich and Dubinin—Radushkevich equations for
the sorption of nickel ions on the forming precipitate of iron(III) hydroxide at pH 8

Langmuir constants

¢../ mg (mg Fe)’! 0.727
K /Lmg! 0.680
R 0.948
Freundlich constants
Kr 0.288
n 1.439
R 0.905
Dubinin—Radushkevich constants
¢../ mg (mg Fe)! 0.438
E / k] mol'! 0.913
R 0.995

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

(CC) 2026 Serbian Chemical Society.



50 LINNIKOV and RODINA

Analysis of the results presented in Table II shows that the same patterns are
observed here as in the sorption at pH 7 (see Table I). At the same time, all three
classical isotherms (Langmuir, Freundlich and Dubinin—Radushkevich) describe
with satisfactory accuracy the sorption of nickel ions by the resulting precipitate
of iron(IIl) hydroxide during its precipitation from an FeSOy4 solution. This is evi-
denced by the fairly high correlation coefficients. Comparison of the sorption cap-
acities of iron(Ill) hydroxide precipitates with respect to nickel ions, calculated
using the Langmuir and Dubinin—Radushkevich equations, shows that here, as at
pH 7, calculation using the Dubinin—Radushkevich isotherm yields approximately
twofold smaller ¢, values. The value of the free energy of adsorption (£) cal-
culated by the Dubinin—Radushkevich equation, as well as at pH 7, does not exceed
8 kJ mol~! (Table II). This indicates that in this case, adsorption also has a physical
nature.

It is interesting to compare these results with the findings from the study in
reference, !9 which also investigated the sorption of nickel ions by the precipitate
of iron(IIl) hydroxide formed during precipitation from FeClz solutions at pH 7
and 8. A key difference from the previous work is that no stratification of sorption
isotherms was observed at either pH 7 or 8, unlike the results found in this study
at pH 7. This suggests that the specific surface area of the formed iron(IIl) hyd-
roxide precipitates in reference!® did not depend on the initial concentration of
iron(III) ions in the solution.

The exponents of the Freundlich equation found in!® are close to those deter-
mined in this work (Tables I and II). The values of Kf also have similar magni-
tudes. A comparison of the parameters of the Langmuir equation shows that the
adsorption equilibrium constants defined in!® exceed the similar values found in
this work (Tables I and II), whereas the sorption capacities, on the contrary, have
lower values. All this may indicate differences in the structure of the formed
iron(IlI) hydroxide precipitates and their different general (gross) formulas.

Thus, the data obtained indicate that the iron(IIl) hydroxide precipitate formed
in the solution during hydrolysis of the FeSO4 coagulant is a highly effective
sorbent for removing toxic nickel ions from a contaminated solution. Its sorption
capacity for nickel ions at pH 8 is 0.727 mg per 1 mg of iron(Il) ions introduced
into the solution (0.727 mg (mg Fe)1), and at pH 7 it depends on the initial con-
centration of the coagulant in the solution and is in the range of 0.105-0.730 mg
(mg Fe)~l. This is about an order of magnitude higher than the same value for
many mineral, carbon and coal sorbents.3-13

As noted above, a similar study was previously conducted with the coagulant
FeCl3.19 A high sorption capacity of the formed iron(IIl) hydroxide precipitate
with respect to nickel ions was also found there. In this regard, it is unclear which
coagulant (FeSO4 or FeCls) is preferable for the purification of contaminated
solutions from nickel ions. A simple comparison of adsorption capacities does not
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allow one to make such a choice, since it is also necessary to take into account the
values of the adsorption equilibrium constants. For such a comparative assessment,
the Langmuir equation may be useful, which, after transformations, takes the
form:25

C:i(—b+ b2 +4K, Cy) (10)
where b = 1-K1 Cjp + 40K CFe-

Formula (10) allows one to calculate the residual concentration of the ads-
orbed substance (in this case, nickel ions) in the solution depending on the initial
concentration of iron ions in it and the parameters of the Langmuir equation. The
results of comparative calculations using this equation for pH 7 and 8 and an initial
concentration of nickel ions in the solution of 10 mg L1, according to Tables I and
11, as well as the works, 19 are graphically presented in Fig. 7.

Fig. 7 shows that at both pH 7 and pH 8, the use of iron(Il) sulfate as a
coagulant at its initial concentration in the solution (in terms of iron ions) of 0-70
mg L-! leads to a deeper removal of nickel ions from the model solution compared
with previously studied FeCl; coagulant. However, with an increase in the
concentration of FeSOy in the solution above 70 mg L1 (in terms of iron ions),
the effectiveness of this coagulant decreases, and in this case the FeCls coagulant
already removes nickel ions from the solution more effectively.

10
94 #@pH=7, FeSO4 ®@pH=7,FeCl3
8 ApH=8 FeSO4 4 pH=8, FeCly
7
o 8
£ 51
Sy
3 |
2] Fig. 7. Calculated change in the residual con-
) centration of nickel ions in the model solution
. during its adsorption on iron(IIT) hydroxide
0 20 a0 80 80 100 120 precipitates formed at pH 7 and 8 using FeSO,
Cre/mg L' and FeCl; coagulants.
CONCLUSION

The use of iron(Il) sulfate (FeSO4) as a coagulant enables the removal of not
only insoluble impurities from contaminated solutions, but also toxic nickel ions.
The removal of nickel ions by the iron(Ill) hydroxide precipitate formed during
coagulation is most effective at pH 8. The sorption of nickel ions onto this precip-
itate is accurately described by the classical Langmuir, Freundlich and Dubinin—
—Radushkevich isotherms. The free energy of adsorption, calculated using the
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Dubinin—Radushkevich equation, does not exceed 8 kJ mol~!, indicating a physical
nature of the adsorption process and ruling out ion—exchange interactions between
nickel ions and iron(IlT) hydroxide. At pH 8, the sorption capacity of the resulting
iron(Ill) hydroxide precipitate for nickel ions is 0.727 mg per 1 mg of Fe2*
introduced into the solution (0.727 mg (mg Fe)!). At pH 7, the sorption capacity
depends on the coagulant concentration in the solution and ranges from 0.105 to
0.730 mg (mg Fe)~l. A comparison between FeSO4 and the previously studied
FeClj coagulant shows that FeSO4 is more effective at removing nickel ions when
the initial concentration of iron ions in the solution is below 70 mg L~1. However, at
higher initial concentrations of iron, FeCl3 demonstrates greater removal efficiency.
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n3BOJ

YKITABALE HUKITA(IT) JOHA TOKOM ITPEUNITRABABA BOIE TBOXBE(ID)-
-CYJI®ATOM. 1. IEO. MEXAHHU3AM U EOUKACHOCT ITPOLIECA

OLEG D. LINNIKOV u IRINA V. RODINA

Institute of Solid State Chemistry, Ural Branch of the Russian Academy of Sciences, Pervomayskaya St., 91,
620990, Ekaterinburg, Russia

[TpeynmrhaBawe MPUPOINHUX M OTHAJHHUX BOJA YKIawmameM jOHA HHUKIA je Of BElIHKe
Ba’KHOCTH 3@ )KUBOTHY CPEJUHY U 3paBibe JbyAX 300T BUXO0BE BUCOKE TOKCUYHOCTH. 1]nm oBor
paza dvo je ucUTHBame MOTYhHOCTH yKk/amama jOHa HUK/Ia U3 KOHTaMHUHHUPaHHUX BOJEHHUX
pactBopa nomohy koarynanta FeSOa. [TokasaHo je Ja ce yknawmame joHa HUK/IAa U3 BOLEHOT
pacTBopa myTeM npeuunuraTa ca reoxhe(I1l) Xxumpokcunom, Koju HacTaje KoarylaldjoM Ha
PH 7 u 8, MOXe yCHemHo OnHucaTH KJIaCHYHUM afCOPNLMOHUM H30T€pMama, U T0 JIEeHTMHp,
®pojunnmux u Jydunun—Panymkesny monenuma. BpenHoctu cyiobogHe eHepruje afcopIiidje
u3pauyHate Ha OCHOBY [yOMHMH—Pamyuikesuyese jemHauuHe He npenase 8 kJ mol™, mTo
yKkasyje Ha (U3NUKy MOPUPOAY aACOPILHUje U HCK/byuYyje jOHOU3MEeHHUBAuKy HHTepaKuujy
usmeby jona Hukna u reoxbhe(111)-xuppokcuga. KananureT copnuyje foOHjeHOT NpeUUNUATATa
reoxhe(111)-xunpoxcupa 3a jone Huwia Ha pH 8 je 0,727 mg no 1 mg reoxhe(11) jona gonatux
y pacTtBop, a Ha pH 7 3aBHCH 0off TOYeTHE KOHLIEHTpalje KoarylaHTa y pacTBOpY M HajlasH ce
y omcery 0,105-0,730 mg (mg Fe)'. Tlopehewe koarymanata FeSOs ¥ paHHje MCIUTHBAHOT
koarynanTa FeCls mokasyje fa mpy no4yeTHOj KOHLIEHTpALMjH joHa rBokha y pacTBOpy MamO0j Off
70 mg L1, FeSOs4 koarynaHT edukacHUje ykiamwa joHe HUKIa. Mehytum, mpu Behum monasHum
KOHLleHTpalrjama reoxba edurkacuuju je FeCls.

(ITpumibeHO 7. ampuiia, peBUOUpaHo 5. Maja, mpuxsaheno 30. okrodpa 2025)
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Bimetallic polyaniline/silver—palladium nanocomposite for rapid
and sustainable degradation of eosin yellow dye from
wastewater
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Abstract: Eosin yellow (EY), a synthetic xanthene dye, is recognized for its
high toxicity, posing serious threats to human health and aquatic environments.
Chronic exposure to EY can result in skin irritation, respiratory disorders, and
potential long-term organ damage due to its persistent and bioaccumulative
nature. In this study, a polyaniline-based silver—palladium nanocomposite
(PANI/Ag—Pd) was synthesized via the co-precipitation method and employed
as an efficient nanocatalyst for the degradation of EY dye. The structural, mor-
phological and elemental properties of the synthesized nanocomposite were
characterized using UV—Vis spectroscopy, Fourier-transform infrared spectro-
scopy (FTIR), scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX). The UV—-Vis and FTIR analyses confirmed the
formation of the PANI/Ag—Pd nanocomposite with a notable red shift, indi-
cating electronic interaction among the constituents. SEM images demonstrated
the successful incorporation of Ag and Pd nanoparticles into the PANI matrix,
while EDX confirmed the elemental composition. The nanocomposite exhi-
bited remarkable photocatalytic performance under microwave irradiation,
achieving up to 96.63 % degradation of EY dye. This study highlights the
potential of PANI/Ag—Pd nanocomposites as a promising nanocatalyst for
water purification. These findings contribute to the development of polymer-
stabilized nanomaterials as effective candidates for the remediation of dye-con-
taminated wastewater.

Keywords: wastewater treatment; nanocomposite; degradation; EY dye.
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INTRODUCTION

In recent decades, advanced materials such as nanomaterials, polymer-based
systems and hybrids have attracted increasing scientific interest due to their
exceptional chemical and physical properties.!~* Dyes are classified into azoic,
reactive, vat, sulfur, acidic, basic, disperse and direct.> Over 10,000 commer-
cially existing dyes and 1 Mt dyes are prepared annually, containing 50 % as a
textile dye.6 About 10 % of dyestuff is discarded after drying and processing.” 2
% of the dye component entered the aqueous matter and caused pollution.8 Many
are toxic and discharged into wastewater untreated, often in high concentrations.’
Long-term usage of water-containing dyes causes severe health issues. Dyes are
carcinogenic and mutagenic. These dyes have been associated with carcinogenic
effects in the kidney, bladder and liver, and may also contribute to skin irritation
and respiratory complications.!0.11 The cationic/anionic nature dyes leads to red-
uced amount of oxygen in the water, which is fatal for humans and aquatic life.!2
Several methods are being investigated for dyes removal from wastewater, like
microbial-electro-fenton (MEF) technology,!3 catalytic degradation,!#4 adsorp-
tion,!5 coagulation—flocculation,6 electrochemical treatment,!” reverse osmo-
sis!® and ion exchange.!9

Among various treatment methods, advanced oxidation processes (AOPs)
have shown promise.20 Photocatalytic degradation using metals and metal oxides
like Ag, Pd, TiOp, ZnO and WOs3 has been explored,?! often enhanced with
additives like NaBHy4 to boost dye decolonization efficiency under sunlight.22

Polymers have recently emerged as promising alternatives to conventional
nanomaterials due to their adjustable surface functionalities, superior mechanical
strength, high surface area, uniform pore distribution and easy regeneration pro-
perties. Polymers such as polyaniline (PANI), polythiophene (PTh), polyethyl-
eneimine (PEI) and polypyrrole (PPy) have gained significant research interest
for developing metal-polymer nanocomposites. These hybrid materials have
broad applications in photocatalysis, sensing, adsorption, thermoelectric, electro-
magnetics and batteries, as well as electroluminescent and electromechanical sys-
tems. Among these, PANI is one of the most widely explored conductive poly-
mers, owing to its electron-rich structure, environmental stability, low cost and
ease of synthesis and processing.23-24 Its multifunctionality has enabled its use in
a broad range of technologies such as lithium-ion batteries,?> flexible electro-
nics,26 anti-corrosion coatings,2’ wastewater treatment, dye removal?8 and
printed electronics.2® The PANI/Ag-Pd system offers several advantages over
traditional catalysts. The conductive PANI matrix enhances electron transfer and
provides high surface area for dye adsorption, while Ag and Pd nanoparticles
create abundant active sites and exhibit strong catalytic synergy. This combin-
ation enables faster degradation rates, lower energy input and higher stability
compared to single-metal or conventional catalysts. Additionally, the nanocom-
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posite is reusable, environmentally benign, and effective under mild conditions,
making it a sustainable alternative for wastewater treatment applications.

It is often used as a m-conjugated polymer base for integrating wide-bandgap
semiconductors such as metal oxides and sulfides. These composites demonstrate
enhanced photocatalytic, optical and photoelectric characteristic.30 Additionally,
PANTI acts as a proficient electron donor and hole transporter under UV—Vis light
exposure. When combined with high-bandgap metals like Ag, Fe, TiO, or ZnO,
PANI facilitates electron excitation under photon irradiation. These photoexcited
electrons transferred to the conduction band of the metal components, promoting
the generation of reactive species such as superoxide (O,~*) and hydroxyl radical
(*OH) through reactions with water and oxygen, which then drive the degrad-
ation of eosin yellow (EY) dye. In addition to experimental strategies, theoretical
modeling and statistical optimization are essential for developing sustainable
treatment processes. Statistical and predictive modeling approaches, such as res-
ponse surface methodology (RSM), enable systematic evaluation of multiple
operating variables, reduce experimental effort and predict interactions that are
often overlooked in conventional one-variable-at-a-time studies. By optimizing
key parameters, RSM ensures maximum degradation efficiency under practical
conditions, strengthening the reliability and scalability of nanocomposite-based
wastewater remediation.

In this work, in-situ synthesis of a PANI/Ag-Pd nanocomposite demon-
strating excellent catalytic behavior, was performed. EY degradation perform-
ance of PANI/Ag—Pd nanocomposite was investigated under different composite
dose, dye dose, pH and reaction time. Subsequently, RSM was performed with
the purpose of process optimization. PANI/Ag—Pd nanocomposite could be a pot-
ential candidate in dye removal process owing to its easy synthesis, low pro-
duction cost and high degradation efficiency.

EXPERIMENTAL
Chemicals and reagents

All the laboratory grade chemicals, glassware and other items were bought from Sigma
Aldrich. Aniline (99.95 %) was used as precursor to synthesize for polyaniline polymer. Hyd-
razine (98 %) was used as strong reducing agent as facilitator for synthesis of silver—pallad-
ium nanoparticles. Silver nitrate (99.8 %) and palladium(II) chloride, (99.999 %) were used
for synthesis for silver—palladium nanoparticles. Ammonium persulfate (98 %) was used as
strong oxidizing agent as facilitator for synthesis of PANI/Ag—Pd nanocomposite. Sulfuric
acid (98 %) was added as a proton source to form the conductive emeraldine salt of poly-
aniline, while protonated aniline exhibits a higher oxidation potential than neutral aniline, thus
delaying the onset of polymerization. Eosin yellow (EY) dye (99 %) was used as degradation
agent. Sodium borohydride (98 %) was used to donate hydrogen atoms (or electrons), break-
ing down the dye molecules into less harmful by products.
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Synthesis of PANI/Ag—Pd

PANI was synthesized by dissolving 1.86 mL of aniline in 200 mL of 0.1 M H,SO,,
followed by the dropwise addition of 10 mL of 5 M APS and stirring for 8 h at room tem-
perature. The product was filtered, washed with de-ionized water and dried. For the PANI/
/Ag—Pd nanocomposite, 1 mL of 0.02 M AgNO; was mixed with 2 mL of 0.062 M hydrazine
and stirred at 60 °C for 5 min. Then, 50 mL of 0.035 M PdCIl, was added and stirred for 45
min. Finally, 10 mL of the Ag—Pd solution was mixed with 0.05 g PANI and 10 mL APS, fol-
lowed by filtration, washing with de-ionized water and vacuum drying at 60 °C for 12 h.

EY dye degradation

The degradation of EY dye was evaluated by monitoring the decrease in its characteristic
absorbance peak using a UV—-Vis spectrophotometer (Jasco V-530 UV—Vis spectrophoto-
meter) in the range of 350-800 nm. Pure dimethylformamide (DMF) was used as the blank
solvent to eliminate background interference. Absorbance was converted into concentration
using a calibration curve as suggested in a previous study.3! Degradation efficiency was cal-
culated from the relative decrease in absorbance with time according to Eq. (1). It was
assessed under varying experimental conditions, including pH 1-11, nanocomposite dose,
0.5-1.5 mg/L, initial EY dye concentration, 3—12 mg/L, and reaction time, 5-15 s. The sel-
ected pH range is closely reported in previously published data, to study its significance:32-33

EY dye degradation = 1000 C (1)
CC

where ¢( and ¢, are initial and equilibrium EY dye concentrations (mg/L).

Characterization

The FTIR analysis of the PANI/Ag—Pd nanocomposite, mixed with KBr and pressed into
pellets, was carried out using a Shimadzu 8400S (Japan) spectrometer. The measurements
were taken within the wavenumber range from 4000 to 400 cm™!, with a resolution of 4 cm™!,
to identify the functional groups present in the nanocomposite. Additionally, the surface mor-
phology, particle size and elemental composition of the synthesized PANI/Ag—Pd nanocom-
posite were analyzed using a scanning electron microscope (SEM) equipped with an energy
dispersive X-ray (EDX) system.

Experiments design

RSM was employed to assess the individual and interactive effects of four variables, 4
(pH), B (composite dose), C (EY concentration) and D (reaction time) on degradation effi-
ciency using a bimetallic polyaniline/Ag—Pd nanocomposite. A central composite design

(CCD) was applied to construct a three-level matrix with factors coded as —1 (low) and +1
(high). Variable levels are detailed in Table 1.

TABLE I. Level of parameters for central composite design (CCD)

. Level
Variable Symbol Low (1) High (1)
Dose of composite, mg/L A 0.5 1.5
Dose of dye, mg/L B 12
pH C 1 11
Time, s D 15
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The response analysis was performed using Design Expert 13 through a regression-based
approach. The main influences of the input variables are denoted as 4, B, C and D, while their
combined or interaction effects are represented by terms such as 4B, AC, AD, BC, BD and
CD, along with the quadratic components 42 and B2. The relationship between the variables
and the response was modeled using a second-order polynomial equation:

Y=a0 +z:’=1 aiXi +zl’,1=laiin~2 +Z;=i+l ale,Xj (2)

Where Y is predicted response, X; are independent variables, « is constant (intercept), a; are
linear coefficients, a; are quadratic coefficients (squared terms) and a; are interaction
coefficients (cross-product terms).

After each run, final concentration of EY dye was determined in order to find out the
degradation in %.

RESULTS AND DISCUSSION

UV=Vis spectral analysis

The UV—Vis spectra (Fig. 1) reveal key optical features of pure PANI and
the PANI/Ag—Pd nanocomposite. Pure PANI shows peaks at 283 and 342 nm,
indicating its doped state. In the composite, the m—n* peak shifts to 293 nm and a
new band at ~425 nm appears, attributed to Ag/Pd surface plasmon resonance.
These changes confirm nanoparticle incorporation and improved optical pro-
perties, supporting its photocatalytic potential.
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b
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1

(a) PANT

Absorbance
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154
1.0
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"] /4
0.0 ' ' ' .
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Fig. 1. UV—Vis analysis of: a) PANI and b) PANI/Ag—Pd.

FTIR analysis

The FTIR spectrum illustrates the structural differences between pure poly-
aniline (PANI) and the PANI/Ag—Pd nanocomposite, as shown in Fig. 2. The “a”
spectrum corresponds to PANI, exhibiting characteristic peaks associated with its
chemical structure. Notably, peaks in the ranges 1560—1580 and 1480-1500 cm™!
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Fig. 2. FTIR analysis of: a) PANI/Ag—Pd and b) PANI.

are associated with the C=C stretching vibrations of the quinoid and benzenoid
structures in the polymer chain. The absorption band close to 1300 cm™! is attri-
buted to C-N stretching, while the signal near 1140 cm™! corresponds to the in-
-plane bending of aromatic C—H bonds, which is commonly connected to the
electrical conductivity characteristics of PANI. In contrast, the “b” spectrum rep-
resents the PANI/Ag—Pd nanocomposite, which shows noticeable shifts in peak
positions and variations in intensity, particularly in the 1500-1000 cm™! region.
These changes suggest strong interactions between the polyaniline matrix and the
incorporated silver—palladium nanoparticles, likely through coordination with nit-
rogen atoms in the PANI backbone. The appearance of a broader peak near 3400
cm~! may be attributed to N-H stretching or adsorbed water molecules. Overall,
the spectral modifications confirm the successful incorporation of Ag—Pd nano-
particles into the PANI structure, potentially enhancing the composite’s physico-
chemical properties for applications such as dye removal or catalytic activity.

Surface morphology characterization

SEM was employed for the measurement of surface morphology of PANI/
/Ag—Pd nanocomposite. The SEM images were taken at low and high resolution.
These SEM images are shown in Fig. 3a and b at low and high resolutions. The
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SEM shows that structure of PANI/Ag—Pd nanocomposite is semi-cubical and
white dots are present due to the presence of PANI/Ag—Pd nanocomposite.
According to image, the silver and palladium particle were finely distributed
within the PANI matrix, although some accumulation and agglomeration were
observed in certain area.

EDX analysis

EDX analysis (Fig. 4) was employed to verify the elemental composition of
the PANI/Ag—Pd nanocomposite. The spectrum displays distinct peaks corres-
ponding to carbon, nitrogen and oxygen elements associated with the PANI mat-
rix. Additionally, the presence of characteristic peaks for silver and palladium
confirms the successful incorporation of metal nanoparticles into the composite
structure in K-shell with 1.99, 1.86 and 33.97 %, respectively. Silver and pal-
ladium were found in L-shell with 49.93 and 12.23 %.
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Fig. 4. EDX analysis of PANI/Ag—Pd nanocomposite.

EY dye degradation

A comparative parametric analysis was conducted to evaluate the effective-
ness of various factors (pH, nanocomposite dose, initial dye concentration and
reaction time) influencing the degradation of the EY dye using a PANI/Ag—Pd.
The progressive degradation of the dye in the presence of PANI/Ag—Pd and
NaBH4 was monitored via UV—Vis spectroscopy, as illustrated in Fig. 5. The
characteristic absorbance peak at approximately 336 nm exhibited a sharp decline
with increasing reaction time, indicating a rapid reduction in dye concentration.
At 5 s, the spectrum displayed the highest absorbance, corresponding to the ini-
tial dye concentration. Subsequent measurements at 10 s, showed a significant
decrease in peak intensity, while the peak was almost diminished at 15 s, indi-
cating almost total degradation. This continuous absorbance reduction witnesses
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that UV—Vis spectroscopy effectively captured the real-time degradation behavior
and highlights the efficiency of the PANI/Ag—Pd—NaBH,4 system, achieving most
of dye removal within 15 s.

5sec
2750 10 sec

15 sec

1.3754

Absorbance

0.000

400 500 600 700 800
Wavelength (nm) Fig. 5. UV-Vis spectra of dye degradation.

Experimental results revealed that a maximum degradation efficiency of
96.63 % was achieved under optimal conditions: pH 5.8, nanocomposite dose,
500 pg/L, initial EY dye concentration, 900 pg/L, and reaction time, 15 s; this
was expected, as the integration of Ag—Pd enhances the availability of active
binding sites, thereby improving the degradation efficiency.

Response surface model results

ANOVA and regression model results regression analysis was performed to
predict EY dye degradation, considering factors 4, B, C and D, along with their
interactions (4B, AC, AD, BC, BD, CD), as summarized in Table II. The resulting
equations show that positive coefficients indicate synergistic effects, while neg-

TABLE II. ANOVA for cubic model (response: EY dye degradation, %)

Source Sum of squares Df Mean square F-value p-value Significance
Model 16337.89 14 1166.99 102.39 <0.0001 Significant
A-Dose of composite 85.97 1 85.97 7.54 0.0177

B-Dose of EY 68.31 1 68.31 5.99 0.0307

C-pH 2917.47 1 291747 255.96 < 0.0001

D-Time 368.81 1 368.81 32.36 0.0001

AB 0.0000 1 0.0000 0.0000  1.0000

AC 123.19 1 123.19 10.81 0.0065

AD 2.00 1 2.00 0.1756  0.6826

BC 16.70 1 16.70 1.47 0.2494

BD 7.428E-06 1 7.428E-06 6.517E-07 0.9994

CD 361.48 1 361.48 31.71 0.0001

A2 127.14 1 127.14 11.15 0.0059

B? 13.58 1 13.58 1.19 0.2964

C? 10061.46 1 10061.46 882.74 <0.0001

D? 204.33 1 204.33 17.93 0.0012
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ative ones suggest antagonistic impacts. These effects were analyzed to evaluate
their influence on the model.

ANOVA for cubic model

The model demonstrates strong statistical significance, as indicated by a high
F-value of 102.39 and a minimal probability (0.01 %), that this outcome is due to
random variation. Variables 4, B, C and D, as well as the interactions 4C, CD,
and the quadratic terms 42, C2 and D2, significantly affect the response (p <
< 0.0500). In contrast, terms with p-values above 0.1000 are considered statis-
tically insignificant. Removing these non-significant terms while maintaining
model hierarchy can improve model performance. Additionally, the lack of fit
test produced an F-value of 1.15 with a 41.59 % probability, suggesting it is not
statistically significant relative to pure error.

In the Table III the predicted R? of 0.9482 is in reasonable agreement with
the adjusted R2 of 0.9920; i.e., the difference is less than 0.2. This demonstrates a
reasonable correlation between experimental and predicted results of EY dye
degradation.

TABLE III. Regression model equation for response against factors and their interaction

Regression model equation R? Adjusted R?
EY dye degradation (%) =98.90 — 2.614 — 2.50B + 26.74C — 0.9917 0.9820
—11.10D + 0.0000AB + 3.374AC — 0.48684D + 1.25BC +
+0.0010BD + 11.13CD — 7.164% + 1.098% — 29.33C2 — 11.52D?

Response contour plots

Fig. 6 presents contour plots from RSM analysis, showing the interaction
effects of key variables on EY dye degradation (%). Each plot illustrates the
combined impact of two factors while keeping others constant. A color gradient
from blue to red indicates increasing degradation efficiency. Results show that
higher composite doses and lower pH levels significantly enhance degradation
due to more active sites and increased *OH generation. In contrast, higher dye
concentrations reduce efficiency.

Performance evaluation of model

Performance of model was evaluated by predicted vs. actual plot which
visual representation of a model’s accuracy, commonly used in regression
analysis and machine learning to assess predictive performance.

In Fig. 7 the data points in this plot closely align with the diagonal line,
indicating that the model has high accuracy and reliability in predicting EY dye
degradation. The smooth color gradient suggests a well-fitted model without sig-
nificant fluctuations and provides strong predictive performance for EY dye deg-
radation.
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Fig. 6. Contour plots of performance evaluation: a) dose of composite and dose of EY, b) dose
of composite and pH, c¢) dose of composite and time, d) dose of EYand time, ¢) Dose of EY
and time and f) pH and time.

Optimization of exponential parameters

Fig. 8 presents the optimized conditions for maximizing EY dye degradation
using a composite, based on desirability function analysis from an RSM model.
In solution 34 (out of 100), the optimal composite dose is 1.42706 mg/L and the
EY concentration is 3.22423 mg/L, indicating that higher composite loading and
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lower dye concentration enhance degradation. The optimal pH is 5.80, favoring
dye—composite interaction, and the reaction time is short (6.01 min), showing
rapid degradation. This setup achieves 99.69 % efficiency with a desirability

PALLADIUM NANOCOMPOSITE DEGRADATION OF EOSIN YELLOW

value of 1.000, making it highly effective for wastewater treatment.
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Fig. 8. Optimization of experimental parameter using PANI/Ag—Pd.

The results of dye degradation obtained in this study are benchmarked with
those reported in previous literature. This comparative analysis (summarized in

Comparison of EY dye degradation
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Table IV) highlights the potential of presently used PANI/Ag—Pd nanocomposite
towards achieving the remarkable dye removal (96.63 %) which can be attributed
to the synergistic interaction between polyaniline and bimetallic Ag—Pd nanopar-
ticles. While previous studies demonstrated the lower degradation efficiencies
ranging from 92.30 to 99 %. However, these traditional composites require high
material consumption and extended processing times. In contrast, the PANI/Ag—
—Pd system offers a rapid, energy-efficient and environmentally sustainable sol-
ution. Its low catalyst loading and ultrafast activity highlight its potential scalab-
ility for practical wastewater treatment. Future research should examine the stab-
ility and recyclability of this nanocomposite in real effluent conditions to confirm
its applicability at industrial scale.

TABLE IV. Comparison of degradation of EY dye with earlier work reported

. Dose of Time Dye dose Degradation
Composite composite, mg/L s mg/L % Ref.
Poly(pyrrole-co-aniline)-coated 3500 5400 2345 92.30 34

TiO,/nanocellulose composite

(P(Py-co-An)-TiO,/NCC)

New gold Salen complex 5000 3000  0.27 98.68 33
doped carbon nanocomposite

(Au-Salen/CC)

TiO,/tetra phenyl-porphyrin 1100 3000 10.0 99.00 36

sulfonic acid nanocomposite

(TiO,/TPPS)

PANI/Ag—Pd nanocomposite 1.42 360.6 3.0 96.63 This study
CONCLUSION

The study showed that PANI/Ag—Pd nanoparticles significantly enhance the
degradation of eosin yellow (EY) dye. Characterization viea UV-Vis, FTIR, SEM
and EDX confirmed successful synthesis of the nanocomposite. Using central
composite design with response surface methodology (RSM), optimal conditions
1.42706 mg/L composite dose, EY dose, 3.22423 mg/L, pH 5.80 and 6.01 min
yielded 96.6 % degradation. These results highlight the nanocomposite’s high
catalytic efficiency and the effectiveness of RSM for process optimization in
wastewater treatment. This work highlights the practical and environmental rel-
evance of the PANI/Ag—Pd nanocomposite as a rapid, energy-efficient and sus-
tainable material for wastewater remediation, offering a green alternative for
treating dye-contaminated effluents. The ability to achieve such high degradation
within seconds under mild conditions demonstrates its potential scalability for
industrial applications. Future research should focus on long-term stability,
recyclability, performance in real industrial wastewater and the extension of this
approach to other toxic pollutants, thereby advancing the practical implement-
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ation of nanocomposite-based catalytic systems in sustainable wastewater man-
agement.

M3BOJ

BUMETAJTHHU ITOJIMAHUIINH/CPEFPO-TTAJIATWJYM HAHOKOMIIO3UT 3A BP3Y U
OOPXHUBY NETPAIJALINIY EO3UH XKYTE BOJE U3 OTIIAIHHUX BOIOA

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

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

Eo3sun xyta (EY) cHMHTETHYKa KCAaHTOHCKAa 0o0ja je BUCOKO TOKCHYHA, IUTO IpeICTaBlba
030M/bHY NIPETHY JbYNCKOM 3[paB/by ¥ BOJEHUM CpefuHama. XPOHWUUYHO H3jarawe EY moxe
NOBECTH [0 WpHUTalldje KoxKe, pecnuparopHux nopemehaja U IOTEHUWjaTHOT TyTOPOYHOT
owmrehema opraHa 300r werose yrnopHe u 0MoakyMmy/aaTUBHE ITPUpOZe. Y 0BOj CTYAHjH, HAHO-
KoMno3uT cpedpa u namagujyma Ha 0asu monuanunuHa (PANI/Ag—Pd) cuHTeTH30BaH je
METOZIOM KO-TaJlo)Keka M KopulrheH kao epukacaH HaHOKaTanu3aTop 3a pasrpangwy EY boje.
CtpykTypHe, MOD(QOJIOIIKE U €JIEMEHTaJHE OCODMHE CHMHTETH30BAaHOI HAHOKOMIIO3UTA CYy
okapakrepucaHe kopuurthewem UV-Vis crnexrpockonuje, ®ypuje-rpaHcdhopmucane uHdpa-
upseHe cnexrpockonuje (FTIR), ckenupajyhe enextponcke mukpockonuje (SEM) u enepret-
CKM Jucnep3uBHe crnekTtpockomnuje X-3paka (EDX). UV-Vis u FTIR ananuse cy nmoTspauie
¢opmupame PANI/Ag—Pd HaHOKOMITO3HTa Ca 3HaYajHUM LJPBEHHM ITIOMAKOM, IITO YKa3yje Ha
eJIeKTPOHCKY MHTepakuujy usmehy cactojaka. SEM cnuke cy nokasane ycneurHy yrpanwy Ag
u Pd HaHouectnua y PANI marpuuy, nok je EDX moTBpAMoO je elieMeHTaaHH cactaB. HaHo-
KOMIIO3UT je MoKasao W3BaHpefHEe (oToKaTalIMTHUKe NepdopmaHce TOJ MHUKPOTalaCHUM
3paueweM, noctwxyhu no 96,63 % nerpapauuje 6oje EY. OBa cTynuja Hamiamaea noTeHLHjast
PANI/Ag-—Pd nHaHOkoMmo3uTa Kao odehaBajyhux HaHOKaTanusaTopa 3a Hpeyuirhabame
Boje. OBM Hayla3W AONPHUHOCE Pa3BOjy HaHOMAaTepHjana CTadWIM30BaHUX NOJIMMEPOM Kao
eHKaCHUX KaHIHUATa 3a CAaHALW]y OTIASHUX BOJA KOHTAMUHHUPAHUX DOjOM.

(TTpumsseHo 2. jyna, peBunupano 14. arycra, npuxsaheno 1. okrodpa 2025)
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Abstract: This study focuses on developing a polymer—clay hybrid system using
a Georgian bentonite clay (Tikha-Ascane, TA) and Carbopol (CA) as a carrier
for an essential oil (EO) derived from Matricaria chamomilla L. cultivated in
East Georgia. EO was extracted via hydro distillation and characterized using
GC-MS and FTIR techniques. The CA-TA and CA-TA-EO formulations were
evaluated for key physicochemical parameters including pH, viscosity, rheology,
spreadability, compatibility, moisture loss, uniformity and stability. The EO yield
was 0.3 % from air-dried plant material. The main components were bisabolol
oxide A (38.2 %), a-bisabolol oxide B (12.91 %), (cis)-f-farnesene (11.8 %),
a-bisabolol (8.83 %), spathulenol (2.27 %), chamazulene (1.99 %), cis-ene-yne-
dicycloether (6.51 %) and f-copaene (0.38 %). These results suggest that the
local chamomile chemotype is rich in bisabolol oxide A. The optimized hydrogel
formulation was homogeneous, stable and demonstrated favorable rheological
properties, making it suitable for topical application. Chromatographic analysis
confirmed the successful incorporation of the EO into the gel, which achieved
an encapsulation efficiency of 58.34 %. Overall, the study confirms the compat-
ibility of Georgian bentonite clay with the CA polymer, forming an effective
matrix for volatile oil delivery in semisolid dosage forms.

Keywords: Matricaria chamomilla; Tikha-Ascane; essential oil-bentonite hybrid

INTRODUCTION
Essential oils (EOs), which are complex mixtures of volatile compounds, pos-
sess numerous bioactivities and have potential applications in several industries
such as the pharmaceutical, cosmetics and medicine industries. The content and
chemical composition of EO are different and depend on many factors such as
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geographical locations, climate, the season of sampling and the method of extrac-
tion.! Matricaria chamomilla EO (MEO) exhibits strong anti-inflammatory, anti-
oxidant, antimicrobial and antiviral properties and is classified as generally
recognized as safe (GRAS) by the FDA.2 It is widely utilized to treat various
bacterial skin infections. However, its high volatility and instability, necessitate a
delivery approach that improves stability and minimizes rapid evaporation to pre-
serve its therapeutic benefits.3>

One potential solution to this issue is the encapsulation of essential oils within
inorganic matrices, such as clay minerals. Clays, like bentonite are widely used as
pharmaceutical ingredients or carriers due to their biocompatibility, interlayer
spacing, thermal and chemical stability. The high specific surface area, excellent
ion-exchange capacity, natural abundance and cost-effectiveness of bentonites
make them efficient carriers for volatile oils. Loading EOs into the silicate, lowers
the evaporation rate or slows the mass transfer of volatile components to the ext-
ernal environment. Encapsulating various types of EOs into bentonite is an effi-
cient way to prepare novel hybrids with antifungal and antibacterial properties.
Numerous studies have focused on developing EO-bentonite composites using a
variety of essential oils. The use of these clays as delivery systems for essential
oils represents a novel and promising approach.4:6

Over recent years, polymer—clay hybrid materials have been widely utilized
in drug delivery systems due to their enhanced technological properties, including
rheology and drug incorporation efficiency. These materials combine the advantages
of both components, such as swelling, water absorption and bioadhesion.” In
addition, polymer-based topical hydrogels are a promising drug delivery system
for hydrophobic compounds.8

In this study, we describe for the first time the synthesis of a Carbopol based
gel with EO obtained from M. chamomilla L. cultivated in Georgia and intercalated
in Tikha-Ascane (TA). TA is a Georgian bentonite clay preparation obtained from
the Askana Deposit (Ozurgeti region, Georgia) and investigated at the 1. Kutatel-
adze Institute of Pharmacochemistry (TSMU). The biomedical and pharmaceutical
applications of TA have been approved by national public health authorities. Based
on this preparation, various dermatological formulations have been developed at
the Institute of Pharmacochemistry (TSMU).%10

EXPERIMENTAL
Preparation

Tikha-Ascane (TA), obtained from Georgian bentonite clay, was available at the Pharma-
ceutical Technology Direction (I. Kutateladze Institute of Pharmacochemistry, TSMU). Car-
bopol 940 (CA) and methanol (catalogue no. 34860) were purchased from Sigma—Aldrich;
n-hexane was obtained from Carl Roth (Karlsruhe, Germany), and calcium chloride anhydrous
granules were supplied by Merck. All other solvents and chemicals obtained from commercial
sources were of analytical grade.
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Plant material

Matricaria chamomilla L. aerial parts, cultivated in Shiraki (41°17'38" N, 46° 20'27" E,
595 m asl Kiziki Floristic Region, Georgia) were collected in early June. An 120 g air-dried
sample was crushed and hydrodistilled for 2 h (1:5 herb-to-water ratio) using a Clevenger-type
apparatus. The resulting dark blue essential oil with a distinct aroma was stored at 4-5 °C until
analysis.

Qualitative and quantitative analysis of essential oil

MEO constituents were analyzed using an Agilent GC-MS system (GC 7890B with
5977A mass detector) equipped with an HP-5MS UI column (30 mx0.25 mm i.d.; film thickness
0.25 pm). A 1 pL sample (1:100 by volume in hexane) was injected with a split ratio of 1:150,
using helium as the carrier gas (1 mL/min flow, 3 mL/min purge). The oven was programmed
from 140 to 215 °C at 3 °C/min, held for 4 min; injection temperature was 250 °C. MS detection
was performed in TIC and SIM modes (70 eV, 40—550 amu). The relative content of each com-
pound was expressed as a percentage of the total chromatographic area, based on the mean of
three replicates. Identification was performed by comparing retention times and mass spectra
with the NIST database.!!

Characterization of MEO

MEO volatility was evaluated by exposing a specified quantity to the laboratory environ-
ment (room temperature, 55+5 % RH), with weight loss assessed at 3, 24, 48 and 120 h.!!

Preparation of gel base and formulation

The CA-TA gel base was prepared using 1.5 mass % CA and 2 mass % bentonite in an
optimized 80:20 ratio. A 1% concentration of essential oil was selected based on prior data,
yielding hydrogels with desirable rheological properties, stability and ease of application.!? To
prepare the gel, 2 g of bentonite was dispersed in 4 mL of deionized water, followed by incor-
poration of MEO. With continuous stirring, the remaining water was gradually added and the
MEDO loaded clay dispersion was mixed with the 1.5 % CA gel to obtain the final hydrogel.

Characterization of formulations
Physical appearance and homogeneity were evaluated through visual inspection.!4
PpH Determination

The pH of all samples was determined at room temperature using a digital pH-meter
(model MW150 MAX) immediately after preparation and during stability studies. The electrode
was immersed into the undiluted formulations for 2 min, and the readings were recorded in
triplicate.!3

Viscosity measurement and rheological properties

A rotational viscometer (Brookfield viscometer) was used to determine the viscosity of the
samples at 25+2 °C with a spindle speed of 10 rpm. The rheograms were evaluated by plotting
the obtained values of shear stress versus shear rate.!*
Determination of spreadability

The spreadability of the samples was evaluated using two sets of glass slides (20 cmx20
cm). 0.5 g of the formulations were weighed and placed within a circle of 1 cm diameter pre-
marked on a glass slide. A second glass plate was positioned on it, forming a sandwich arrange-
ment. A weight of 500 g was placed on the upper plate for about 5 min and diameters of spread
circles were assessed.
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The spreadability index (Si) was calculated using Eq. (1); results were obtained in relation
to applied mass and spreading area:!’

si=a2Z 1
i 2 (D

where d is diameter (mm).
The spreadability factor (Sf) was calculated as:

sz% @)

where 4 is the total area (mm?) and W is the total weight (g).
FTIR spectroscopy

FTIR analysis was conducted to inspect the compatibility of active components with
excipients. Spectra of MEO, TA and Carbopol 940 were recorded for both unloaded and loaded
gel formulations in the 400-4000 cm™! range using a Jasco 600-IR spectrometer with a
deuterated triglycine sulphate (DTGS) detector and KBr beam splitter. The essential oil was
equilibrated at ambient temperature before analysis, and the resulting spectra were used as spec-
tral fingerprints.
Determination of MEO content

Before GC—MS analysis, the samples were pretreated as follows: 0.1 g of CA-TA-—-MEO
gel or 2.5 pg of MEO was mixed with methanol, filtered through a 0.45 pum filter, and 5 pL of
the resulting solution was injected into the GC inlet via a split/splitless injector.
Moisture loss

The accurately weighed samples (2 g) were kept in closed desiccators containing anhydrous
calcium chloride and reweighed after three days.12 The percentage moisture loss was assessed
using the following equation:

w=1007=" (3)
W

where W, is initial weight (g) and W] is final weight (g).
Optical microscopy

Light microscopy was used to study the microscopic characteristics of the optimized form-
ulations. Samples were placed onto a microscopic slide and uniformly spread with a coverslip.
The coverslipped slides were observed at room temperature under an optical microscope (Carl
Zeiss Jena CF250) at 350x magnification and photomicrographs were captured on a laboratory PC.12

Centrifugation test

The centrifugation test was carried out to evaluate phase separation. A 2 g sample was spun
at 5000 rpm for 10 min at room temperature in a 15 mL tube.

Statistical analysis

All analyses were performed in triplicate, and the means and standard deviations of the
experimental data were calculated using Microsoft Office Excel.

RESULTS AND DISCUSSION
Composition of essential oil

The average yield of the oil from the dry chamomile aerial parts was calculated
as 0.3 %. The components in the oil were examined using instrumental conditions
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set on the GC-MS and identified using direct mass spectral comparison. The
qualitative and quantitative characteristics of MEO evaluated by the GC-MS ana-
lysis are depicted in Fig. 1.
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Fig. 1. GC-MS profile of essential oil extracted from dried chamomile aerial parts.

The major constituents were found to be bisabolol oxide A (38.2 %), a-bisab-
olol oxide B (12.91 %), (cis)-f-farnesene (11.8 %), a-bisabolol (8.83 %), spathulenol
(2.27 %), chamazulene (1.99 %), cis-ene-yne-dicycloether (6.51 %) and f-copaene
(0.38 %). These findings classify the East Georgian chamomile oil as a bisabolol
oxide A chemotype. Bisabolol oxide A, a sesquiterpenoid, is recognized for its
broad spectrum of biological activities, including anti-herpetic, antipruritic, anti-
microbial, cytotoxic and antileishmanial effects.16

FTIR analysis

Essential oils are complex mixtures comprising volatile and aromatic com-
pounds, often associated with a wide range of functional groups. In the present
study, MEO was found to contain ethers, amines, carboxylic acid, aromatics,
alkanes, aldehyde carbonyl, aldehyde and alcohols (Fig. 2). The assignments of
corresponding functional groups were achieved by using frequency data available
in the literature.!7-19

The FTIR spectrum of MEO showed characteristic bands corresponding to its
main components. A broad band at 3200-3600 cm~! indicated O-H stretching
from alcohols and phenols.!8:19 A peak at ~2926.45 cm~! was assigned to C—H
stretching in alkanes.!7-20 The band at ~1717 cm™! was assigned to the C=0 stretch
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matricin, with low intensity suggesting its conversion to chamazulene and car-
xylic derivatives.21-22 Peaks at ~1631 and 1660.41 cm~! indicated C=C stretching
alkenes (e.g., farnesene), while that at ~1579 cm~! was assigned to aromatic C=C

vibration.19:27,22-25
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Fig. 2. FTIR spectra of the tested samples.
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Bands at ~1454 and 1375 cm™! reflected CH, and CH3 deformation, possibly
from a-bisabolol and its oxides.!9:22-25 A peak around 1227 cm™! corresponded
to esters and phenolic C-O stretching.24 Bands between 1177-1016.3 cm™!
corresponded to alcohol or ether C—O stretches, including signals from cis/trans-
-en-yne-dicycloether.23:24 Peaks in the 1092-899 cm~! range matched a-bisabolol
(tertiary alcohols) while the peak at ~978 cm~! indicated methylene or aromatic in-
plane bending.!9-21.23.25 Finally, peaks between 899-802 cm~! were attributed to
out-of-plane aromatic C-H bending.21.24

The volatilization test revealed that free MEO exhibited weight losses of 20.3,
50.8, 53.0 and 54.7 % after 3, 24, 48 and 120 h, respectively, confirming its high
volatility and highlighting the limitations of conventional encapsulation strategies.
Bentonite clays, due to their unique layered structure, can effectively interact with
essential oil molecules.2® In this study, the interlayer space of bentonite was acti-
vated in water, followed by mechanical intercalation of MEO. This approach
enabled successful incorporation of oil into the clay framework, as confirmed by
volatilization assays and light microscopy (Fig. 3). Encapsulation of MEO within
the bentonite matrix reduced its volatilization by 65.26, 65.32, 68.68 and 68.94 %
at 3, 24, 48 and 120 h, respectively, compared to the free, unencapsulated oil,
thereby demonstrating enhanced stability and decreased volatility.

As visualized in Fig. 3C, dark, spherical droplets of MEO are distributed
throughout the well-dispersed carbopol-bentonite matrix, and the network struc-
ture of the hydrogel is capable of protecting the essential oil from evaporating.
After addition of Matricaria chamomilla EO, the structure of CA-TA system
changed, showing a fibrous-like network, which can be expected as a result of the
interactions of matrix components with MEO compounds.

Microscopic analysis of the formulations (Fig. 3) showed that the CA-TA—
—MEO system exhibits a nearly monodisperse microstructure with small, homo-
geneously dispersed oil droplets. Droplet size is known to influence the physico-
chemical stability and mechanical properties of emulsion gels. Generally, smaller
droplets with a narrow size distribution improve physical stability.2”

o

(o4

Fig. 3. Light microphotographs of tested samples. A) TA; B) CA-TA matrix;
C) MEO loaded hydrogel (1 mass %).
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The optical microscopy images of the hybrid microstructure of bentonite
modified carbopol gel (Fig. 3B) showed a non-uniform texture. The existence of
non-homogeneous areas confirms the interaction between TA and the polymer
chains, providing appropriate interconnected architecture in the system. Also, Fig.
3A shows the heterogeneous texture for the aqueous TA suspension (2 mass %),
typical of bentonite gels due to the clay platelets’ tendency to form a structured
network.

The outcome of this study showed that TA clay and the CA polymer are
compatible with one another, leading to the formation of stable [TA+CA] matrix
suitable for the incorporation of essential oil.

Characterization of formulations

Prepared gels were found to be blue in color, homogeneous and visually
acceptable. The gel has the characteristic odor of the essential oil of Matricaria
chamomilla.

pH Determination

The pH values of the prepared formulations are given in Table I.

The results suggest that CA—-TA-MEO gel is skin-compatible and suitable for
topical use.28 The initial pH of bentonite suspensions ranged from 8.6 to 9.0,
whereas the pH of CA—TA formulations remained between 6.5 and 6.71, and that
of carbopol gels ranged from 6.47 to 6.63.

TABLE I. pH, spreadability and moisture loss of the formulations; SD: standard deviation, n =3

Sample pH (mean+SD) Sf/ mm? gl (mean+SD) w/ %
2% TA 8.84+0.12 - -

1.5 % CA 940 6.53+0.06 6.89+0.52 3.33+0.05
CA-TA 6.58+0.09 6.39+0.52 4.59+0.04
CA-TA-MEO 6.57+0.04 7.16+0.33 3.76+0.03

Viscosity measurement and determination of rheological properties

The viscosity and rheology of semisolid formulations influence their applic-
ation behavior and spreadability. The highest viscosity was observed for the ben-
tonite-modified carbopol gel (78,933 cP), while the MEO gel possessed the lowest
viscosity (52,267 cP). Bentonite increased the viscosity, whereas MEO incorporation
into the CA-TA matrix resulted in a decrease (Fig. 4A).

The viscosity of the CA-TA-MEO gel was assessed at different speed rates;
the rheological profile of formulation demonstrated a shear-thinning behavior,
where viscosity decreased with increasing shear rate — indicative of a non-Newtonian,
pseudoplastic system (Fig. 4C and D).

This property is advantageous for topical applications, as it enables reduced
resistance during spreading while maintaining structural integrity at rest. The MEO
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gel also displayed an insignificant hysteresis loop, indicating negligible thixotropic
properties, a typical feature of carbomer-based gels. Such behavior enhances applic-
ation consistency and storage stability.29:30
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Fig. 4. Evaluation of physical properties and rheological behavior of samples: A) viscosity,
B) spreadability measurements, C) viscosity at different shear rates, D) flow profile of
CA-TA-EO gel and E) visual presentation of CA-TA and CA-TA-EO formulations.
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Determination of spreadability

The effectiveness of topical formulations relies on uniform spreading to
ensure accurate dosing and ease of application. Spreadability, a key parameter for
semisolid dosage forms, is inversely related to viscosity — a decrease in viscosity
leads to improved spreadability. A good spreadability for gel formulations is con-
sidered to lie within the 2500-4900 mm? range.3! As shown in fig. 4B and Table 1,
the CA-TA-MEO gel, with the lowest viscosity, exhibited the highest spread-
ability index (3579.21 mm?) and factor, indicating favorable spreading properties
suitable for topical use.

FTIR analysis of samples

Infrared spectra of the optimized formulation confirmed the absence of incom-
patibility among the components. FTIR analysis also contributed to verify the pre-
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sence of MEO within the TA-CA gel matrix. Similar to the spectra of CA and TA—
—CA, the TA-CA-MEO formulation exhibited the characteristic absorption bands
of pure CA and TA—CA. The encapsulation of the essential oil by the TA—CA matrix
could be evidenced by the appearance of additional specific bands corresponding
to components present in MEO (Fig. 2). Bands at 2927.41 and 2853.17 cm™!
characteristic of the C—H stretching vibrations of alkanes, were displayed only in
the TA—-CA-MEO gel. Moreover, absorption peaks at ~1700, 1177 and 899 cm™!
in Fig. 2 corresponded to the C=0, stretching of aldehydes, C-O stretching of
ethers, and C—H bending of aromatic compounds, respectively.22

In the infrared spectrum of Carbopol 940 the characteristic peaks of O—-H
stretch at 3306.36 cm~! and C—O stretch at 1407.78 cm~! were observed; the peak
at 2932.23 cm! represents CHj stretching, whereas the 1450.21 cm™! peak shows
the presence of the acrylate back bone (Fig. 2). It is also noted that similar peaks
were found in the spectra of the hybrid matrix and TA-CA-MEO gel, confirming
the structural integrity of the polymer within the formulation.32

The bonds at 3467.87 and 3620.21 cm! in the spectrum of the original TA
are characteristic of Si—-OH and AI-OH stretching vibrations in bentonite. A sharp
peak at 1044.26 cm™! is associated with Si—O stretching vibration. Compared to
the original bentonite, the Si—O absorption peak shifts to a lower wavenumber in
the hybrid matrix spectrum, while in the TA-CA-MEO formulation, it moves to a
higher wavenumber with reduced intensity—indicating gel network formation. The
small peak at 912.16 cm1 is attributed to the bending vibration of ~OH in Al-Al-
—OH, a characteristic feature of bentonite.33 As shown in Fig. 2, the peak at 791.15
cm~! represents AI-Mg-OH vibrations, while the peak at 620.00 cm™! corres-
ponds to Mg—O-Si or Fe-O-Si groups. Peaks at 528.4 and 461.38 cm™! are related
to Al-O and Mg-O, respectively.34

FTIR spectral analysis of the essential oil, bentonite, and Carbopol 940 con-
firmed that the characteristic peaks of the essential oil were preserved in the gel
formulation, indicating no significant interactions among the formulation com-
ponents.

Determination of MEO content

GC-MS analysis revealed comparable chromatographic profiles across the
tested formulations, verifying the presence of characteristic constituents of M.
chamomilla EO (Fig. 5). The MEO content in the CA-TA-MEO gel assessed as a
function of the initial EO loading, averaged 58.34 %.

Despite the simplicity of the formulation process, a reduction in MEO content
was observed, likely due to volatility or process-related factors that require further
investigation. To date, no studies have reported the encapsulation efficiency of M.
chamomilla EO in bentonite-based gels or the CA-TA system specifically. How-
ever, EE values for other essential oils range from 47.69 to 57.8 %, depending on
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formulation variables, polymer type and analytical methods.3> The EE observed
here aligns with these findings, indicating that the CA—TA system forms a stable,
well-structured matrix capable of effectively encapsulating MEO.
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Fig. 5. GC-MS chromatograms of pure MEO (A) and CA-TA-MAO gel formulation (B).

Moisture loss

Water content is fundamental for hydrogel integrity and solubility, as evapor-
ation significantly alters hydrogel properties.3¢ Moisture loss analysis (Table I)
showed that CA-TA-MEO exibited the lowest loss, which is advantageous for
preserving the gel’s physical properties during storage. Centrifugation tests further
confirmed the physical stability, with no phase separation observed.

CONCLUSION

Matricaria chamomilla essential oil (MEO) demonstrates a wide range of phar-
macological activities; however, its high volatility and chemical instability hinder
its direct application in topical formulations. Furthermore, MEOs compositions
can vary significantly depending on factors such as geographical origin, climate,
harvesting season and extraction method.

This study developed and evaluated a Georgian bentonite clay (TA)—polymer
system for topical delivery of volatile oils. The gel was formulated with Carbopol
(CA) and an MEO-TA hybrid. Analysis confirmed that East Georgian chamomile
cultivars belong to the bisabolol oxide A chemotype, with major constituents inc-
luding bisabolol oxide A, a-bisabolol oxide B, (cis)-f-farnesene, a-bisabolol, spat-
hulenol, chamazulene, cis-ene-yne-dicycloether and S-copaene.
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To minimize evaporation and slow the mass transfer of volatile components,
an MEO-TA hybrid was incorporated into an 1.5 % Carbopol gel. The resulting
MEO-TA-CA formulations satisfied key requirements for semisolid dosage
forms, including uniformity, physical stability and suitable rheological behavior.
EO droplets were well-incorporated and evenly distributed into the matrix. FTIR
analysis confirmed the preservation of MEQO’s characteristic peaks, indicating the
absence of undesirable interactions between the formulation components.

The prepared gel showed a significant encapsulation capacity for MEO, rich
in bisabolol oxide A — a bioactive compound with anti-herpes, antipruritic and
antimicrobial properties — highlighting the potential of Georgian bentonite clay—
—polymer systems for topical delivery of volatile oils.

H3BO[J

XUBPUJIHU CUCTEM I'PY3HUJCKHU BEHTOHUT-TIOJIMMEP KAO HOCAY 3A ETEPUYHO
YJbE Y TOITMKAJIHUM [TPUMEHAMA

LIA TSIKLAURI', ANA JANEZASHVILI' u MALKHAZ GETIA?

'Department of Technology of Pharmaceutical Products, Biologically Active Additives & Cosmetics, lovel
Kutateladze Institute of Pharmacochemistry, Tbilisi State Medical University, Tbilisi, Georgia u 2Department
of Pharmaceutical Analysis & Standardization, Iovel Kutateladze Institute of Pharmacochemistry, Tbilisi
State Medical University, Tbilisi, Georgia

Llnss oBor pazna je 6uo pasBoj XuOpUIHOT cHCTEMa TTOJIUMEep—T/IMHA KOpUIIhemheM Ipy3u-
jckor benrtonurta (Tikha-Ascane, TA) u monumepa Carbopol (CA) xao HOCaya 3a €TEPUUYHO ybe
(EO) nobujeno u3 xamunuie (Matricaria chamomilla L.) xoja je y3rajana y Uctounoj ['py3uju.
EO je excTpaxoBaHO XHUAPOJECTHUNALNjOM U oKapakTepucaHo mpumeHom GC—-MS u FTIR rtex-
HuKa. Onpehenu cy ocHOBHU (hU3NYKO—XEMUjCKH TapaMeTpu ¢opmynanvja CA-TA u CA-TA-
—EO, xao wrto cy pH, BHUCKO3HOCT, peosnoruja, pacnpocTipame, KOMIATUOMIHOCT, TYOUTaK
Biare u ctadunHocrt. [Tpunoc EO je 6no 0,3 % u3 dusbHOT MaTepyjaiia KojH je CyllieH Ha Basfyxy.
I'maBHe koMMoHeHTe cy ducadomomn-okcun A (38,2 %), a-ducadonon-okcun B (12,91 %), (cis)-
-B-dapnecen (11,8 %), a-ducadomnon (8,83 %), cnatynenon (2,27 %), kamasynen (1,99 %), cis-
-en-in-gunuxioerap (6,51 %) u f-xomnaeH (0,38 %). OBU pe3ynTaTy Cy nokasaiH ja je JoKalHa
Kamununa dorara ducabonon-oxcugom A. OnTumH3oBaHa Xupporen dopmynanvja je duma
XOMOreHa, cTadWiHa, ca BOOpPUM PEOJIOUIKUM CBOjCTBUMA, NMOTOAHA 3a aKTyelHe TpPUMEHe.
Xpomarorpadcka aHanu3a je IOTBPAWIA yCIemHo HHKoprniopupawe EO y ren, ca edukacHo-
why umodunusauuje on 58,34 %. ['eHepanHo, OBa UCNIUTHBAKA Cy Mokasajaa Jia je TPy3HjCKu
BenToHMT KOoMIaTHOUIaH ca CA nosuMepoM U fa bopmHpa euKacHy MaTpPUKLY 3a UCIIOPYKY
€TEPUYHOT yjba y MOJYYBPCTOM ODJIUKY.

(ITpumibeno 13. Maja, pesunupano 18. jyna, npuxsaheno 25. Hoemdpa 2025)
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Temporal and spatial distribution of physicochemical
parameters and water quality indices in an oligotrophic
dam lake: A case of Maksutlu Dam Lake, Sivas, Tiirkiye
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Abstract: This study was conducted at three selected stations in Maksutlu Dam
Lake (Sarkisla, Sivas), covering both the dry season (August 2023) and the rainy
season (May 2024). Water samples were collected from the lake and a total of
18 physicochemical parameters were analyzed. The eutrophication index (ET),
organic pollution index (OPI) and nutrient pollution index (NPI) values were
calculated for both seasons based on the physicochemical parameters of the lake
water. Additionally, a Geographic Information System (GIS) was used to show the
seasonal variation in index values. Bray—Curtis and Pearson correlation analyses
were applied to the physicochemical parameters of the water. As a result, it was
found that both the physicochemical parameters and water quality indices of the
lake exhibited seasonal variation. Phosphate pollution was detected in the lake
and it was found that the lake may be oligotrophic in terms of NO5 and Mg
values. Several suggestions were also made for the sustainable management of
the dam lake.

Keywords: geographic information system; reservoir; organic pollution index.

INTRODUCTION

Dam lakes are aquatic ecosystems formed by the accumulation of water in
large areas behind embankments, created by building a dike across a river valley,
typically at its narrowest point. While dam lakes were once the primary sources of
drinking water and agricultural irrigation, they now play a significant role in act-
ivities such as energy production, transportation, industry and tourism. Dam lakes
are also crucial structures for flood protection. Acidification, eutrophication, and
various changes in hydrology and geomorphology are the primary pressures affect-
ing the integrity of these lakes.2
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The excessive input of plant nutrients, particularly nitrogen and phosphorus,
into lakes promotes the growth of organic matter, algae, periphyton and macro-
phytes, leading to eutrophication. This growth results in changes to aquatic org-
anisms and water quality.3 As a consequence of eutrophication, decreases in dis-
solved oxygen levels can lead to hypoxia and toxic algal blooms.3

Human activities, including domestic and industrial wastewater discharge and
agricultural runoff, contribute to the physical, chemical, and biological pollution
of freshwater resources, leading to the deterioration of water quality. This situation
also limits the use of freshwater resources for various purposes.* Additionally,
intensive and excessive use of these resources can harm both the environment and
the organisms that depend on them.

Sivas Province is located in the central part of the Anatolian Peninsula, in the
Upper Kizilirmak section of the Central Anatolia Region. The province, with an
average altitude of over 1,000 m, exhibits continental climate characteristics. Sum-
mers are very hot, dry and short, while winters are cold, long and snowy. There are
15 dam lakes in Sivas Province, used for irrigation, energy production and drinking
water. In the Sarkisla district, there are three dam lakes: Maksutlu, Yapialtin and
Kanak. Kanak Dam was built to meet the drinking and utility water needs in Sar-
kisla and to irrigate agricultural lands. Maksutlu and Yapialtin dams are primarily
used for irrigation. Recreation and picnic areas are located around Maksutlu Dam
Lake, which is situated close to the Sarkisla district center.>

There are few studies on the dam lakes in Sarkisla.%7 One study evaluated
both the physicochemical data and benthic macroinvertebrates of Kanak Dam Lake
by sampling water and benthos monthly for one year.® Another study compared
the filling rates of Maksutlu Dam Lake between 2010 and 2019.7 It emphasized
that there were decreases in the filling rates of the dam due to drought and that the
dam lake should be used rationally. The study also reported that necessary meas-
ures should be taken to address the water crisis that may occur during dry periods
and that a water management plan should be prepared for Maksutlu Dam Lake.

This study examined certain physicochemical parameters during both the dry
and rainy periods of Maksutlu Dam Lake, which has not been studied in detail
before. First, water quality values were determined according to various criteria.8:%
Second, three different water quality indices were applied to the physicochemical
parameters. Third, the spatial distribution of the index values across the dam lake
was mapped using the IDW interpolation method. Fourth, the relationships between
the physicochemical data were investigated using various statistical methods. Fin-
ally, several recommendations were made for the sustainable use of the dam lake.

EXPERIMENTAL

Details related to the sampling locations are given in the Supplementary material to this
paper.
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The research was conducted through both field and laboratory work. During the fieldwork,
water temperature was measured using a simple thermometer (°C), electrical conductivity (EC)
was measured with a conductivity meter (uS cm'), pH was determined using a pH meter and
total dissolved solids (TDS) were measured with a portable device (ppm). For the measurement
of other physicochemical parameters (DO, BODs, COD, Cl, salinity, Ca, Mg, total hardness
(TH), NO,, NO,, NH,-N, SO,, PO,), water samples were collected using a Ruttner water
sampler and transferred to the laboratory in 2-L dark glass bottles.

The water samples brought to the laboratory were prepared for analysis without delay.
Classical titrimetric and spectrophotometric methods were used for this purpose.!? The quality
of the water samples was determined according to specific criteria.’9

All statistical data were analyzed using Microsoft Office Excel 20 (LogBase10) and SPSS
9.0 software to reveal the similarity between stations and physicochemical parameters.'! The
relationship between physicochemical parameters was examined using Pearson correlation ana-
lysis conducted in IBM SPSS Statistics, version 27.12

Water quality indices

The EI is used to evaluate the trophic conditions of the surface water body. COD, dissolved
inorganic nitrogen (DIN / mg L1), and dissolved inorganic phosphorus (DIP / mg L) are used
to calculate the E7 values, which are computed using the formula below. An E7 value less than
1 indicates the absence of eutrophication, while a value of 1 or greater indicates the presence of
eutrophication:3-13

BT =106 CODx DIN x DIP 0
4500

OPI is used to assess the organic pollution status of surface water resources. COD, DIN,
DIP, DO and their standard concentration values are used to calculate the OPI. The standard
concentration values of CODg, DINg, DIPg and DOg were taken from the references in the
previous study.’!3 The value obtained from the formula was evaluated as follows. <0: Excellent
water quality, 0—1: good water quality, 1-2: water starting to be polluted, 2—3: lightly polluted
water, 3—4: moderately polluted water, >4: heavily polluted water.!3:!4 OPI values were cal-

culated using the following formula:

COD DIN DIP DO

OPI = + +—t )
CODs ' DINs DIR; DOs

The NPI values of the dam lake were calculated using the NO; and PO, parameters in
surface water sources. These values were calculated using the following formula. The obtained
value categorizes the pollution levels as follows. <1: no pollution, 1-3: moderately polluted, 3—6:
significantly polluted, >6: very high pollution.!*!> The NO;-N maximum limit (mg L) is
referred to as MACy, and the PO ,-P maximum limit (mg L) is referred to as MACp, with values
taken from the criteria:!3

O, G
MACy  MACy

NPI = 3)

The IDW interpolation technique was used to show the spatial distribution of index values
on the dam. In IDW interpolation, the distances between the data points are first calculated for
estimation. Then, weight values are determined based on the distance of each data point. Finally,
the predicted value at a specific location is calculated by taking the weighted average of the
points with known locations.!6 In the formula, Z(x) represents the predicted value; Z(x;) represents
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the values of known points in the environment; w; is the weight of each point; and N represents
the number of points in the environment:

Zfil w;Z(x;)
Zf; Zw
RESULTS AND DISCUSSION

The water quality classes, based on physicochemical data and the average
values obtained from sampling in Maksutlu Dam Lake during the dry and rainy
seasons, are given in Table 1.8

Z(x)= “4)

TABLE I. Water parameters and mean values of Maksutlu Dam Lake in dry and rainy seasons.
Min: Minimum; Max; Maximum; Ave: Average; WT: water temperature; EC: electrical
conductivity; DO: dissolved oxygen; BODjs: biological oxygen demand; COD: chemical oxy-
gen demand; 7DS: total dissolved solids; 7SS: total suspend solid; Cl: chloride; Ca: Calcium;
Mg: magnesium; TH: total hardness; NOj: nitrate nitrogen; NO,: nitrite nitrogen; NH4-N:
ammonium nitrogen; POy4: phosphate; SO4: sulfate

Dry season Rainy season
Parameter Unit Station Min-Max  Ave Class
1 2 3 1 2 3

wr °C 325 322 34 193 183 18 18-34 25.7 I
EC 384 268 344 573 495 513 268-573  429.5 TandII
pH 823 856 7.86 801 831 791 7.86-8.56 8.15 I
DO mgL! 437 476 3.04 723 7.80 6.66 3.04-7.80 5.64 11
BODs mgL! 323 254 423 102 15.01 9.78 9.78-423 225 1
COD mgL! 548 355 552 145 18 142 142-552 32.03 IandIl
TSS mgL! 120 360 210 105 318 165 105-360 213

DS ppm 176 268 167 286 247 256 167-286  233.3 I
Cl mg L' 38.98 41.98 39.98 29.99 26.99 31.99 26.99-41.98 34.99 IandIl
Salinity % 002 001 0.03 0.02 0.03 0.03 0.01-0.03 0.02

Ca mg L1 2645 24.08 20.04 101 48 70 20.04-101 48.26

Mg mgL! 341 269 238 296 133 199 133341 246

TS FS° 124 13 106 0.8 1 1.2 1-12.4 6.50

NO; mg L1 16.50 21.27 16.50 44 47.90 53.51 16.50-53.5 33.28 IandIl
NO, mgL! 0 0 0.023 002 002 0 0-0.023 0.01 I
NH4-N mg L1 0.013 0.019 0.017 0.044 0.012 0.008 0.008-0.04 0.02 I
PO, mgL! 0.19 032 1.56 1.245 0.023 1.305 0.023-1.56 0.77

SOy mgL! 557 11.56 595 9.89 10.33 10.39 5.57-11.56 8.95 I

Water temperature is a highly effective factor on biotic components in aquatic
ecosystems. It plays an important role in reproduction, nutrition, and metabolic
activities. Increase in temperature increases the rate of biological activity and dec-
reases oxygen saturation.!7 It was observed that the water temperature values of
the dam lake vary seasonally. During the dry season sampling, an increase in both
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air and water temperatures was noted. The average water temperature placed the
lake in class I water quality.

The EC value is an indicator of the total amount of dissolved substances in
water. EC values vary depending on the geological structure and the amount of
precipitation. It was found that the £/ values of the lake water were higher in the
rainy season (Table I). The primary reason for this is the significant outflow into
the lake during the rainy season. During this period, a large amount of material
from outside the lake is transported into it by rain or snowmelt. The average E/
values were found to range between Class I and Class II water quality.8 The pH
value is an indicator of water acidity.!® When the average pH value of the dam
lake was analyzed, it was determined that the water quality was Class I1.8 It can be
concluded that the lake water exhibits basic properties.

The solubility of oxygen in water is inversely proportional to temperature.
Additionally, a wavy lake surface and high moisture content increase the solubility
of oxygen. As the salt concentration in the water increases, the amount of dissolved
oxygen decreases.!? It was observed that the DO values of the lake varied signif-
icantly between the dry and rainy periods. During the dry season, the water tem-
perature increased due to heat, and the lake water evaporated. As a result, the DO
values were found to be quite low in the dry season. However, during the rainy
season, the water level of the lake increased due to rainfall, which in turn increased
the DO. In terms of DO, it was determined that the lake water fell under Class II1
water quality. BODs is defined as the amount of oxygen required by bacteria to
break down organic matter under aerobic conditions.20 Based on the average
BOD:s, the dam lake was classified as Class 111 water quality. COD is the amount
of oxygen required for the breakdown of chemical compounds. The COD value is
inversely proportional to the DO. COD values are generally higher than BODs
values because COD measures the total organic matter present in a water sample,
while BODjs only indicates the amount of biodegradable organic matter.2! In this
study, COD values were higher than BODs5 values, supporting the findings in the
literature. It was determined that the lake waters were classified as between Class
I and Class II water quality based on the average COD.

Knowing the total amount of soluble substances or minerals in natural waters
is an important parameter for defining the chemical composition of water. It also
provides general information about the bottom structure, which contributes to the
productivity of the water.20 The TDS originate from agricultural runoff, industrial
wastewater, natural sources, and domestic activities. The main ions that contribute
to the 7DS include bicarbonates, carbonates, sulfates, chlorides, nitrates, mag-
nesium, sodium, potassium, calcium and others. In addition, silt, clay, small org-
anic particles, inorganic substances, soluble organic compounds, plankton and
other microscopic organisms also contribute to the 7DS.
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The Cl is an important component of all natural waters and is generally found
in low concentrations. High concentrations indicate that salinity and EC values are
also high.22 Based on the average CI values, the lake water was found to fall
between Class I and Class II water quality.

The Ca is one of the most abundant elements in natural waters.23-24 The source
of Ca ions in water comes from calcium carbonate and calcium sulfate minerals.
Therefore, Ca can be found in waters at varying concentrations. The Ca is the most
important ion contributing to water hardness.2> According to some researchers,
water is classified as soft if Ca is less than 10 mg L-!, moderately hard if it ranges
from 20-25 mg L1, and hard if it exceeds 25 mg L-1.20 In this study, the average
value was found to be 48.26 mg L-!. Since the lithological structure of the study
area consists of volcanic formations, the concentration of Ca ions may be high.
This elevated value indicates that the lake has very hard water.

The Mg is one of the ions that contribute to the hardness of water. Since Mg
is present in the composition of chlorophyll, it is vital for chlorophyllous plants. It
also regulates phosphorus metabolism in algae, fungi and bacteria. Low Mg levels
in lakes significantly affect phytoplankton productivity, resulting in the lake acquiring
oligotrophic characteristics.26 Mg concentrations in natural waters typically range
between 1050 mg L—1.17 The average Mg value in this study was found to be 2.46
mg L1,

The nitrates are the most common mineral form of nitrogen in oxygen-rich
waters and is an important factor that can either limit or promote algal growth. It
is found in trace amounts in surface waters. The amount of nitrogen is low in oli-
gotrophic waters and quite high in eutrophic waters. NO3-N, an essential element
for the intensive development of phytoplankton, is typically found in waters at
concentrations between 1-10 mg L-1. It was determined that the lake water falls
between Class [ and Class Il water quality in terms of the average NO3-N value.
The NO> is an intermediate product in the biological oxidation of ammonium to
nitrate. The concentration of NO» is generally low in natural waters but can reach
high levels in areas with organic pollution and low oxygen levels.26 In this study,
it was found that the average NO,-N values of the lake were classified as Class I
water quality. In clean and oxygenated waters, NH4 compounds are found at very
low levels. NHy is a waste product of aquatic organisms and is reabsorbed by other
organisms.!? Many algae and higher plants can directly take up NHy4. Generally,
NHy levels should be 1 mg L1 or less. Based on this parameter, the water quality
was considered Class .12

It has been reported that productivity is high in waters with PO4 content
between 0.15 and 0.30 mg L1, but when the POy4 content exceeds 0.30 mg L1, the
water is considered polluted. When the phosphate level exceeds 0.50 mg L1, the
water shows excessive pollution and causes eutrophication.?3 Waters with a total
phosphorus concentration of 20 ug L~! or higher are considered eutrophic.2’
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The SOy is an ion that must be present in natural waters to enhance biological
efficiency. If its concentration is insufficient, phytoplankton development is inhib-
ited and plant growth slows down. SO4 values in natural lakes typically range from
3 to 30 mg L-1.28 An increase in SO4 concentrations in aquatic environments,
caused by various industrial wastes, agricultural runoff, and domestic effluents, is
an indicator of pollution. SO4 levels greater than 250 mg L1 signify serious con-
tamination.23 It was found that the lake had Class I water quality based on the
average SO4 concentration.

Pearson correlation analysis was applied to the physicochemical parameters
of lake water that show a normal distribution. According to the Pearson correlation
analysis with WT, very strong positive correlations were observed between BODs,
COD and chloride CI. A positive correlation was found between TDS and NO3 and
sulfate SO4. Since NO3 and SOy4 are ions that form part of salts, the of 7DS in
water increases as they dissolve. A negative correlation was found between BODs
and 7DS and SO4 in relation to WT and NOs3. Additionally, a general relationship
was observed between SOy, WT, BODs and COD. The correlation coefficients
from the Pearson correlation analysis are presented in Table II.

TABLE II. Pearson correlation analysis and correlation coefficients. WT: water temperature;
BODs: biological oxygen demand; COD: chemical oxygen demand; TDS: total dissolved solids;
ClI: chloride; SOy4: sulphate; NOj: nitrate; *: correlation is significant at 0.01 level (p < 0.01);
**: correlation is significant at 0.01 level (2-tailed). —: indicating that no statistically significant
correlation was detected

wT BOD; COD DS cl SO, NO;,
wT 1
BOD; 0.923" 1
COD 0.941"" 0.962" 1
DS ~0.676 ~0.835" -0.878" 1
cl 0.943" 0.777 0.813" ~0.498 1
SO, ~0.582 ~0.768 ~0.808 0.927  -0.390 1
NO; ~0.988"*  —0.930"  —0.948"° 0682  -0.895" 0.627 1

The EI, OPI and NPI index values of the dam lake were calculated (Table I1I)
using the formulas provided above. When evaluating the EI values in terms of
stations, they were ranked as 1 < 2 < 3 during the dry season and 2 < 1 < 3 during
the rainy season. The OP/ values were also ranked as 1 <2 < 3 in the dry season
and 2 < 1 <3 in the rainy season. For the NP/ values, the ranking was 2 <1 <3 in
both the dry and rainy seasons. The lowest E/ value was observed at station 2
during the rainy season (326), while the highest £/ value was recorded at station 3
during the dry season (23122). The lowest OPI value was found at station 2 during
the rainy season (3.29), while the highest value was observed at station 3 during
the dry season (13.16). The lowest NPI value was recorded at station 1 during the
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dry season, while the highest value was found at station 3 during the rainy season.
Water quality index values are presented in Table II1.

TABLE IV. Water quality index values (£7, OPI and NPI) of stations in the dry and rainy seasons

. Dry season Rainy season
Station
EI OPI NPI EI OPI NPI
1 2835 4.05 2.48 1311 3.62 11.42
2 3981 441 1.70 326 3.29 3.75
3 23122 13.16 12.63 16307 12.03 12.53

The Bray—Curtis similarity dendrogram for the stations is presented in Fig. 2.
This dendrogram summarizes the similarity of physicochemical data between the
stations based on Bray—Curtis similarity analysis. The first and third stations
showed the highest similarity (91.60 %), while the second station had a lower sim-
ilarity to the other two stations (82.35 %).

&
L

0 50 100 Fig. 2. Bray—Curtis Similarity dendogram of stations.

Remote sensing methods, which have significantly increased in use in recent
years, can be employed to determine both water quality and pollution levels.28:29
In this study, maps showing the distribution of index values across stations were
created using a Geographic Information System (GIS). The index values for the
stations were generated using GIS, and the corresponding maps are presented in
Fig. 3. The spatial distribution of £/, OPI and NPI index values in dry and wet
seasons using the IDW method is also presented in Fig. 3.

In the dry season, £/ values ranged from 2835 (low) to 23122 (high). Lower
values were observed in the western and southwestern parts of the map, particul-
arly near the 15t station, while higher values were concentrated around the center
and 31 station. This was due to a significant decrease in the lake’s water level
caused by evaporation from warming air, which resulted in high eutrophication
index values due to increased NO3 and PO4 concentrations. These elevated values
in the central regions may indicate the accumulation of nutrient loads, which could
contribute to eutrophication (Fig. 3a). During the rainy season, £/ values decreased
significantly, ranging from 326 (low) to 16307 (high). Although there was a gen-
eral decrease in EI values, high values were still observed around the 3¢ station.
This could be due to the dilution of nutrient enrichment caused by increased precip-
itation (Fig. 3b).
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Fig. 3. a) Spatial distribution of E7 in dry season. b) Spatial distribution of £/ in rainy season.
¢) Spatial distribution of OPI in dry season. d) Spatial distribution of OPI in rainy season.

e) Spatial distribution of NP/ in dry season. f) Spatial distribution of NP! in rainy season.
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In the dry season, OPI values ranged from 4.05 (low) to 13.16 (high). During
the rainy season, OP/ values ranged from 3.29 (low) to 12.03 (high). While OP/
values generally decreased slightly compared to the dry season, the organic load
remained high in the central regions and around the 34 station (Fig. 3d). This
suggests that organic pollution persists even during wetter conditions, particularly
near the 34 station.

In the dry season, NPI values ranged from 1.705 (low) to 12.63 (high). High
NPI values were observed around the 3™ station and some central areas, while the
region around the 1st station exhibited low values (Fig. 3e). This indicates mod-
erate to high levels of pollution in the central areas, particularly near the 314 station.
In the rainy season, NP/ values varied between 3.75 (low) and 12.53 (high). The
NPI index generally increased across all areas during the rainy season (Fig. 3f),
possibly due to the dilution of pollutants and the introduction of additional runoff
from surrounding regions.

During the rainy season, OPI the values range from 3.29 (low) to 12.03 (high).
Although the OPI values generally decreased slightly during the rainy season, the
organic load remains high in the center and 34 station (Fig. 3d). In the dry season,
the NPI index ranges from 1.705 (low) to 12.63 (high). The area around 314 station
and some parts of the center show high NP/ values in the dry season. The area
around 15t station shows low values (Fig. 3¢). In the rainy season, the index varies
between 3.75 (low) and 12.53 (high). Accordingly, the NP/ seems to have gener-
ally increased in all areas during the rainy season (Fig. 3f). In addition, 34 station
has high values for all three indices, which is an indication that this area is a serious
impact zone. In summary, the effect of seasonal variations is evident at all stations.

In this study, seasonal changes in the physicochemical parameters of Maksutlu
Dam Lake were analyzed, and the application of pollution indices such as E/, OPI,
and NPI revealed varying levels of eutrophication, organic pollution, and nutrient
pollution across different seasons. As a result, while our study shows similarities
with some studies, it also reveals differences. Anthropogenic activities occurring
in water bodies lead to an increase in nutrient levels, reduce water quality and limit
its intended uses. Excessive nutrient input causes the overgrowth of aquatic plants,
which leads to algal blooms and a decrease in the oxygen content of the water.

CONCLUSION

In the present study, some physicochemical parameters of Maksutlu Dam
Lake were evaluated during both dry and rainy periods. According to the results,
the average values of WT, TDS, NO»-N, NH4-N, and SO4 were classified as Class
I water quality; the average values of EC, COD, Cl and NO3-N were found to fall
between Class I and Class II water quality; the average pH value was classified as
Class 11 water quality; and the average values of DO and BOD5 were classified as
Class III water quality. The EI, OPI, and NP index values were also evaluated for
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both seasons in the study. These index values were analyzed using GIS. In conclus-
ion, the NO3-N and Mg parameters, along with the water quality index values,
indicate that the lake may be oligotrophic. The findings obtained from the study
show that the dam lake is suitable for irrigation. It was also found that the lake is
under the influence of eutrophication, organic pollution and nutrient pollution. To
ensure the sustainability of the dam lake, two suggestions can be made below.

1) These and similar studies should be conducted periodically, and the phys-
icochemical, pesticide and toxicological content of the lake, as well as benthic
macroinvertebrates, should be examined and monitored comprehensively.

2) Satellite data and GIS should be utilized for large-scale monitoring of nut-
rient levels and eutrophication trends in water bodies. Monitoring water quality
with satellite data and GIS has been proven to secure the long-term biodiversity
and sustainability of water resources, as well as maintain ecosystem health.

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/13203, or from the correspond-
ing author on request.

H3BOJ

BPEMEHCKA U [TPOCTOPHA TUCTPUBYIIUJA ®U3NUKO-XEMUICKUX [TAPAMETAPA
" MHIEKCA KBAJIUTETA BOJE Y OJIMTOTPO®HOM BEHITAYKOM JE3EPY:
CJIYHAJ JE3EPA MAKCYTIIY, CUBAC, TYPCKA

MENEKSE TAS DIVRIK! u RUTKAY ATUN?

Sivas Cumhuriyet University, Sarkisla Asik Veysel Vocational School, Sarkisla, 58400, Sivas, Tiirkiye u
2Sivas Cumhuriyet University, Faculty of Engineering, Department of Geomatics Engineering, 58140,
Sivas, Tiirkiye

OBa cTynuja je cipoBefieHa Ha TpU ojadpaHe cTaHHLe Y jesepy Makcyrny Jam (Iapku-
cna, CuBac), mokpusajyhu cyuny ce3oHy (asryct 2023. rog.), Kao U KMILIHY ce30HY (Maj 2024.
rog.). 3 jesepa cy mpuKyI/beHH Y30pLM BOJE, 8 aHAJIM3UPAHO je YKYNHO 18 hU3nIKo—XeMHUjCKUX
napamerapa. BpenHoctu unzpekca eytpodukanuje (EI), unpexca opranckor 3arahema (OPI) u
WHpekca 3arahewa HyTpujeHTHUMa (NPI), uspauyHare cy 3a ode ce30He Ha OCHOBY U3NUKO—
—XEeMH]jCKUX TapaMeTapa jesepcke Boze. [loper Tora, kopuirhes je 'eorpadcku nHGOpPMALIMOHU
cucteM (GIS) 3a mpHKa3 Ce30HCKUX BapHjaLuja y BpeAHOCTUMa uHaekca. Ha dusndxko—xemujcke
napaMeTpe Bofe npuMemeHe cy Bray—Curtis u Pearson xopenanuoHe aHanuse. Kao pesynrar
Tora, yTBpheHo je na u (pU3HIKO—XEMHUjCKU NMapaMeTPU U MHJEKCH KBaJIHUTETa je3epcKe BOIE
MoKa3yjy Cce30Hcke BapHjanuje. Y jesepy je merexkroBaHo docdaTHO 3araheme U yCTaHOBBEHO
je ma jesepo moxe dutu onurorpodHo y norneny cagpxaja NO; u Mg. JlaTo je ¥ HEKOJUKO
Ipeziora 3a OffpXKHUBO YIIpaBjbakhe BELITaukUM je3epoM Koje je HacTaso U3rpagwoM dpaHe.

(TIpumiseHo 7. jaHyapa, peBunupaHo 6. dbedpyapa, mpuxsahero 11. ampua 2025)
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Temporal and spatial distribution of physicochemical
parameters and water quality indices in an oligotrophic
dam lake: A case of Maksutlu Dam Lake, Sivas, Tiirkiye

MENEKSE TAS DIVRIK!* and RUTKAY ATUN?

ISivas Cumhuriyet University, Sarkisla Asik Veysel Vocational School, Sarkisla, 58400, Sivas,
Tiirkiye and 2Sivas Cumhuriyet University, Faculty of Engineering, Department of Geomatics
Engineering, 58140, Sivas, Tiirkiye

J. Serb. Chem. Soc. 91 (1) (2026) 85-97

Maksutlu Dam Lake was constructed for irrigation purposes on the Maksutlu Stream,
upstream of Maksutlu village in the Sarkigla district of Sivas Province. The dam, which is of
the clay-core homogeneous fill type, serves irrigation needs. The dam lake has a volume of
2,950,000 m? and irrigates an area of 400 hectares. The dam’s height from the riverbed is 19 m.
At the normal water level, the lake’s volume is 2.95 hm? and its surface area is 0.42 km?.! Three
stations that best represent the characteristics of the dam lake were selected for this study.
Information about these stations and their characteristics is presented in Table S-I1.

TABLE S-I. Coordinates and Characteristics of the Stations

Stations Coordinates Characteristics of Stations
39°22'42" N .. .
1 36°29' 39" E It is just behind the dam embankment.
39°22"48" N  This station is located opposite the dam embankment, very close to
2 .
36°30' 04" E agricultural areas.
39°22' 50" N .
3 36° 29" 54" E It was selected from a part of the dam lake close to the picnic areas.

The map of the study area and sampling locations is given in Fig. S-1.

* Corresponding author. E-mail: menekse.tas@cumhuriyet.edu.tr
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Fig. S-1. Maksutlu Dam Lake and
sampling locations.
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