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Synthesis, computational and pharmacological evaluation of
novel N-{4-[2-(4-aryl-piperazin-1-yl)ethyl]phenyl}-arylamides

DEANA B. ANDRIC!*# SLADJANA DUKIC-STEFANOVIC2, MIHAJLO J. KRUNIC3#,
IVANA L. JEVTIC3 JELENA Z. PENJISEVIC3, VLADIMIR B. SUKALOVIC3#

and SLADANA KOSTIC-RAJACIC3

!University of Belgrade, Faculty of Chemistry, Department of Organic Chemistry, Studentski
trg 12-16, 11158 Belgrade, Serbia, ?Helmholtz-Zentrum Dresden-Rossendorf, Institute of
Radiopharmaceutical Cancer Research, Department of Neuroradiopharmaceuticals,
Research site Leipzig, Germany and 3University of Belgrade, ICTM — Department of

Chemistry, NjegoSeva 12, 11000 Belgrade, Serbia

(Received 6 September, revised 1 October, accepted 11 October 2023)

Abstract: Serotonin, or 5-hydroxytryptamine (5-HT), is a biogenic amine most
noted as a neurotransmitter, an activator of the utmost subtype family of G-pro-
tein-coupled receptors (GPCR). Drugs targeting 5-HT1A and other 5-HT rec-
eptors treat central nervous system diseases such as schizophrenia and depress-
ion. Recent advances in serotonin receptor structure research gave us several
crystal 5-HT1A receptor structures, most notably 5-HT1A bound to the anti-
psychotic drug aripiprazole (Abilify®). This discovery prompted us to evaluate
a series of newly synthesized ligands for serotonergic activity since those aryl-
piperazine derivatives share minimal general structure with aripiprazole. The
results of molecular docking analysis of unsubstituted starting substances
encouraged us to propound further modifications of the tail and head parts of
the parent molecules to maximize receptor binding affinity. Intrigued by the
results of molecular analysis, all foreseen derivatives were synthesized. The
pharmacological activity of all nine (5a and 6a are synthesized previously)
compounds was assessed by the in vitro tests and in silico pharmacokinetics
predictions for the most promising candidates. All tested ligands have imp-
roved affinity compering to parent compounds (10a and 11a), 8b and 9b exp-
ressed the best pharmacological profile with an improved binding affinity

toward serotonin 5S-HT1A receptors (Ki 12.1 and 4.8 nM, respectively).

Keywords: 5-HT1A; aripiprazole; arylpiperazines; molecular docking; binding

assay.
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292 ANDRIC et al.

INTRODUCTION

Serotonin (5-HT) mediates a plethora of physiological effects through at
least 14 different receptor subtypes: 13 belong to the G-protein-coupled or seven
transmembrane-spanning receptor family, and only one is a ligand-gated ion
channel. Based on molecular, pharmacological and functional criteria, 5-HT rec-
eptors have been classified into seven discrete families (5-HT1-7).! The 5-HT1A
receptors are connected with mood disorders (anxiety, depression), cognition and
pain modulation. After decades of research in this field, there is continuing inter-
est in developing new chemical entities capable of 5-HT1A receptor activation or
blockade.? 5-HT1A receptors are also a promising target for alleviating extrapyr-
amidal side effects (EPS) and cognitive/affective disorders caused by either anti-
psychotic or Parkinson’s disease therapy.3

N-Arylpiperazine-containing ligands are a large class of chemical com-
pounds with various biological activities, such as antimicrobial, antiviral and
anticancer properties and adrenergic and serotonin receptor inhibition.4-8 Aryl-
piperazine derivatives are known to bind monoamine receptors, including 5-HT
receptors. The general formula is Ar—piperazine—linker—terminal fragment, and
suitable modifications of either Ar, linker or terminal segment, can lead to
selective or nonselective compounds.® The high affinity of these systems to 5-HT
receptors stems from the basic nitrogen atom of the piperazine, which can form
strong interactions with the conserved acidic amino acids in the GPCR trans-
membrane domain of these proteins.!0 Chained arylpiperazines (CAPs) have
established their position as favourable scaffolds for 5S-HT1A receptor binding.
Further CAP studies evaluated the length and flexibility of the alkyl chain at the
N4. In contrast, the influence of introduced amide group is controversial. One
study suggests that amide group can stabilize the ligand-receptor complex,
whereas others suggest little or no impact on receptor binding.11,12

The design of CAPs became the standard approach in drug development,
especially for diseases with complex pathophysiology. An aryl group attached to
the nitrogen atom of piperazine is substituted phenyl or a heteroaromatic system.
The other terminus often contains an amide or has an imide function, but it may
be phenyl or another aromatic group. In many series of arylpiperazine ligands,
the alkyl chain consists of two to four methylene units; however, groups other
than methylene ones (heteroatoms, carbonyl, an amide fragment or multiple bonds)
have also been introduced to the spacer. Therefore, investigations within active
compounds consist of structural modifications of all the ligand fragments.!3

In our study on the effect of the introduction of various moieties in N-{[2-(4-
-phenylpiperazin-1-yl)ethyl]phenyl}-arylamides on their binding affinity for the
5-HT1A receptor has been explored.!# Results of that discovery inspired us to
design a series of arylpiperazine derivatives.!5 The main focus of current modif-
ications was on terminal amide moiety (introduction of hydroxyl group) and aryl-
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5-HT1A POTENTIAL OF NOVEL ARYLPIPERAZINES 293

piperazine part (introduction of 2,3-dichloro and methoxy groups) since proposed
ligands share minimal general shape with aripiprazole (Fig. 1). Graph represent-
ation of the dissection of aripiprazole into four units crucial for the affinity
towards 5-HT1A receptor and their incorporation into the structure of the newly
synthesized compounds are: a) phenylpiperazine moiety plays a key role in bind-
ing at the active site; b) substitution of both electron-withdrawing and electron-
-donating groups at the ortho position and substitution of chloro group in the
meta position of phenyl ring; ¢) two to five carbon spacer; d) amide group incur-
porated as part of the terminal fragment. After detailed molecular docking ana-
lysis, seven new N-{4-[2-(4-aryl-piperazin-1-yl)ethyl]phenyl}-arylamides (Sb
and c-9b) together with 5a and 6a (synthesised previously)!® are subjected to
pharmacological evaluation and in silico pharmacokinetics predictions for the
most promising candidates.

________________

Aripiprazole &\ e

Voo a
g .. i
Qy 7 T LYY
N pe

.

N-{4-[2-(4-aryl-piperazin-1-yl)ethyl]phenyl}-arylamides

Fig. 1. Rational design of novel arylpiperazines.

EXPERIMENTAL

General information

The reagents and solvents used in this work were obtained from Alfa Aesar or Sigma—
—Aldrich and used without further purification. Solvents were routinely dried over anhydrous
Na,S0, before evaporation. 'H- and '3C-NMR spectra were recorded on: 'H-NMR (200
MHz) and 13C-NMR (50 MHz), Gemini 2000 spectrometer; and 'H-NMR (500 MHz) and
I3C.NMR (126 MHz), Bruker Avance III spectrometer. Chemical shifts (6) are reported in
ppm from tetramethylsilane (TMS) as an internal standard in deuterated chloroform (CDCl5)
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294 ANDRIC et al.

or dimethyl sulfoxide (DMSO-dy); all coupling constants (J values) are reported in Hz; high-
-resolution mass spectra (HRMS) were obtained with a heated ESI (HESI)-LTQ Orbitrap XL
spectrometer. Melting points were obtained by a Boetius PHMK apparatus (VEB Analytic,
Dresden, Germany) at a heating rate of 4 °C/min and are uncorrected. IR spectra were rec-
orded using a Thermo Scientific Nicolet 6700 Fourier-transform spectrometer operated in the
ATR mode. For analytical thin-layer chromatography (TLC), Polygram SIL G/UV254 plastic-
-backed thin-layer silica gel plates were used (Macherey-Nagel, Germany).

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

General procedure for the synthesis of 2-(4-nitrophenyl)-1-(4-arylpiperazin-1-yl)ethane- I1-ones
(2b and c)

Arylpiperazine (52 mmol), 4-nitrophenylacetic acid (1), (52 mmol) and Et;N (57.2
mmol) were dissolved in 170 mL dry N,N-dimethylformamide (DMF). The obtained solution
was cooled to 10 °C, and propylphosphonic acid anhydride (PPAA) solution (72.7 mmol, 50
% solution in DMF) was added dropwise, and the reaction mixture was stirred for 24 h at
room temperature. The reaction was monitored by TLC. The reaction mixture was poured
onto ice/water. The pH of the suspension was adjusted to 8 with a 10 % Na,COj; solution
(from the acidic range). The precipitate was filtrated, washed with water, and crystallized
from acetone to give the expected product.

General procedure for synthesis 1-(4-nitrophenethyl)-4-arylpiperazines (3b and c)

To a suspension of 2b or 2¢ (46.1 mmol) in 300 mL dry tetrahydrofuran (THF), a dibor-
ane solution (1 M in THF, 118 mL, 118 mmol) was added dropwise at 0 °C. When the addit-
ion of diborane was completed reaction mixture was progressively heated. After the spontane-
ous boiling stop, the reaction mixture was refluxed for an additional 2 h. After cooling to
room temperature, water (35 mL) was slowly added, followed by 5.5 M HCI (70 mL). The
reaction mixture was refluxed for another 60 min and was left to cool down to 25 °C. The
reaction mixture was evaporated, and the resulting fluid was treated with 10 % NaHCO;
solution to pH 8. The product was extracted with ethyl acetate, washed with water and brine
and evaporated. The resulting 4-nitrophenethyl-piperazines were purified by silica gel column
chromatography using a gradient of methanol (0—5 %) in dichloromethane.

General procedure for synthesis 4-(2-(4-arylpiperazin-1-yl)ethyl)anilines (4b and c)

Raney/Ni (195 mg) was added, in portions, to a stirred mixture of hydrazine hydrate
(32.5 mm), ethanol (26 mL), (6.5 mm) of compound 3b or 3¢ (6.5 mm), and 1,2-dichloro-
ethane (12mL). Stirring was continued at room temperature until the mixture became colorless
and then was heated at 50 °C for 40 min. The resulting mixture was filtrated through Celite,
and the solvent was removed under reduced pressure. The resulting anilines were used for
further synthesis without purification.

General procedure for synthesis N-(4-(2-(4-phenylpiperazin-1-yl)ethyl)phenyl)arylamides (5b
and ¢-9b)

A solution of 4b or 4c¢ (1.77 mmol), triethylamine (4.44 mmol, 0.62 mL), the corres-
ponding carboxylic acid (1.77 mmol), and PPAA (1.95 mmol, 1.14 mL, 50 % solution in
DMF) in dry DMF (10mL) was stirred at room temperature overnight. The mixture was
poured into ice/water. Organic layers were separated and evaporated. The resulting N-{3-[2-
-(4-arylpiperazin-1-yl)ethyl|phenyl}arylamides were purified by silica gel column chromate-
graphy using a gradient of methanol (0-5 %) in dichloromethane.
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Binding assays

The affinity of the synthesized compounds towards 5-HT1A was determined by radio-
ligand competition binding assays. The assays were performed using crude cell membrane
homogenates obtained from HEK cells stably transfected with human 5-HT1A receptor and
the 5-HTIA specific radioligand [*H]-8-OH-DPAT (obtained from PerkinElmer,
NET929250UC). Membrane suspension was incubated with 1 nM [2H]-OH-DPAT and vari-
ous concentrations of the test compound in 25 mM Tris-HCl, pH 7.4 buffer containing 120
mM NaCl, 5 mM KCl at room temperature for 60 min. Non-specific binding was determined
in the presence of 10 pM of serotonin. The reaction was terminated by rapid filtration using
Whatman GF/B glass-fibre filters, pre-soaked in 0.3 % polyethyleneimine, and a 48-channel
harvester (Biomedical Research and Development Laboratories, Gaithersburg, MD, USA)
followed by washing four times with ice-cold Tris-HCI buffer. Filter-bound radioactivity was
quantified by liquid scintillation counting. At least three separate experiments in triplicate
were performed to determine inhibitory constant (Ki) values. The data were analyzed by
GraphPad Prism, version 4.1 (GraphPad Inc., La Jolla, CA, USA).

Absorption, distribution, metabolism, excretion and toxicity (ADMET) analysis

To predict absorption, distribution, metabolism and excretion (ADME) qualities of tested
ligands, we used the SwissADME webserver (www.swissadme.ch).!” Toxicology prediction
was done through Pro Tox-II virtual lab server for the prediction of toxicities of small mole-
cules (https:/tox-new.charite.de/protox_II/index.php?site=home).!® Ligand structures were
provided as SMILES using ChemDraw.

Docking simulations

Docking simulations were done in Maestro Suite software.!® 3D model of the 5-HT1A
receptor with bound aripiprazole (PDB Code 7E2Z) was obtained from the GPCR database.?°
2D structures of ligands were drawn in ChemDraw software and prepared for docking in
Maestro software using default LigPrep procedures.

Induced fit docking (IFD) simulation using standard sampling protocol and default
values, was carried out for prepared receptor model and selected ligands.2! Bind site was
defined, based on bound aripiprazole and centered on ASP 116 residue. The inner grid box
was set to 10 A x10 A x10 A and the outer box size according to the size of each tested lig-
and. Grid spacing was set to 1 A. Obtained docking structures were examined and selected for
further analysis based on the number of receptor-ligand interactions and calculated post dock-
ing MM—-GBSA energy.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using the Schrodinger Desmond
software package.!® Docking poses selected for MD were prepared for simulation by embed-
ding the protein-ligand complex into the POPC membrane bilayer using the Desmond system
builder module. Protein was oriented in the membrane according to the data from the Orient-
ations of Proteins in Membranes (OPM) server (http://opm.phar.umich.edu/). The entire sys-
tem was solvated with a TIP3P explicit water model and neutralized via counter ions and salt
solution of 0.15 M KCI. We used OPLS 2003 forcefield to calculate the interactions between
all the atoms. For the calculation of the long-range Coulombic interactions, particle-mesh
Ewald (PME) method was used, with the cut-off radius of 9 A for the short-range van der
Waals (VdW) and electrostatic interactions.

During the simulation, a constant temperature of 310 K and a pressure of 1.01235 bar
were maintained, using the Nose—Hoover thermostat, and the Martyna Tobias Klein method.
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296 ANDRIC et al.

100 ns MD simulation with 2.0 fs step for each complex was performed and the collected
trajectory was used in the MD analysis to assess the docking pose and protein-ligand inter-
actions stability.

RESULTS AND DISCUSSION
Chemistry

In Scheme 1, the general synthetic route towards modified derivatives (5b
and c9b) is presented. Briefly, acylation of the appropriate arylpiperazine by
4-nitrophenylacetic acid 1 afforded amides 2b and ¢, which upon reduction by
ByHg, provided corresponding amines 3b and ¢. Further reduction of the nitro
group in 3 with Ra/Ni, followed by N-acylation of 4 with aryl acids, yielded final
products in high overall yields (59-73 %). All compounds were characterized
spectroscopically.

ECOOH
~ 2b,e
b: R=OCH;, R,=H;
¢: R=Cl, R,=CL =
N/\
K/N K/N
R
HN\fo R
Ar 4b,c

Sh,c - 9b

Scheme 1. Reagents and conditions for the synthesis: i) arylpiperazine, Et;N, PPAA, DMF,
r.t.; ii) BoHg, THF, 0 °C for 6 h, r.t. for 1 h, then reflux for 2 h; iii) Ra/Ni, NH,NH,, EtOH,
1,2-dichloroethane; iv) ArCO,H, Et;N, PPAA, DMF, r.t. (ArCO,H: 2-hydroxynicotinic acid
for the preparation of 5b and c; 6-hydroxynicotinic acid for the preparation of 6b and c;
2-(4-hydroxyphenyl)acetic acid for the preparation of 7b; 3-hydroxybenzoic acid for the
preparation of 8b; 4-hydroxybenzoic acid for the preparation of 9b).

Detailed spectral data for all synthesized compounds are given in the Supple-
mentary material to this paper (Figs. S-1-S-22; for phenyl precursors and ligands
5a and 6a, please see ref. 14 and 16).

Biological evaluation

The affinity of the compounds, depicted in Table I, towards 5-HT1A was
determined in radioligand competition binding assays using [3H]-8-OH-DPAT.
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5-HT1A POTENTIAL OF NOVEL ARYLPIPERAZINES 297

As presented in Table I, all nine ligands (Sa—c—9b) had an enhancement in affin-
ity for 5-HT1A receptors compared to parent compounds (10a and 11a). Scrutiny
of the obtained experimental affinity values revealed that the most pronounced
increase was recorded with ligand 9b, followed by 8b, 5b and 7b. For other lig-
ands, the enhancement of the affinity is from temperate to slight (compared to
hydroxy ligand 11a, the more active of the two parent compounds), and the dec-
reasing order is 6b > 5a > 5¢ > 6¢ > 6a. Analyzing the relationship between the
experimental affinity values of the new ligands and aripiprazole, ligand 9b stood
out with affinity in the same range as a commercial drug.

TABLE 1. 5-HT1A affinity for newly synthesized and parent compounds and commercial
drug, aripiprazole; data for parent compounds 10a and 11a taken from Ref. 14; data for ari-
piprazole taken from Ref. 22

No. Ar R R, Ki+SEM / nM
S5a - H H 182.3+£7.0
N
N
OH
5b = OCHj, H 24.243.1
N
N
OH
Sc¢ - Cl Cl 392.649.2
N
N
OH
6a Ho— ) H H 453.948.0
N
6b HO \*/ OCH; H 117.3+4.3
N
6¢ HO \*/ Cl Cl 286.6£5.1
N
7b HO \*/ OCH; H 46.8+1.9
8b HO OCH; H 12.1£1.2
9b HO@ OCH; H 4.840.5
10a @_ H H 2662
11a OH H H 575
Aripiprazole 5.6+0.8

The Ki values indicate that the influence of substitution on phenyl piperazine
on the 5-HT1A receptors binding affinity is pronounced (compared to parent
compounds 10a and 11a).
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The introduction of 2,3-dichloro and methoxy group and hydroxyl group
(regardless of the position) in the amide group led to an increase in the affinity of
the 5-H1A receptor, especially pronounced in the case of ligands with sizeable
affinity gains, 8b and 9b.

Docking simulations and molecular dynamics

Docking analysis was done using aripiprazole-bound 5-HT1A receptor-Gi
protein complex receptor model (PDB: 7E2Z)20 and selected ligands (Table I).
Receptor binding site was determined using bound aripiprazole position. All lig-
ands were protonated at physiological pH 7.4. Induced fit docking procedure
using standard sampling procedure was carried out and results were sorted based
on docking score and number of key receptor-ligand interactions.

5-HT1A receptor binding site can be divided into two distinctive parts.
Orthosteric binding site (OBS) that is located deep inside the binding cavity,
between transmembrane helices 3 and 5 and extended bind pocket (EBP) border-
ing extracellular space and formed in part by receptor extracellular loops. OBS is
responsible for binding of arylpiperazine part of the ligand and correct ligand
orientation in the receptor bind site.

Docking results and MD simulations of compounds Sa and 6a showed well-
-established pattern of aryl-piperazine binding to the 5-HT1A receptor. The aryl
part of the ligand binds to the OBS inside the receptor binding cavity and the
linker—terminal part fits into the EBP bordering extracellular space. Key interact-
ions in the OBS, with Asp116 (salt bridge) and Phe361 and 362 (aromatic, edge-
-to-face, C—H---x), provide correct ligand orientation inside the receptor binding
cavity and binding of linker—terminal part in the EBP.

Key interactions in the EBP depend on linker—terminal length, shape, size
and flexibility, and can further amplify (or diminish) ligand affinity. In the case
of compound Sa, key interactions in the EBP are with Tyr96, GIn97, Asn386 and
Asn387, while 6a forms interaction with Tyr96 and Asn100 (for details, see the
Supplementary material, Fig. S-22).

The introduction of 2-methoxy and 2,3-dichloro groups in the aryl part of
starting compounds should lead to an increase in receptor affinity through the
amplification of existing aromatic interactions with Phe361 and 362 and the est-
ablishment of new interactions with various amino acid residues in OBS.23

Experimental results show an increase in affinity in compounds 5b, 6b and
6¢, while compound S5c had a slight affinity drop. Docking and MD results rev-
ealed that in the case of Sb, 6b and 6c¢, original key interactions were preserved,
and additional interactions were formed, with GIn97 and Asn386 (for 6b and c)
and Tyr390 (for 5b). However, compound 5S¢ didn’t perform as expected. Obvi-
ously, the addition of two chlorine atoms in the aryl part of the molecule and an
intermolecular hydrogen bond in the linker—terminal fragment caused increased
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ligand rigidity and size that led to a decrease in binding affinity (for details, see
the Supplementary material, Figs. S-23 and S-24).

Since in both series (5a—c and 6a—c), ligands with 2,3-dichloro substituent
performed worse than expected, compared to 2-methoxy counterparts, the dec-
ision was to keep 2-methoxy moiety fixed for further synthesis, but to alter lin-
ker—terminal part, to obtain compounds with increased receptor affinity. With
that in mind, compounds 7b, 8b and 9b were synthesized and tested.

Molecular docking and dynamics gave us the following results. In the case
of compound 8b, we have key interactions with Aspl16, Phe361, 362 and
Cys120 in the OBS, together with Tyr96, GIn97 and Asn386 in the EBP. Inter-
actions of 9b formed in OBS are the same as 8b. In the EBP, key interactions are
with Tyr96, GIn97, Asn100 and Asn386 (Figs. 2 and 3). The indicated makes 9b
the best receptor affinity compound among newly synthesized compounds, fol-
lowed by 8b and Sb. Compound 7b shows a drop in affinity because the elon-
gation of the linker-terminal part reached the maximum allowed length that can
bind in EBP (for details, see the Supplementary material, Fig. S-25).
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Fig. 2. Diagram of key receptor — 8b (top) and 9b (bottom) interactions observed during 100

ns molecular dynamics. Aromatic interactions are shown light gray, while hydrogen bonds are
dark gray. Interactions maintained for 20 % or more of total MD time are considered crucial.
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Fig. 3. 3D model of compound 9b (light gray) docked into 5-HT1A bind site. Only key OBS
(light gray) and EBP (dark gray) amino acid residues are shown for clarity.

ADMET prediction

Rejection of potential drugs at later stages of drug development may cause
substantial financial loss; therefore, it is reasonable that pharmacokinetic studies
have been highlighted as early predictors of important potential drug parameters.
To account for these characteristics, we used ADMET prediction. Results of the
most promising compounds, 8b and 9b, together with aripiprazole, are displayed
(Fig. 4). Predicted ADME results are favorable and show no potential problems.
Solubility, gastrointestinal absorption and crossing the blood-brain barrier (BBB)
are on par with aripiprazole.

SIZE FLEX size

POLAR

INSOLU INSOLU INSOLU

Fig. 4. Radar representation of ADME properties for compounds 8b (left), 9b (middle) and
aripiprazole (right). For details, see the Supplementary material, Figs. S-26—S-28.
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Toxicity calculations were negative for compound 9b, but 8b has a 0.6
chance of being immunotoxic. Compared to aripiprazole, this is not the reason
for automatic exclusion as a potential drug candidate because aripiprazole shows
the same result, with a greater probability (0.98, for details, see the Supplement-
ary material, Figs. S-26—S-28).

CONCLUSION

In summary, we used computer-aided rational drug design to amplify the
receptor affinity of starting compounds to levels comparable with aripiprazole.
From nine tested N-{4-[2-(4-aryl-piperazin-1-yl)ethyl|phenyl}-arylamides, 9b
had Ki = 4.7 nM, closely followed by 8b (Ki = 12.06nM). Both compounds are
2-OMe derivatives of the parent phenyl ligands with lower receptor affinity. Int-
roduction of the 2-OMe group in the aryl part of the ligand strengthens aromatic
interactions with Phe361 and 362 residues, establishing additional hydrogen bond
with Cys120. The linker—terminal part of the compound is a material segment in
obtaining high receptor affinity ligands because of the additional interaction with
the key amino acid residues of EBP. According to our findings, GIn97 and Tyr96
are the key residues in EBP, shared between all tested compounds (and aripipra-
zole) and followed by Asn386 and Asnl00. Flexible ligands had better affinity
than rigid ones. The initial size of the compounds was well judged as elongation
of the molecule in the case of 7b caused a drop in affinity compared with 9b.
Predicted ADMET characteristics for both compounds show a preferable profile
for drug candidates.

The results for the most active compound from series 9b and aripiprazole
(4.8 and 5.6 nM) suggest that the presented modification strategies resulted in
candidates that confirm the effectiveness of the predictive-experimental correl-
ation approach and in our opinion compound 9b presents a good candidate for
further testing.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12577, or from the corres-
ponding author on request.
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H3BOJ
CHUHTE3A, KOMIIJYTEPCKA AHAJIU3A U ®PAPMAKOJIOIIKA EBATYALIMJA HOBUX
N-{4-[2-(4-APUJITIUITEPASUH-1-UWIT)ETUT|@EHUJI}-APUJIAMUIA

IEAHA B. AHIPUR!, CTABAHA JYKUR-CTE®AHOBUR?, MUXAJJIO J. KPYHUR?, UBAHA U. JEBTUR?,
JEJIEHA 3. IEBUILEBUR?, BIAIUMUP B. LIYKAJIOBUR® u CTABAHA KOCTUR-PAJAUUR3

"Yrueepsuiueini y Beoipagy, Xemujcku axyninein, Kawegpa 3a opiancky xemujy, Ciygensucku wipi 12—16,
11158 Beoipag, 2Helmholtz-Zentrum Dresden-Rossendorf, Institute of Radiopharmaceutical Cancer Research,

Department of Neuroradiopharmaceuticals, Research site Leipzig, Germany u *Ynueepsuiiei y Beoipagy,
HUXTM — Llentuap 3a xemujy, Fbeiowesa 12, 11000 Beoipag

CeporoHuH, 5-xugpokcurpuntamus (5-HT), je OMOreHn aMMH KOjH je HajlIO3HATHjH Kao
HeypoTpaHCMHUTED, akTUBATOP Hajsehe nopoaule noaTunosa G-mpoTeuH-KYIUIOBAaHUX peLell-
topa (GPCR). JlekoBu, unje cy mete 5-HT1A u npyru 5-HT peuenTopu, ce KOPUCTe y JIeUewy
DoJylecTH LIEHTpPaJIHOT HEPBHOT CHCTeMa, kao WTO cy umu3odpeHdja U pernpecHja. HemasHu
Hanpenak y UCTPaKUBawy CTPYKType CEPOTOHMHCKUX PellenTopa Ce oriesia y HeKOJIUKO KpHUC-
tanuux 5-HT1A peuentopckux CTpyKTypa, of KOjUX je HajsHayajHHja OHa KoJ Koje je 3a
5-HT1A Be3aH aHTUIICUXOTUYHH Jiek, apununpason. OBo oTkpuhe Hac je MOTHBHCANO Aa MPO-
LJIEHUMO CEPOTOHEPTMYKY aKTUBHOCT CEPHje HOBOCUHTETU30BAHUX JIMTAHAMA, TIOLITO TH JEepH-
BaTH apU/INHUIEpa3vHa Ca apUIHIPa30oM Jele MHHUMAIHY ONLITY CTPYKTypy. Pesynratu
MOJIEKYJICKE aHaJIM3e MpHUCTajamba HeCYNICTUTYHCaHUX JIMTaHa/la OACTak/Iu Cy Hac Jia Ipejio-
KUMO Jabe MoOMQUKalije pera K JenoBa IMaBe MOoJasHUX MoJeKysa, kako Ou aduHHUTET
BE€3MBama 33 PELENTOp OM0 U3paKEHUjU. 3aUHTPUTHPAHH pe3yaTaTUMa MOJIEKYJICKE aHalIu3e,
CBU npenBul)eHW NepuBaTU Cy M CUHTeTHCAaHU. PapMaKosIOIIKa aKTHBHOCT CBUX JEBET jenu-
Bewa je MpoLemheHa in vitro TECTOBUMA, JIOK je 3a HajlepclneKkTUBHHUja jefumema ypaheHo in
silico bapMaKOKHHETHYKO npeBuhame. CBa TeCTHUpaHa jenumerma UMajy 1odospiaHi adbuHH-
Ter y nopehewy ca monasuum (10a u 11a), gox ce 86 u 96 ucrtuuy HajdosUM apmaxo-
JIOWKHAM TPOdUIOM U aUHUTETOM Be3UBama IpeMa CepoTOHHHCKUM 5-HT1A penentopuma
(Ki 12,06 u 4,78 nM).

(ITpumibeHo 6. centembpa, pesuaMpano 1. okrodpa, npuxsaheno 10. oxrodpa 2023)
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Fig. S-26. ADMET of 3-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
ylethyl)phenyl)benzamide (8D).........cccevvevieirinienieiiiiiieieeeee e S122
Fig. S-27. ADMET of 4-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
yl)ethyl)phenyl)benzamide (9D)........ccceecveviereiiieiiieieee e S123
Fig. S-28. ADMET of aripiprazole..........ccccoeeeieiiineiieiene e S124
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1-(4-(2-methoxyphenyl)piperazin-1-yl)-2-(4-nitrophenyl)ethan-1-one  (2b):
Yield: 74%, oil. 'H NMR (200 MHz, CDCls, §): 8.25-8.15 (m, 2H, ArH), 7.50-
7.41 (m, 2H, ArH), 7.09-6.84 (m, 4H, ArH), 3.87 (s, 5H, 3H OCH3 and 2H CH)),
3.83 (d, J= 5.1, 2H piperazine), 3.71-3.60 (m, 2H, piperazine), 3.06-2.95 (m, 4H,
piperazine). 13C NMR (50 MHz, CDCls_ §): 167.91, 152.12, 146.89, 142.67,
140.28, 129.90 (2C), 123.73 (3C), 120.00, 118.32, 111.25, 55.32, 50.75, 50.26,
46.23,43.11, 40.94.

1-(4-(2,3-dichlorophenyl)piperazin- 1-yl)-2-(4-nitrophenyl)ethan-1-one (2c¢):
Yield: 74%, oil. IH NMR (200 MHz, CDCl3, §): 8.26-8.16 (m, 2H, ArH), 7.51-
7.40 (m, 2H, ArH), 7.24-7.11 (m, 2H, ArH), 6.89 (dd, J; = 7.2, J, = 2.4, 1H,
ArH), 3.86 (d, J = 6.7, 4H piperazine), 3.72-3.60 (m, 2H, CH,), 2.98-2.89 (m,4H,
piperazine). 13C NMR (50 MHz, CDCls, §): 168.88, 150.92, 148.10, 142.53,
134.23, 130.81 (2C), 127.60, 125.38, 123.88 (3C), 118.74, 52.03, 50.15, 46.27,
42.63,40.27.

1-(2-methoxyphenyl)-4-(4-nitrophenethyl)piperazine (3b): Yield: 72%, oil.
IH NMR (200 MHz, CDCls, §8): 8.21-8.10 (m, 2H, ArH), 7.44-7.35 (m, 2H,
ArH), 7.08-6.84 (m, 4H, ArH), 3.87 (s, 3H, OCH3), 3.13 (¢, J = 4.9, 4H
piperazine), 2.99-2.91 (m, 2H, CH,), 2.82-2.65 (m, 6H, 4H piperazine and CH>).
13C NMR (50 MHz, CDCls, §): 152.22, 148.36, 146.48, 141.12, 128.98 (2C),
124.14, 123.01 (2C), 120.96, 118.16, 111.13, 59.48, 55.29, 53.29 (2C), 50.54
(20), 33.90.

1-(2,3-dichlorophenyl)-4-(4-nitrophenethyl)piperazine (3¢): Yield: 72%, oil.
IH NMR (200 MHz, CDCls, §8): 8.22-8.12 (m, 2H, ArH), 7.46-7.33 (m, 2H,
ArH), 7.22-7.10 (m, 2H, ArH), 7.01-6.92 (m, 1H, ArH), 3.09 (¢, J = 4.7, 4H
piperazine), 2.99-2.92 (m, 2H, CH,), 2.75-2.68 (m, 6H, 4H piperazine and CH>).
I13C NMR (50 MHz, CDCl3, §): 151.14, 147.73, 146.54, 134.05 (2C), 129.54
(20), 127.48, 124.67, 124.13 (2C), 118.60, 59.34, 53.17(2C), 52.03 (2C), 34.08.

4-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)aniline (4b): Yield: 93%, oil.
IH NMR (200 MHz, CDCls, 8): 7.07-6.81 (m, 6H, ArH), 6.68-6.56 (m, 2H,
ArH), 3.86 (s, 3H, OCHj), 3.14 (s, 4H, piperazine), 2.83-2.68 (m, 6H, 4H
piperazine and CHj), 2.66-2.57 (m, 2H, CH,). 13C NMR (50 MHz, CDCls, §):
152.71, 144.46, 141.24, 131.00, 130.09 (2C), 123.38, 120.91, 118.14, 115.20
(20), 103.92, 59.84, 54.48, 52.88 (2C), 51.00 (2C), 33.70.

4-(2-(4-(2,3-dichlorophenyl)piperazin-1-yl)ethyl)aniline (4c): Yield: 89%,
oil. IH NMR (400 MHz, CDCls, §8): 8.18-8.12 (m, 2H, NH»), 7.38 (d, J = 8.4,
2H, ArH), 7.29-7.21 (m, 2H, ArH), 6.93 (d, J = 8.2, 2H, ArH), 6.86 (¢, J = 7.3,
1H, ArH), 3.28-3.16 (m, 4H, piperazine), 2.96-2.92 (m, 2H, CH»), 2.76-2.61 (m,
6H, 4H piperazine and CHy). 13C NMR (101 MHz, CDCl3, §): 151.18, 148.23,
146.52, 129.54 (2C), 127.85 (2C), 123.64, 119.46 (2C), 116.09 (2C), 59.42,
53.54 (2C), 49.14 (2C), 33.43.
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2-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)phenyl)nicotin-
amide (5b): Yield: 69%, oil. IR (ATR): 3257, 2933, 2832, 1673, 1593, 1239,
1115, 1022, 752, cml. TH NMR (500 MHz, CDCls, §): 8.71 (d, J = 9.4, 1H,
ArH), 7.65 (d, J = 8.5, 1H, ArH), 7.57 (d, J = 8.5, 1H, ArH), 7.26-7.21 (m, 3H,
ArH), 7.04-6.99 (m, 1H, ArH), 6.97-6.91 (m, 2H, ArH), 6.87 (d, J = 9.6, 1H,
ArH), 6.59 (¢, J = 6.8, 1H, ArH), 3.87 (s, 3H, OCH3), 3.15 (s, 4H, piperazine),
2.88-2.66 (m, 8H, 4H piperazine and 2CH»). 13C NMR (126 MHz, CDClj3, §):
163.70, 160.59, 151.61, 145.49, 139.81, 137.71, 136.34, 136.09, 129.15 (2C),
122.98, 121.86, 120.97, 120.67, 120.11, 118.21, 110.67, 108.08, 60.38, 54.94
(2C), 53.31 (2C), 50.43, 32.81. (+)ESI-HRMS m/z: calculated for
[CpsHpgN4O3+H™'] 433.22342, observed 433.22197.
N-(4-{2-[4-(2,3-dichlorophenyl)piperazin-1-yl]ethyl}phenyl)benzamide (5¢):
Yield: 88%, oil. IR (ATR): 3113, 2958, 2814, 1675, 1599, 1268, 1114, 961, 778,
cml. 'H NMR (500 MHz, DMSO-d6, §): 8.44 (dd, J; = 7.2, J, = 2.1, 1H, ArH),
7.78 (dd, J; = 6.2, J,=2.3, 1H, ArH), 7.58 (d, J = 8.3, 2H, ArH), 7.28-7.25 (m,
2H, ArH), 7.21 (d, J = 8.1, 2H, ArH), 7.13-7.11 (m, 1H, ArH), 6.55 (¢, J = 6.7,
1H, ArH), 2.97 (s, 4H piperazine), 2.72 (¢, J = 7.8, 2H, CH»), 2.60-2.55 (m, 6H,
4H piperazine and CHy). 13C NMR (126 MHz, DMSO-d6, §): 162.95, 161.76,
151.60, 144.85, 140.41, 136.74, 136.23, 133.01, 129.56 (2C), 128.83, 126.40,
124.71, 120.52, 120.04, 119.95 (2C), 107.28, 60.00, 53.12 (2C), 51.32 (2C),
32.53. (+)ESI-HRMS m/z: calculated for [CogHpsCIoN4Oo+H'] 471.13491,
observed 471.13342.
6-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl) phenyl)nicotin-
amide (6b): Yield: 86%, oil. IR (ATR): 3118, 2944, 2814, 1673, 1539, 1238,
1133, 1028, 751, cm'l. 'H NMR (500 MHz, DMSO-d6, §): 9.90 (s, 1H, OH),
8.17 (d, J=2.7, 1H, ArH), 7.94 (dd, J; = 9.6, J, = 2.6, 1H, ArH), 7.58 (d, J =
8.5, 2H, ArH), 7.17 (d, J = 8.6, 2H, ArH), 6.93-6.89 (m, 2H, ArH), 6.84-6.82 (m,
2H, ArH), 6.38 (d, J = 9.7, 1H, ArH), 3.75 (s, 3H, OCHj3), 2.94 (s, 4H,
piperazine), 2.71 (¢, J = 7.8, 2H, CH,), 2.56-2.52 (m, 6H, 4H piperazine and 2H
CHy). 13C NMR (126 MHz, DMSO-d6, §): 162.74, 152.93, 141.68, 139.72,
138.34, 137.34, 135.99, 129.12 (2C), 123.18, 121.91 (2C), 120.67 (2C), 119.53,
118.71, 113.03, 112.32, 60.27, 56.23, 53.36 (2C), 51.01 (2C), 32.58. (+)ESI-
HRMS m/z: calculated for [CosHogN4O3+H'] 433.22342, observed 433.22182.
N-(4-(2-(4-(2,3-dichlorophenyl)piperazin-1-yl)ethyl) phenyl)-6-hydroxynico-
tinamide (6¢): Yield: 92%, oil. IR (ATR): 3281, 2921, 2809, 1651, 1518, 1255,
1131, 790, cm-l. TH NMR (500 MHz, DMSO-d6, §): 9.90 (s, 1H, OH), 8.17 (s,
1H), 7.94 (dd, J; = 9.7, J,=2.7, 1H, ArH), 7.58 (d, J= 8.2, 2H, ArH), 7.30-7.27
(m, 2H, ArH), 7.18 (d, J = 8.3, 2H, ArH), 7.12 (dd, J; = 6.8, J, = 2.9, 1H, ArH),
6.38 (d, J=9.6, 1H, ArH), 3.35 (s, 4H, piperazine), 2.97 (s, 4H, piperazine), 2.71
(t, J=1.7, 2H, CHy), 2.60-2.55 (m, 2H, CH,). 13C NMR (126 MHz, DMSO-d6,
0): 162.74, 151.62, 139.71, 138.35, 137.72, 135.93, 132.42, 129.12 (2C), 128.84
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(20), 125.94, 124.72, 120.68 (2C), 119.97, 119.53, 113.03, 60.48, 53.14 (2C),
51.34 (2C), 32.56. (+)ESI-HRMS m/z: calculated for [CpyqHp4CIoN4O»+H™]
471.13491, observed 471.13327.
2-(4-hydroxyphenyl)-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)-
phenyl)acetamide (7b): Yield: 91%, oil. IR (ATR): 3300, 2953, 2835, 1656,
1513, 1243, 1115, 1022, 754, cm-!. 'H NMR (500 MHz, DMSO-d6, §): 10.00 (s,
1H, OH), 7.50 (d, J = 8.5, 2H), 7.14 (dd, J; = 13.6, J, = 8.5, 4H), 6.95-6.88 (m,
2H), 6.87-6.85 (m, 2H), 6.71 (d, J = 8.5, 2H), 3.76 (s, 3H, OCH3), 3.48 (s, 2H,
CH»), 2.96 (s, 4H, piperazine), 2.72-2.65 (m, 2H, CHj), 2.57 (s, 4H, piperazine),
2.55-2.51 (m, 2H, CH). 13C NMR (126 MHz, DMSO-d6, §): 169.84, 156.44,
152.38, 141.68, 137.63, 135.56, 130.37 (2C), 129.21 (2C), 126.60, 122.74,
121.25, 119.52 (2C), 118.30, 115.48 (2C), 112.32, 60.27, 55.71, 53.36 (2C),
50.43(2C), 42.92, 32.55. (+)ESI-HRMS m/z: calculated for [Cp7H31N3O3+H™]
446.24382, observed 446.24189.
3-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)phenyl) benz-
amide (8b): Yield: 75%, oil. IR (ATR): 3402, 2956, 2828, 1674, 1518, 1239,
1116, 1022, 750, cm-l. TH NMR (500 MHz, DMSO-d6, §): 10.10 (s, 1H, OH),
7.68 (d,J = 8.1, 2H, ArH), 7.38 (d, J = 7.6, 1H, ArH), 7.32-7.29 (m, 2H, ArH),
7.21-7.17 (m, 2H, ArH), 6.98-6.88 (m, SH, ArH), 3.79 (s, 3H, OCH3), 2.97 (s,
4H, piperazine), 2.75-2.70 (m, 2H, CHj), 2.58-2.55 (m, 6H, 4H piperazine and
2H CHj). 13C NMR (126 MHz, DMSO-d6, §): 167.43, 159.40, 154.00, 143.29,
139.13, 138.53, 137.68, 131.40, 130.72 (2C), 124.35, 122.86, 122.37 (2C),
121.16, 120.14, 119.91, 116.54, 113.93, 61.88, 57.95, 54.98 (2C), 52.05 (2C),
35.40. (+)ESI-HRMS m/z: calculated for [CpgHogN3O3+H'] 432.22817,
observed 432.22637.
4-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)phenyl) benz-
amide (9b): Yield: 69%, oil. IR (ATR): 3195, 2962, 2829, 1679, 1501, 1244,
1146, 1026, 747, cml. 1H NMR (500 MHz, DMSO-d6, §): 10.09 (s, 1H, OH),
8.24 (s, 1H, ArH), 7.49 (d, J= 8.2, 2H, ArH), 7.18 (d, J = 8.4, 2H, ArH), 7.10 (d,
J = 8.1, 1H, ArH), 6.94-6.87 (m, 6H, ArH), 3.76 (s, 3H, OCH3), 2.96 (s, 4H,
piperazine), 2.73-2.70 (m, 2H, CH»j), 2.58-2.53 (m, 6H, 4H piperazine and 2H
CHy). 13C NMR (126 MHz, DMSO, §): 164.49, 161.38, 153.99, 143.27, 138.18,
137.70, 131.57, 131.00 (2C), 124.36, 122.86 (2C), 121.15 (2C), 119.91 (2C),
119.68, 116.82, 113.93, 61.81, 57.32, 55.61 (2C), 52.85 (2C), 34.14. (+)ESI-
HRMS m/z: calculated for [CogHogN303+H'] 432.22817, observed 432.22709.
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Fig. S-1. "H-NMR spectrum for 2-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
yl)ethyl)phenyl)nicotinamide (5b)
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Fig. S-2. 3C-NMR spectrum for 2-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
ylethyl)phenyl)nicotinamide (5b)
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Fig. S-3. HRMS spectrum for 2-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
yDethyl)phenyl)nicotinamide (5b)
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Fig. S-4. 'TH-NMR spectrum for N-(4-(2-(4-(2,3-dichlorophenyl)piperazin-1-yl)ethyl)phenyl)-
2-hydroxynicotinamide (5c¢)
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Fig. S-5. 13C-NMR spectrum for N-(4-(2-(4-(2,3-dichlorophenyl)piperazin-1-yl)ethyl)phenyl)-
2-hydroxynicotinamide (5c¢)
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Fig. S-6. HRMS spectrum for N-(4-(2-(4-(2,3-dichlorophenyl)piperazin-1-yl)ethyl)phenyl)-2-
hydroxynicotinamide (5¢)
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Fig. S-7. "TH-NMR spectrum for 6-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
~ yDethyl)phenyl)nicotinamide (6b)
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Fig. S-8. 3C-NMR spectrum for 6-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
yDethyl)phenyl)nicotinamide (6b)
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Fig. S-9. HRMS spectrum for 6-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
yl)ethyl)phenyl)nicotinamide (6b)
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Fig. S-10. "H-NMR spectrum for N-(4-(2-(4-(2,3-dichlorophenyl)piperazin-1-
yl)ethyl)phenyl)-6-hydroxynicotinamide (6¢)
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Fig. S-11. 13C-NMR spectrum for N-(4-(2-(4-(2,3-dichlorophenyl)piperazin-1-
yl)ethyl)phenyl)-6-hydroxynicotinamide (6¢)
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Fig. S-12. HRMS spectrum for N-(4-(2-(4-(2,3-dichlorophenyl)piperazin-1-yl)ethyl)phenyl)-
6-hydroxynicotinamide (6¢)
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Fig. S-13. TH-NMR spectrum for.2-;(.4-hydroxypheny1)-N—(4-(2-(4-(2-
methoxyphenyl)piperazin-1-yl)ethyl)phenyl)acetamide (7b)
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Fig. S-14. 13C-NMR spectrum for 2-(4-hydroxyphenyl)-N-(4-(2-(4-(2-

methoxyphenyl)piperazin-1-yl)ethyl)phenyl)acetamide (7b)
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Fig. S-15. HRMS spectrum for 2-(4-hydroxyphenyl)-N-(4-(2-(4-(2-methoxyphenyl)piperazin-
1-yl)ethyl)phenyl)acetamide (7b)
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Fig. S-16. 'H-NMR spectrum for 3-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
yl)ethyl)phenyl)benzamide (8b)
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Fig. S-17. 13C-NMR spectrum for 3-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
yl)ethyl)phenyl)benzamide (8b)

OE0617 #1-114 RT: 0.00-0.20 AV: 114 NL: 8.30E8
T: FTMS + p ESI Full ms [380.0000-520.0000]
432.22637
100+ =

907

80

70
60

Relative Abundance
£ wn
2.7

434.23290
z=1

w
o

N
o

-
o

41225830 41550020 426.31039 44230603 44822132 454.20831 450 22710
; z=1 z=1 z=1 | =1 z=1
L e e
410 415 420 425 430 435 440 445 450 455 460 465

m/z

o

Exact mass Observed mass Observed ion type Error (ppm)

432.22817 432.22637 [M+HT* 4.16

Fig. S-18. HRMS spectrum for 3-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
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Fig. S-20. I3C-NMR spectrum for 4-hydroxy-N-(4-(2-(4-(2-methoxyphenyl)piperazin-1-
yl)ethyl)phenyl)benzamide (9b)
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Fig. S-22. Diagram of key receptor — 5a (top) and 6a (bottom) interactions observed during
100ns molecular dynamics. Aromatic interactions are shown in violet, while hydrogen bonds
are green. Interactions maintained for 20% or more of total MD time are considered crucial.
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Fig. S-23. Diagram of key receptor — 5b (top) and 5S¢ (bottom) interactions observed during
100ns molecular dynamics. Aromatic interactions are shown in violet, while hydrogen bonds
are green. Interactions maintained for 20% or more of total MD time are considered crucial.
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Fig. S-24. Diagram of key receptor — 6b (top) and 6¢ (bottom) interactions observed during
100ns molecular dynamics. Aromatic interactions are shown in violet, while hydrogen bonds
are green. Interactions maintained for 20% or more of total MD time are considered crucial.
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Abstract: Breaking news are usually disturbing. Natural disasters, wars, epi-
demics, efc., are reported as breaking news. This paper reports a decreased
danger of spreading of epidemics caused by the JN.I1 variant, since analyses
indicate that infectivity of the new variant is decreased compared to most ear-
lier variants, which is confirmed by the number of cases (7500 daily in USA).
Moreover, JN.1, despite the great number of mutations, has not been able to
achieve the values of Gibbs energy change of biosynthesis (and thus virus mul-
tiplication rate) of the Hu-1 wild type. The research shows that infectivity and
pathogenicity of the JN.1 variant has not reached worrying size, which means
that there is no reason to expect the epidemiologic situation getting worse.

Keywords: biothermodynamics; Gibbs energy; immune evasion; infectivity;
pathogenicity; virus time evolution.

INTRODUCTION

The year 2019 was at an end. On the social networks, several doctors from
Wuhan warned about the appearance of a large number of infected people. Later,
the new disease was named COVID-19. Breaking news in the media have alarmed
the general public long before governments and health authorities reacted in most
countries. After that, an overreaction occurred, with the enforcement of a lock-
down, which was in some cases extreme. Fortunately, the scientific community
reacted in a much more rational way. Very soon, it was discovered that the cause
of the future pandemic is a virus from the Coronaviridae family, named SARS-
-CoV-2 Hu-1 variant. Molecular biologists have very soon reported the nucleic
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# Serbian Chemical Society member.
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acid sequences! and the protein sequences.2 The virus morphology was known
from before.3

SARS-CoV-2 belongs to RNA viruses. RNA viruses exhibit a significant
tendency towards mutation.> From 2019 to 2024, SARS-CoV-2 has mutated
several dozen times.® The new variants of SARS-CoV-2 have suppressed the
older variants and caused pandemic waves.” All the mutations of SARS-CoV-2
have been described and its genetic sequence, as well as the protein sequences of
all the variants, have been reported.8 As of January 4, 2024, during the COVID-
-19 pandemic, over 773 million cases have been reported with almost 7 million
deaths.?

Except for researchers in the fields of molecular biology, virology, clinical
medicine and immunology, the research was joined by scientists from the fields
of biothermodynamics, chemistry, biochemistry and biophysics. Before 2019, it
was known that a virus can be analysed as a chemical system!0 and processes
that viruses perform as chemical reactions.!! The empirical formula was known
only for the poliovirus.10

Antigen—receptor binding is a process very similar to the protein ligand int-
eractions.12:13 Furthermore, the process of virus multiplication consists of poly-
merization of nucleotides into viral nucleic acids!4!5 and amino acids into viral
proteins, 16 as well as self-assembly processes.!” The Gibbs energy change is a
measure of a driving force for these processes/reactions.18:19

The empirical formulas of SARS-CoV-2 variants have been reported in the
literature.20:21 The empirical formulas of viruses can be calculated with the atom
counting method, based on their genetic sequences, protein sequences and mor-
phology.22:23 The results obtained with the atom counting method are in good
agreement with experimental results.22:23

Based on the empirical formulas, it is possible to apply the Patel-Erickson
model (Thornton’s rule)?425 and Battley model26 to calculate thermodynamic
properties — enthalpy, entropy and Gibbs energy changes, including the driving
force for chemical reactions involving viruses.2’-3! Thermodynamic properties
of biosynthesis, including Gibbs energy change of biosynthesis — the driving
force of virus multiplication, has been reported for major variants of SARS-CoV-
-2.20.32 The biothermodynamic approach was also applied to study multiplication
of the Ebola virus,28 Mpox virus,2? West Nile virus,30 Rotavirus,>> etc.

The virus—host interaction begins at the cell membrane with antigen—rec-
eptor binding, which allows a virus to enter its host cell.!3:33 The driving force of
the antigen—receptor binding is related to Gibbs energy change of binding.27-34-36
Moreover, the thermodynamic approach has also been applied to study the anti-
gen—receptor binding of arboviruses,33 HIV,33 Ebola virus,28 SARS-CoV,13 etc.

Knowing the thermodynamic properties of virus particles and processes that
comprise the viral life cycle is very important.37 Based on the known thermos-
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dynamic properties, it is possible to draw conclusions about the pathogenesis of
viral infections!3-38:39 and epidemiology.*0

During the COVID-19 pandemic, the appearance of new variants has often
caused panic, first of all due to fear of change in infectivity and pathogenicity of
the virus. The goal of this paper is to perform chemical and thermodynamic
characterization of the new Omicron JN.1 variant, which has been spreading
during December 2023 and January 2024, mostly in USA and Europe. Moreover,
another goal is to predict the potential changes in the infectivity and the patho-
genicity of the JN.1 variant, before the epidemiologic data arrive, in the moment
when the epidemic wave reaches its maximum.

METHODS
Data sources

The genetic sequence of the Omicron JN.I variant of SARS-CoV-2 was taken from
GISAID, the global data science initiative.*! It is labelled hCoV-19/Canada/ON-KHS-09219-
-v1/2023 and can be found under the accession number EPI ISL. 18615181. It was isolated on
December 4, 2023, in the Canadian province Ontario. Thus, the findings of this study are
based on the metadata associated with one sequence available on GISAID up to January 9,
2024, and accessible at https://doi.org/10.55876/gis8.240109xh (please see the Supplementary
material for more details).

The protein sequences were taken from the NCBI database.*? The sequence of the nuc-
leocapsid phosphoprotein of SARS-CoV-2 was obtained under the accession number
QIKS50455.1. The sequence of the membrane protein of SARS-CoV-2 was obtained under the
accession number QHR63293.1. The sequence of the spike glycoprotein of SARS-CoV-2 was
obtained under the accession number QHR63290.2. The number of protein copies in the virus
particle was taken from Neuman et al. In a SARS-CoV-2 particle, there are 2368 copies of
the nucleocapsid phosphoprotein, 1184 copies of the membrane protein and 222 copies of the
spike glycoprotein.’

The dissociation equilibrium constant, K;, of the Omicron JN.1 variant of SARS-CoV-2
was taken from.*? It was measured by surface plasmon resonance at room temperature.*3

Atom counting method

The empirical formulas, chemical formulas and macromolecular composition of the
Omicron JN.1 variant of SARS-CoV-2 were obtained with the atom counting method, as
described in the previous paper.22 The atom counting method is a computational method for
the calculation of empirical formulas of macromolecules and macromolecular assemblies,
including virus particles.2? The input of the program are genetic sequences, protein sequences
and morphology.?

Patel-Erickson model

The Patel-Erickson model?*?> was used to find the enthalpy of live matter (virus par-
ticle, nucleocapsid and nucleic acid). The Patel-Erickson model gives enthalpy of live matter
based on its empirical formula.242> First, from the empirical formula, the degree of reduction,
E, is calculated:

E=4I’IC +nH—2nO—0nN +51’1P+6n5 (1)
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where nc, ny, ng, 1N, np and ng are numbers of C, H, O, N, P and S atoms in the emp-
irical formula, respectively.?#25 Then, the degree of reduction is used to find the standard
enthalpy change of combustion, AcH®, of live matter:2+23

AcH®(bio) = ~111.14 kJ mol-'xE )

After that, AcH® is used to find standard enthalpy change of formation, AHC, of live
matter, with Hess’s law:25

AfHe(bIO) = I’chfHe(COQ) + (nH/Z)AfHe(HZO) + (I’lp/4)AfHe(P4010) +
+ I’lsAfHe(SO3) - AcHe (3)
Battley model

The Battley model?® was used to find the entropy of live matter (virus particles, nucleo-
capsids and nucleic acids). The Battley model gives entropy of live matter based on its emp-
irical formula.2¢ Standard molar entropy, S,,©, of live matter is obtained from the equation:

S, (bio) = 0.187Z (S, () a)n, @)

where S,,©(J) is standard molar entropy of element J in its standard state elemental (pure)
form, a; number of atoms of element J in its standard state elemental form, and n; is the num-
ber of atoms of element J in the empirical formula of live matter.26 The standard entropy
change of formation, ApS®, can be found as:2°

AsS®(bio) = —0.813Z (S, S(J)/an; 5)
The standard Gibbs energy change of formation, A;G®, of live matter is found from
AdH® and AS®:

AsG®(bio) = AP (bio) — TAS®(bio) (6)
where T is temperature.**
Stoichiometry of biosynthesis reactions

Based on empirical formulas, the biosynthesis reactions were formulated with stoichio-
metry. The biosynthesis reactions are macrochemical equations that explain the conversion of
nutrients into new live matter in metabolism!® The general biosynthesis reaction of viruses has
the form:20-32:45

(Amino acid) + CH,0+ O, + HPO42_ + HCO3_ — (Bio) + SO42' +H,0 + H2C03 @)

The nutrients for biosynthesis of virus live matter include: amino acids with the emp-
irical formula CH; 79800 4831N0.224750.022472 (source of energy, carbon, nitrogen and sulphur),
carbohydrates with the empirical formula CH,O (additional carbon and energy source), O,
(electron acceptor), HPO42" (source of phosphorus).2032:45 The main products of biosynthesis
are new live matter (bio) with the empirical formula C,cH,50,0N,NPpSus, SO4% (excess
sulphur removal) and H,COj; (oxidized carbon removal).20324 Moreover, H" produced during
biosynthesis are absorbed by the bicarbonate buffer made of HCO5™ and HyCO5.20-32:45
Thermodynamic properties of biosynthesis

The thermodynamic properties of biosynthesis were calculated with Hess’s law.** They
were calculated by the application of Hess’s law to the biosynthesis reactions and thermos-
dynamic properties of live matter. Thermodynamic properties of biosynthesis include the stan-
dard enthalpy of biosynthesis, A °, the standard entropy of biosynthesis, ApS®, and the
standard Gibbs energy of biosynthesis, A,,G®.18 They were found with the equations:
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Abs]_le = ZProductsVAf[—Ie - ZReactantsVAf[—Ie (8)
AbsSe = z"ProductsVSme - ZReactantsVSme ©
AbsGe = z"ProductsVAfG S — z"ReactantsVAfGe (10)

where vrepresents a stoichiometric coefficient,!8:20-253245
Antigen—receptor binding

The interaction of a virus with its host cell begins at the host cell membrane.*® There, the
virus antigen binds to the host cell receptor.¢ The antigen—receptor binding is a chemical pro-

cess similar to protein ligand binding.!23* The antigen—receptor binding can be represented
with the chemical reaction:

(An) + (Re) 2 (An—Re) (11)
where (An) is the free virus antigen, (Re) free host receptor and (An—Re) the antigen-receptor
complex.!23* The dissociation equilibrium constant, Ky, is given by the equation:
_ [An][Re]

[An-Re] (12

d

where [An] is the concentration of the free virus antigen, [Re] the concentration of the free
host receptor and [An-Re] the concentration of the antigen—receptor complex.!?34 From Kj,
the binding equilibrium constant, K, can be determined:!2-34

1 _[An-Re]
o=, T [AnIRe] >

Based on Kp, it is possible to calculate standard Gibbs energy change of binding,
ABG6212’34
AgG® = -RTIn Ky (14)

RESULTS AND DISCUSSION

Table I gives the empirical formulas of the virus particle, nucleocapsid and
nucleic acid of the Omicron JN.1 variant of SARS-CoV-2, which were deter-
mined for the first time in this research. Table II gives chemical formulas of the
entire virus particle, nucleocapsid and nucleic acid of the Omicron JN.1 variant
of SARS-CoV-2. Table III gives the macromolecular composition of the virus
particle, nucleocapsid and nucleic acid of the Omicron JN.1 variant. Table IV
presents the thermodynamic properties of live matter of the virus particle, nucleo-
capsid and nucleic acid of the Omicron JN.1 variant of SARS-CoV-2. Table V
gives the biosynthesis stoichiometries of the virus particle, nucleocapsid and nuc-
leic acid of the Omicron JN.1 variant. Table VI presents the thermodynamic pro-
perties of biosynthesis of the virus particle, nucleocapsid and nucleic acid of the
Omicron JN.1 variant of SARS-CoV-2. Table VII shows the thermodynamic pro-
perties of antigen-receptor binding of the Omicron JN.1 variant of SARS-CoV-2.

In May 2023, WHO has declared the end of the COVID-19 pandemic.47
Unfortunately, SARS-CoV-2 has not understood that the pandemic is finished,
probably because it obeys the laws of biology, chemistry and physics, and not the
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laws of WHO. SARS-CoV-2 Omicron variant has continued its path as time goes
by, acquiring new mutations. Thus, in summer, autumn and winter, several new
variants have appeared, which were analysed in the literature.21:32 The laws of
biology, chemistry and physics have a supremacy over all other laws, while the
fight for survival is the most fundamental law of all living organisms. The newest
variant Omicron JN.1 began the development of its epidemic wave in the United
States (5000 to 15000 new cases daily) and Europe (3000 to 5000 new cases
daily), during the last several weeks. The epidemic wave from December 2023
and January 2024 is of much lower intensity than the pandemic waves caused by
the Hu-1, Delta and earlier Omicron variants.® The appearance of JN.1, like those
of previous variants have caused panic in the general population and the media.
The scientific community has reacted very soon, reporting the nucleic acid sequ-
ence of the new variant (GISAID ID: EPI _ISL 18615181).4! The published data
represent an excellent basis for the further research, but do not inform enough
about the changed infectivity, the pathogenicity and the immune evasion. To
obtain a quantitative picture of potential changes, it is necessary to have quan-
titative data, based on which it is possible to assess the changes in infectivity, the
pathogenicity and the potential immune evasion.

TABLE I. Empirical formulas and molar masses of empirical formulas of the virus particle,
nucleocapsid and nucleic acid of Omicron JN.1 variant of SARS-CoV-2. Empirical formulas
have the general form C,cH,yO,oNunPapSyns, Where nC, nH, nO, nN, nP and nS are numbers
of C, H, O, N, P and S atoms in the empirical formula, respectively

Name C H 0 N P S My / g C-mol'!
Virus particle 1 1.6390 0.2841 0.2300 0.006439 0.003765 21.75
Nucleocapsid 1 15710 0.3431 0.3124 0.006004 0.003349 23.75
Nucleic acid 1 1.2299 0.7397 0.3863 0.105318 0.000000 33.76

TABLE II. Chemical formulas and molar masses of entire virus particle, nucleocapsid and
nucleic acid of Omicron JN.1 variant of SARS-CoV-2. Chemical formulas have the general
form C,cHpnyOmoNmNPmpSms, where mC, mH, mO, mN, mP and mS are numbers of C, H, O,
N, P and S atoms in the chemical formula, respectively

Name C H (0] N P S Mr(tot) / MDa

Virus particle 1.01E+07 1.66E+07 2.87E+06 2.32E+06 6.51E+04 3.80E+04 219.7
Nucleocapsid 4.95E+06 7.78E+06 1.70E+06 1.55E+06 2.97E+04 1.66E+04 117.6
Nucleic acid  2.82E+05 3.47E+05 2.09E+05 1.09E+05 2.97E+04 0.00E+00 9.5

TABLE III. Macromolecular composition of the virus particle, nucleocapsid and nucleic acid
of Omicron JN.1 variant of SARS-CoV-2. Contents of all macromolecular constituents are
expressed as mass fractions in %

Name RNA DNA Proteins Lipids Carbohydrates
Virus particle 43 0.0 77.0 17.2 1.5
Nucleocapsid 8.1 0.0 91.9 0.0 0.0
Nucleic acid 100.0 0.0 0.0 0.0 0.0
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TABLE IV. Thermodynamic properties of live matter of virus particles, nucleocapsids and
nucleic acid of Omicron JN.1 variant of SARS-CoV-2

Name AdH® / kJ C-mol! S.,©/JC-mol'! K-! AsG® / kJ C-mol!
Virus particle —64.43 30.70 —24.63
Nucleocapsid —75.40 32.47 —33.31
Nucleic acid —173.12 37.98 —123.90

TABLE V. Biosynthesis stoichiometry of the virus particle, nucleocapsid and nucleic acid of
Omicron JN.1 variant of SARS-CoV-2. The general biosynthesis reaction has the form:
(Al’l’lil’lO acid) + CH20 + 02 + HPO42_ + HCO3_ g (BIO) + 8042_ + H20 + HCO3_ + H2CO3.
(Amino acid) denotes the empirical formula of amino acids and (Bio) denotes the empirical
formula of live matter

Reactants Products

Amino acid CH>O 0O, HPO4* HCOs3 - Bio SO+ H»O HCOs H.COs
Virus particle  1.0236  0.0105 0.0000 0.0064 0.0256 — 1 0.0192 0.0674 0.0000 0.0597
Jucleocapsid  1.3903  0.0000 0.4925 0.0060 0.0438 — 1 0.0279 0.0550 0.0000 0.4341
Nucleic acid 1.7190 0.0000 1.0650 0.1053 0.0000 — 1 0.0386 0.3306 0.1334 0.5856

Name

TABLE VI. Thermodynamic properties of biosynthesis of virus particles, nucleocapsids and
nucleic acids of Omicron JN.1 variant of SARS-CoV-2

Name ApsH1® / kI C-mol! ApsS® /T C-mol! K- ApsG® / kJ C-mol!
Virus particle —4.80 6.94 —6.94
Nucleocapsid —232.88 —37.48 —221.74
Nucleic acid —484.11 —98.20 —456.07

TABLE VII. Thermodynamic properties of antigen—receptor binding of Omicron JN.1 variant
of SARS-CoV-2; the K4 value was taken from literature*?
Virus Variant Interaction Ki/M  Kg/M! AgG®/klImol!
SARS-CoV-2 Omicron JN.1 RBD with ACE2 145E-08 6.90E+07 —44.74

The infectivity of any virus or virus variant depends on its antigen—receptor
binding affinity. In essence, the antigen receptor binding represents a purely
chemical interaction similar to protein—ligand interactions. The driving force for
this reaction is Gibbs energy change of binding.3# This is why in the essence of
affinity there is the value of Gibbs energy change of binding. The virus variant
characterized by a more negative Gibbs energy change exhibits a greater affinity.
Consequently, the increased affinity implies a greater infectivity, due to the
greater rate of antigen—receptor binding and the faster entry rate of viruses into
host cells. If in the same moment two virus variants appear in the same host, they
compete for the receptors and the variant characterized by a more negative Gibbs
energy change of binding will exclude the other variant or variants from the org-
anism/population.34:45

The changes of Gibbs energy (change in thermodynamic properties) appear
as a consequence of a change in chemical composition. The change in chemical
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composition appears as a consequence of mutations. During mutations, there is
the change in the sequence of nucleotides, which leads to the change in chemical
composition. The empirical formula of the Hu-1 wild type is
CH] 639000.2851N0.2301P0.006550.0038,*8 while the empirical formula of the
Omicron BA.1 variant is CHj 640400 2842N02299P0.006450.0038,+8 which is dif-
ferent from that of JN.1 CH{ 639000.2841N0.2300P0.00643950.003765 (Table I). The
hydrogen content of the JN.1 variant is similar to that of the Hu-1 wild type, both
of which are lower than that of the BA.1 variant. The oxygen content of the JN.1
variant is lower than those of Hu-1 and BA.1 variants. The nitrogen content of
the JN.1 variant is between those of the Hu-1 and BA.1 variants. The phosphorus
content of the JN.1 variant is similar to that of the BA.1 variant and lower than
that of the Hu-1 variant. The sulphur content is similar for all three variants.
Therefore, every variant of SARS-CoV-2 is characterized by a specific empirical
formula, which can be used to identify the variant. This is in agreement with the
result that the virus particles can be identified with single particle [CP-MS.49

Empirical formulas have been determined for other viruses: West Nile virus
CH1 .765100.2609N0.1469P0.01971250.0037453° and Poxviruses
CH] 587600.3008N0.2538P0.0022350.00554-2° The empirical formula of JN.1 variant
of SARS-CoV-2 is CH1.639000.2841N0.2300P0.006439S0.003765 (Table I). The hyd-
rogen content of the JN.1 variant is lower than that of the West Nile virus and
higher than that of the Poxviruses. The oxygen content of the JN.1 variant is
lower than that of poxviruses and higher than that of West Nile virus. The nit-
rogen content of the JN.1 variant is lower than that of Poxviruses and higher than
that of the West Nile virus. The phosphorus content of the JN.1 variant is lower
than that of West Nile virus and higher than that of Poxviruses. The sulphur
content of the JN.1 variant is higher than those of the West Nile virus and Pox-
viruses. Therefore, every virus species is characterized by a specific empirical
formula.

The chemical formula of the entire virus particle of the Omicron JN.1 variant
of SARS-CoV-2 is  Cp01x107H1.66x10702.87x106N2.32x106P6.51x10453.80x 104
which has a molar mass of 219.7 MDa (Table II). The chemical formula of the
West Nile virus is Cis54x106H2.71x10604.01x105N2.26x105P3.03x104S5.76x103,°°
while that of the poliovirus is C332652H4923880131196N98245P7501S2340.10 The
virus particle of the JN.1 variant is composed of a much larger number of atoms
than those of the West Nile virus and poliovirus. This is in agreement with the
larger size of the SARS-CoV-2 virus particle (90 nm)3 than those of the West
Nile virus (50 nm)3° and poliovirus (30 nm).3!

The biosynthesis reaction of the virus particle of Omicron JN.I variant is:

1.0236CH|.79800.4831N0.224750.022472 + 0.0105CH0 +
0.0064HPO42~ + 0.0256HCO3~ — CH} 639000.2841N0.2300P0.00643950.003765 +
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0.01928042~ + 0.0674H,0 + 0.0597H,CO; (15)

where CH1 79800.4831N0.2247S0.022472 is the empirical formula of amino acids
and CHJ 639000.2841N0.2300P0.00643950.003765 is the empirical formula of the
IN.1 virus particle. The biosynthesis reaction of the nucleocapsid of Omicron
JN.1 variant is

1.3903CH} 79800.4831N0.224750.022472 + 0.49250, + 0.0060HPO4>~ +

0.0438 HCO3~ — CH| 571000.3431N0.3124P0.00600450.003349 +
0.0279S042~ + 0.0550H,0 + 0.4341H,CO; (16)

where CH1 571000.3431N0.3124P0.00600450.003349 1s the empirical formula of the
JN.1 nucleocapsid. The biosynthesis reaction of the nucleic acid of Omicron JN.1
variant is:

1.7190CH; 79800.4831N0.2247S0.022472 + 1.06500, + 0.1053 HPO42_ -
CH229900.7397N0.3863P0.105315 + 0.0386 SO4* + 0.3306 H,O +
0.1334HCO5 + 0.5856 H,CO; a7

where CH1 229900.7397N0.3863P0.105318 1S the empirical formula of the JN.1 nuc-
leic acid.

Based on the empirical formulas, thermodynamic properties can be calcul-
ated, with the Patel-Erickson model2425 and Battley model.26 The Gibbs energy
change of biosynthesis of microorganisms represents the driving force for micro-
organism multiplication.18:19:34.45 By multiplying inside host cells, a virus leads
to its damage in several ways. One of them is the lytic cycle.4¢ Less obvious, but
still realistic way of damage of the host cells is competition for resources.
Namely, a virus hijacks the host cell metabolic machinery, making it function for
the virus multiplication completely, while the synthesis of host cell building
blocks is inhibited. Thus, since the reparatory mechanisms become ineffective,
with time there is damage of the host cell. According to the phenomenological
equations, the reaction rate (in this case rate of virus multiplication) depends on
the Gibbs energy change of biosynthesis. A greater multiplication rate leads to
greater damage of the host cell. Thus, virus pathogenicity is greater if Gibbs
energy change of biosynthesis of the virus is more negative.

It is obvious that the infectivity and the pathogenicity depend on thermodyn-
amic properties — Gibbs energy change of binding and Gibbs energy change of
biosynthesis, respectively. Furthermore, the binding of antibodies to virus anti-
gens also represents a chemical reaction, similar to protein—ligand interact-
ions.!2.34 Thus, the driving force for the antigen—antibody binding reaction is the
Gibbs energy change of the antigen—antibody binding and the antigen—antibody
binding rate, according to the phenomenological equations, depends on it. There-
fore, two different molecules — antibody and receptor — bind to the same substrate
— antigen — and the reactions are competitive. This means that the reaction char-
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acterized with a more negative Gibbs energy change will have an advantage.
Macroscopically, if the Gibbs energy change of the reaction of antigen—antibody
binding is more negative than the Gibbs energy change of the antigen—receptor
binding, then the virus will be inactivated and removed from the host organism
and will not lead to the development of a disease. On the other hand, if the Gibbs
energy change of antigen—receptor binding is more negative than the Gibbs
energy change of the antigen—antibody binding, then there will be immune evasion.

In this research, Gibbs energy change of binding was determined for the first
time for the Omicron JN.1 variant of SARS-CoV-2, which is given in Table VII.
Gibbs energy changes of binding have been determined for other variants of
SARS-CoV-2: Hu-1 wild type —43.43 kJ mol~1,48 Delta B.1.617 variant —43.38
kJ mol~1,48 and Omicron BA.2 variant —51.50 kJ mol~1.52 Gibbs energy changes
of binding of different variants of SARS-CoV-2 during its time evolution are
shown in Fig. 1. Please notice that the JN.1 variant originates from the Omicron
variant and has appeared by acquisition of mutations with the goal to survive.
Obviously, the JN.1 variant has evolved towards less negative Gibbs energy
change (which is not a rule observed during evolution of SARS-CoV-2). Indeed,
SARS-CoV-2 has exhibited a tendency to evolve towards increase in infectivity
and maintenance of pathogenicity.33 The evolution of the JN.1 variant towards
less negative Gibbs energy change of binding could be a consequence of exten-
sive immunization by natural means or by vaccines. The decrease in Gibbs
energy change of binding is a result of changed virus antigen structure. Since the
changed antigen structure of the virus is different than those of the previous
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Fig. 1. Gibbs energy change of binding of different SARS-CoV-2 variants during the time
evolution of the virus. AgG® represents standard Gibbs energy change of binding.
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variants, it also binds with a lower affinity to highly specific host antibodies. The
lower affinity of binding to antibodies provides immune evasion.

Development of vaccines based on virus variants in circulation is important
in order to achieve greater specificity of the response antibodies to the virus and
avoid antibody-dependent enhancement.>* During the pandemic, SARS-CoV-2
developed a great number of mutations. These mutations allow some variants to
avoid immune response. Thus, it is important for vaccines to follow the time
evolution of SARS-CoV-2.

Infectivity does not depend only on the rate of entry of virus particles into
host cells and immune response. The process of infection is much more complex
and includes concentration of viruses at the site of entry into host organism (inf-
ective inoculum) expressed in number of infectious particles per mL. The con-
centration of infectious particles is much lower in an open space. This is why the
possibility of infection in an open space is much lower. The lower the volume of
a closed space, the greater the concentration and the possibility of infection. Fur-
thermore, infectivity also depends on diffusion through nose mucosa and furin
cleavage.!3 Due to complexity of the process of infection and the arguments in
favour of a stronger immune response of the host organism, it seems that we can
be optimistic regarding the epidemic spreading of SARS-CoV-2 variants, with
the consciousness that the virus will continue to adapt during the evolution pro-
cess in the future.

Pathogenicity of viruses depends on the degree of damage that a virus causes
during infection. The degree of damage depends on the multiplication rate of the
virus. The multiplication rate is, according to the phenomenological equations,
dependent on the driving force of multiplication — Gibbs energy change of bio-
synthesis. Gibbs energy change of biosynthesis of the Omicron JN.1 variant is
—221.74 kJ C-mol~!. Gibbs energies changes of biosynthesis of different SARS-
-CoV-2 variants are given in Fig. 2. Gibbs energies change of biosynthesis of
other SARS-CoV-2 variants are: Hu-1 wild type —222.2 kJ C-mol-1,2! Omicron
BA.2 —221.22 kJ C-mol~1,52 Omicron XBB.1.5 Kraken —221.22 kJ C-mol-!,34
Omicron XBB.1.16 Arcturus —221.19 kJ C-mol~1,32 and Omicron EG.5 Eris
—221.75 kJ C-mol~1.2! From this we can conclude that Gibbs energy change of
biosynthesis has changed very little and that pathogenicity of SARS-CoV-2 vari-
ants has remained similar during evolution. This is in agreement with the predict-
ions of theory of evolution, that organisms will evolve towards maintenance of
the species. An increase in pathogenicity would lead to a greater number of lethal
cases, which would as a consequence lead to lower possibility for the virus to
survive.

In the basis of all biological processes performed by viruses, including the
life cycle, the infection and the damage to host cells, are physical and chemical
processes. This is why mechanistic models are useful for the better understanding
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of mechanisms through which biological, physical and chemical processes occur
and indicate the ways in which we can influence the course of the pandemic. At
the very beginning of the COVID-19 pandemic, there were many misleading
information. It was not clear what are the paths of the transmission of COVID-19
infection. Due to this, use of gloves was introduced, even though the primary
path of transmission is not fecal-oral, but respiratory. In some countries, money
was replaced by contactless payment, even though the transmission by indirect
contact is almost impossible. Moreover, the extensive lockdown was enforced in
almost all countries, even though it is clear that in the respiratory infections
maintenance of distance and avoidance of small closed spaces (e.g., elevators,
toilets) should be effective in the avoidance of infections like COVID-19,
especially with the extensive application of face masks. In the moment when the
mechanistic models were developed and in parallel epidemiological measures
and especially vaccines, the fight against the pandemic became much more
efficient. However, the damage to production and logistics that could have been
avoided has already been made. Moreover, a lot of time was needed for the
population to understand that the application of facial masks is a very effective
method for the suppression of pandemic, since it decreases the size of infectious
inoculum. However, first of all thanks to the scientific community, the number of
new cases of COVID-19 has been significantly decreased and the end of the
pandemic was declared.
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Fig. 2. Gibbs energies change of biosynthesis of different SARS-CoV-2 variants during the
time evolution of the virus. A, G® represents standard Gibbs energy change of biosynthesis.
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CONCLUSIONS

The COVID-19 pandemic might be over. However, the new variants of
SARS-CoV-2 are appearing quite frequently. Omicron JN.I is the last in a
sequence of variants. The mechanistic models allow the prediction that the Omic-
ron JN.1 variant can cause a new epidemic wave, with a lower amplitude in the
number of new infections (decreased infectivity) and a smaller number of casual-
ties. The smaller number of casualties is a consequence of a smaller number of
infected people with the unchanged pathogenicity of the Omicron JN.1 variant.
This process is also contributed by the process of immunization. It seems that the
need for the active immunization will be necessary for a long period. Moreover,
the development of new vaccines will be needed, which will be based on some of
the newer variants, due to the acquisition of a larger number of mutations in the
new variants.
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U3BOJ
YIOAPHE BECTH: EMITHUPHUJCKE ®OPMYVYJIE, MOJIAPHE MACE, PEAKITUJE
BUOCHHTE3E U TEPMOJWUHAMHWYKE OCOBMHE BUPYCHUX YECTHLIA:
BUOCHHTE3E U BESUBAIHA OMICRON JN.1 BAPUJAHTE SARS-COV-2

MAPKO E. [TOITOBUR', MAJA CTEBAHOBHR? 1 MAPUJA MUXAWJIOBUR'

"Ynueepsuiuein y Beoipagy, HHCIAUTGY T 30 XeMUjy, TEXHOLOTUfy u metianypiujy, Ebeiowesa 12, 11000
Beoipag u “Huosayuonu ueninap TexHOTOwWKo—Melllanypuxol paxynieiia, Yrnueep3uiieii y Beoipagy,
Kapnetujesa 4, 11120 Beoipag

YnapHe BecTu cy oduuHO y3Hemupyjyhe. O mpupoAHUM KaTacTpodama, paTOBUMa, €Mu-
IEMHjaMa, UTH. Ce U3BEIITaBa Kao O yJapHUM BECTHMaA. Y OBOM pafy je MPHUKa3aHO CMalkEeme
OTIACHOCTH OJ LIMpema enuieMuja u3a3BaHux Bapujantom JN.1, jep aHanuse moxasyjy na je
WH(QEKTUBHOCT HOBe BapHjaHTe ciladuja y ogHOCY Ha BehuHy paHMjUX BapHjaHTH, IITO MOTBP-
hyje n dpoj ciyuajeBa (7500 gHeBHO y CAJI). IlltaBuire, JN.1 ynpkoc Benukom Opojy myTa-
U¥ja HUje yCIeo Aa MOCTUIHe BPeAHOCTH npoMeHe 'mbcose eHepryje dvocuHTese (a caMUM
THUM U CTOIIE pa3MHOXKaBawa BUpyca) Aubmer Thna Hu.1. McTpaxuBamwe nokasyje na UHQEK-
THUBHOCT M naToreHoct Bapujante JN.1 Huje mocTturia 3adprmasajyhy BeJUYMHY, LITO 3HAYH
Ila HEMa pasjiora 3a 04YeKHBaibe Ioroplame enuaeMHoIoOLIKe CUTyaluje.

(ITpumibero 19. janyapa, pesuaupato 31. janyapa, npuxsaheno 20. dbedpyapa 2024)
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Abstract: Bacterial strains D11, E1 and E2 isolated from petroleum-contamin-
ated soils were found to be members of Acinetobacter genus revealed by 16S
rRNA gene sequence analysis and phenotypic characteristics. After incubation
for 5 days, about 43, 9 and 12 % of total petroleum hydrocarbons of crude oil
were degraded by strains D11, E1 and E2, respectively, and determined by
GC-MS analysis. Moreover, about 70 and 76 % of single hydrocarbon hexa-
decane was degraded by the strains D11 and E1 after 3 days of short incubation
time, respectively, while the strain E2 degraded about 48 % of single hydrocar-
bon pentadecane. By using PCR-based method, gene sequences of the strains
D11 and E2 showed similarity to alkane 1-monooxygenases from Acinetobac-
ter sp. BUUS alkM with 93.06 and 92.72 %, respectively, while the sequence
similarity of strain E1 was 95.84 % to Acinetobacter sp. 826659. The present
study of hydrocarbon biodegradation by Acinetobacter strains may provide a
good advantage in bioremediation process.

Keywords: petroleum-degradation; bacteria; GC—-MS analysis; al/kM gene.

INTRODUCTION

There is a continuous great concern about petroleum hydrocarbons causing
pollution in the environment, produced from various anthropogenic activities,
such as accidental petroleum spills during transport and refining of oil products,
industrial discharge and leakage from underground tanks.!:2 Toxic oil products
are known to pose a serious threat to marine habitats, fishery and human health,
leading to an imbalance in the ecosystem and thus harming the wildlife which
takes years or even decades to recover.3:# Aliphatic n-alkanes, formed by the red-
uction of organic material during the geochemical formation of petroleum, are
hydrocarbons found in crude and refined oils.>
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A greater amount of aliphatic alkanes is released into the environment and
thus the bioavailability and toxicity of n-alkanes vary according to the chain
length.6 Since crude oil and its products are biodegradable, bioremediation for
cleaning up oil-contaminated sites is considered as an efficient and cost-effective
technique compared to chemical and physical treatments. Recently, bioremedi-
ation of oil-contaminated sites has been an important task for scientists, carrying
out many studies using pure culture or mixed bacterial consortia which degrade
petroleum hydrocarbons.#7-8 In the environmental biotechnology using biodeg-
radation and bioremediation processes, various kinds of microorganisms includ-
ing bacteria and fungi have been employed.? The bacteria using hydrocarbons as
a carbon source and energy for their growth have been studied in detail, such as
Alcaligenes, Bacillus, Corynebacterium, Pseudomonas, Methylomonas, Micro-
coccus, Methylobacterium, Nocardia, Rhodococcus, Achromobacter, Acinetobac-
ter, Arthrobacter, Flavobacterium, etc. Members of these groups have been eva-
luated for usage in bioremediation processes.!0-13 Among these, biodegradation
studies have been also focused on Acinetobacter species such as Acinetobacter
baylyi ADP1,14:15 Acinetobacter sp. MUBL, 16 Acinetobacter oleivorans,!” Acin-
etobacter sp. LS-1,18 4. baumannii'® and Acinetobacter johnsoni.29 As identified
in Acinetobacter, alkane monooxygenases encoded by the alkM gene and com-
posed of alkane hydroxylase (alkM), rubredoxin (RubA) and rubredoxin reduct-
ase (RubB) are key enzymes that catalyze the terminal oxidation of n-alkanes to
alcohols.14-16,21-23

In this study, we aimed to study and characterise Acinetobacter strains iso-
lated from petroleum-contaminated sites in Batman province of Turkey and to
evaluate the hydrocarbon biodegradation potential of the isolated bacterial strains.

EXPERIMENTAL
Collection of samples

The samples were collected from petroleum-contaminated soils around the petroleum
wells (Southern Ramanl. and 237. petroleum stations). The crude oil used in the experiments
was obtained from Batman petroleum refinery. The Basal medium (BM) contained per L:
phosphate buffer (5.0 mL), magnesium sulphate (3.0 mL), calcium chloride (1.0 mL), ferric
chloride (1.0 mL), as well as 1.0 mL mineral elements solution containing ZnSOy4-H,O,
MnSO,4 and (NH4)¢Mo00O,4-4H,0. Filtered crude oil (1 %) was transferred to the BM by using
a 0.2 mm pore size filter as the energy source. The petroleum-contaminated soils (1 g) around
the petroleum wells were transferred into BM in the presence of crude oil (1 %) and then inc-
ubated in a shaking water bath at 120 rpm at 30 °C for 5 days. After incubation, aliquots (1
mL) from each sample were transferred to freshly prepared BM plus crude oil (1 %) for pre-
paring subculture. Following two subculture cycles, the microorganisms were let to grow on
solid medium (nutrient broth agar) for 5 days of incubation. The morphological appearance of
the colonies growing on the plates was examined and different colonies were selected and
retransferred to BM in the presence or absence of crude oil for 5 days. The isolated strains
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were characterized as colonies with different morphologies for petroleum hydrocarbon deg-
radation and utilising hydrocarbons for the carbon and energy source.

Morphological, biochemical and physiological characteristics

Gram staining was carried out by the method of Dussault. 24 The temperature range of
10-45 °C was used for growth in liquid medium, whereas the pH range tested was 4.0—-12.0.
The initial pH of media was adjusted with acidic and basic solutions. Urease activity testing
was carried out as described by Léanyi.2> Procedures described within Bergey et al.?° and
Claus and Berkeley,?” were followed to determine different biochemical properties such as
indole, oxidase, citritase, catalase and urease activity as well as motility of the studied isolates.

Preparation of genomic DNA extraction and 16S rRNA analyses

Bacterial cells (D11, E1 and E2) were cultured overnight in NB medium under optimum
conditions. After incubation bacterial culture was centrifuged at 14,000 rpm for 10 min and
bacterial pellet was resuspended in Tris-EDTA (TE) buffer. Genomic DNA was isolated from
tested bacteria using protocol supplied by the manufacturer of the Bacterial Genomic DNA
Extraction Kit. DNA concentrations were determined using a UV/Vis spectrophotometer (S60
Double Beam, Libra Biochrom). All DNA extracts were stored at —20 °C. 16S rRNA encod-
ing genes were amplified by PCR from isolated chromosomal DNA (1 pL) using universal
primers (27F and 1492R, Sentebiolab). PCR amplification was performed in PCR reaction
mixture (25 pL) containing; primers (20 pmol for F and R), 0.3 mM dNTP’s mixture and Taq
DNA polymerase (2.5 U, Sigma) in the supplied buffer (10X, Sigma). The PCR temperature
program used was: initial denaturation at 95 °C 5 min, 40 cycles of denaturing at 94 °C for 1
min, annealing at 55 °C for 1 min, and extension at 72 °C for 2 min and the final extension at
72 °C for 7 min, using thermal cycler (T100, BIO-RAD). Isolated chromosomal DNA samples
and PCR products were subjected to analysis with agarose gel electrophoresis using 1 % of
agarose gels containing red safe gel stain and visualized using a transilluminator (Wuv-M20,
Daihan Scientific). PCR products were extracted from the gel using QIAquick gel extraction
kit (QIAGEN).

Phylogenetic analysis

Sequence analysis of 16S rRNA gene sequences of hydrocarbon-degrading isolates was
performed by BM Laboratory system (Ankara, Tiirkiye). Sanger Sequencing was performed
in the Macrogen Netherlands laboratory using the ABI 3730XL Sanger sequencing instrument
(Applied Biosystems, Foster City, CA) and the BigDye Terminator v3.1 cycle sequencing kit.
Reads obtained with primers 27F and 1492R were contiguous using the CAP contig assembly
algorithm in BioEdit software to generate a consensus sequence. The sequences of the 16S
rRNA gene for all strains were determined (D11: 1407 bp, E1: 1383 bp; E2: 1393 bp). The
Blast search tool on National Centre of Biotechnology (NCBI, http://www.ncbi.nlm.nih.gov)
was used to compare and search for homology of these sequences in the GenBank database.
The 16S rRNA gene similarities were retrieved from the database, determining most closely
related strains. The Kimura-2 parameter algorithm Kimura?® was used to calculate distance
matrices. The phylogenetic tree was built using the neighbor-joining method according to
Saitou and Nei.2° The bootstrap consensus tree was set at 100 replicates to represent the evo-
lutionary history of taxa. Evolutionary analyses were performed in MEGA11.30 All strains
were deposited in GenBank database.
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PCR amplification of alkM gene

CLUSTALW, available from NCBI, was used to align all complete sequences of the
alkM 3" Consensus regions were used to design degenerate primers by identifying conserved
regions in alkM nucleotide sequences. The purified DNA was screened by PCR to detect
alkane degradation genes (alkM). Therefore, thet alkM gene was amplified using the primers
alkM-F  (5’-CCTGTCTCATTTGGCGCTCGTTCCTACAGG-3’) and alkM-R (5°-
-GTGATGATCTGAATGTCGTTGTAACTGG-3’). PCR reactions mix (25 pL) were pre-
pared containing 10X PCR Buffer with MgCI2 (Sigma), 0.5 uM primer alkM-F and alkM-R,
dNTP’s (0.2 mM of each, Sigma), Taq polymerase (0.05 U mL!, Sigma) and H,O for PCR
(Sigma). The amplification program consisted of a denaturation at 94 °C for 4 min, denaturing
at 94 °C for 30 s (35 cycles), annealing at 55-65 °C for 1 min (using gradient), followed by
extension at 72 °C for 7 min using a thermal cycler. PCR products were confirmed by running
on 1.0 % agarose gel containing red safe staining and visualized using a transilluminator. For
sequencing, PCR products were purified using gel extraction kit.

Detection of alkane monooxygenase gene alkM

PCR products of alkM gene from the strains were sequenced on both strands by the com-
mercial services of Sentebio lab (Ankara, Tiirkiye). Analysis of PCR products was done by an
automated genetic analyser and sequences were aligned and compared with other alkM sequ-
ences of Acinetobacter available in the GenBank database using the Clustal X program and all
sequences were compared using a Blast search tool database? on NCBI. Phylogenetic trees of
aligned sequences were constructed with MEGA11 software.3® Nucleotide sequences were
translated into amino acid sequences using the Transeq tool (on the website of the European
Bioinformatics Institute) and compared directly with the Protein Database. Conserved areas
within coding nucleotide sequences were analysed by CD-Search33 while using the BLASTP
tool on NCBI to check if sequenced alkM genes have conserved motifs. The alkM protein
sequence was modelled by the SWISS-Model workspace (https://swissmodel.expasy.org). The
Ramachandran plot was evaluated with Verify 3D and Procheck.3*

Growth of bacterial strains in the presence of hydrocarbons and crude oil

A fresh culture of all strains grown in BM liquid medium for 24 h was obtained, fol-
lowed by centrifugation and washing with BM. This process was repeated 3 times. Bacteria
were then incubated in BM (25 mL) in the presence of crude oil (1 %) for 5 days and in single
hydrocarbons (1 % hexane, heptane, octane, decane, pentadecane, hexadecane, toluene and
squalene from Sigma) for 3 days under optimum growth conditions. Following incubation, the
bacterial growth was determined by spectrophotometer at 600 nm. Each data point represents
the mean of at least three experiments.

GC Analyses of degradation of crude oil and hydrocarbons by the strains

The determination of both crude oil and single n-alkanes degradation such as hexadecane
and pentadecane by bacterial strains were performed by using gas chromatography—mass
spectrometry (GC—MS). Bacterial cells precultured overnight in NB medium were transferred
to a 100 mL Erlenmeyer flask containing 25 mL of BM in the presence of 1 % crude oil or
n-alkanes and incubated under optimum conditions at 30 °C. Following incubation, the bac-
terial cells were removed, and petroleum hydrocarbons remaining in the BM were used for
calculating the degradation ratio of single hydrocarbons and those within crude oil. Petroleum
hydrocarbon fractions remaining in the culture medium after incubation time were analyzed
by GC—MS with a flame ionization detector (FID, HP 6850, Hewlett Packard). Authentic stan-
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dards were used to determine individual hydrocarbon fraction components by matching the
retention times.

RESULTS AND DISCUSSION

Morphological, physiological and biochemical characteristics

Two bacterial strains designated as strains D11 and E2 were isolated from
the petroleum station Southern Raman 237, while the strain E1 was isolated from
Southern Ramanl in Batman province of Turkey, and all strains were found to
degrade and use hydrocarbons within crude oil to grow (Fig. 1).

Fig. 1. Demonstration of growth and biodegradation by the strains D11, E1 and E2, compared
to abiotic control at 1 % crude oil as carbon source.

The strain D11, E1 was Gram-negative, motile, coccobacilli, while E2 strain
was Gram-negative, non-motile and coccobacilli (see Table S-1 of the Supple-
mentary material to this paper.). The comparison of phenotypic properties of the
strain D11, E1 and E2 with some Acinetobacter strains in Table S-I reveal the
similarities of both strains to each other and to other Acinetobacter species,
phenotypically and biochemically, based on the results obtained. As Henrich-
sen3’ stated, the name “Acinetobacter” means “motile rod” and it has been noted
in previous studies that a nonmotile phenotype is a common feature in this genus,
but it was also noted that the motility of a few A. calcoaceticus strains was very
conditional and observed. As D11 and E1 was found to be motile, there are
several studies on A. baylyi and A. gerneri>® Acinetobacter sp. BT1A,37
describing motile phenotypes of Acinetobacter members. As shown in Table I,
all strains were gram-negative and aerobic. Moreover, the characteristics of oil-
-degrading strains D11, E1 and E2 were interestingly very similar of which the
catalase, citrate and starch test results were clearly positive, whereas, oxidase,
urea and indole test results were negative. The difference was that gelatine hyd-
rolysis test was positive for E1, but negative for D11 and E2. The biochemical
test results such as starch hydrolysis, catalase and citritase activities of D11, E1
and E2 strains were similarly positive as in most Acinetobacter species: positive
starch hydrolysis also in A. junii strain VA233 and Acinetobacter sp. strain
BT1A,37 positive catalase and citritase activities also in 4. soli, sp. Nov,3°
Acinetobacter strain USTB-X.40 The growth values of strain D11 and E1 for the
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temperature, pH and NaCl tolerance were found to be very close and observed to
be 20—40 °C (optimum 35 °C), pH 5.0 and 10.0 (optimum pH 8.0-10.0 for D11,
optimum pH 9.0-10.0 for E1) and tolerated up to 3 % NaCl, respectively. More-
over, the temperature and pH values for the strain E2 were also found to be 20—
—40 °C (optimum 35 °C), but pH growth range was 4.0-10.0 (a wide optimum
range of 4.0-10.0), and tolerated up to 5 % NaCl. Compared with previous stu-
dies on other Acinetobacter species, the optimum pH values obtained were 8.0
for A. soli, sp. Nov,3 and 8.5 for Acinetobacter sp. strain S2.4! Similar tempe-
rature values as in the present study were reported as 20-40 °C for Acinetobacter
strain USTB-X40 and 4. junii strain VA2.38

TABLE 1. alkM Gene sequences and conserved domains within coding nucleotide sequences

Related bacteria Base pairs Nucleotides

Isolate . L Description Interval  E-value
strains gene long similarity, %
D11  Acinetobacter sp. 651 93.06  The membrane fatty 66-281 1.21x10°16
BUUS (UniprotKB acid desaturase ~ 744-938 2.15x10°19
(A6N7F9) (Membrane_FADS)-
like CD includes
membrane FADSs,
alkane
El Acinetobacter sp. 471 95.84  The membrane fatty 33-293 2.00x1020
826659 acid desaturase ~ 799-1542 1.87x107
(AOAO013TK13) (Membrane_FADS)-
like CD includes
membrane FADSs,
alkane
E2 Acinetobacter sp. 448 92.72 The membrane fatty 36-170 9.51x108
BUUS (UniprotKB acid desaturase
(A6N7F9) (Membrane_FADS)-
like CD includes
membrane FADSs,
alkane
Phylogenetic analysis

The amount of Genomic DNA isolated from D11, E1 and E2 strains was 25—
—71 ug/mL and each determined to be >10 kb in size on 1 % agarose gel. Reads
obtained with primers 27F and 1492R were contiguous to form a consensus sequ-
ence. The contig of forward and reverse sequences, contig assembly algorithm
(CAP) was used in BioEdit software to perform this process. The analysis of 16 S
rRNA gene sequence revealed that the most similarity of the strain D11 (1407
bp) was to 4. pittii (99.93 %) and E1 (1383 bp) to 4. pittii (100 %), while the
strain E2 (1393 bp) was similar to 4. calcoaceticus (100 %), Fig. 2.

GenBank accession numbers of the sequences of the strains D11, E1, E2 are
MT374264, MT374266 and MT374267, respectively. The tree was generated
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using Blast program for sequence alignment and by the neighbor joining method
using MEGA11 software. Exiguobacterium sp. (KM077136) was used as the out-

group.

Exiguobacterium sp. (KMOT7136)
Acinetobacter schindieri strain LMG 19576 (AY601848)

Acinetobacter parvus strain LUH4616 (AJ293691)

0002 Acinetobacter tandoii (AF509830)
Acinetobacter tandoii strain RTE1.4 (JF304543)
Acinetobacter johnsonii (X81663)
Acinetobacter haemolyticus (X81662)

Acinetobacter junii (AF509828)

Acinetobacter junii strain VA2 (KF270892)
Acinetobacter sp. LS-1 (JQ359016)
Acinetobacter venetianus RAG-1 (NR 042049)

aom

Acinetobacter gerneri (AF509823)
Acinetobacter baylyi strain 723 (EU604245)

o
am
- | Acinetobacter baumannii strain GTCR407 (GU319977)
2 = Acinetobacter Iwoffii strain ISP4 (DQ418478)
Acinetobacter sp. strain Alp7(JF828048)
S Acinetobacter sp. strain Alp6(JF828047)

[—— Acinetobacter sp. BT1A (KP726041)

L aow  Acinetobacter nosocomialis strain RUH 2376 (HQ180192)
o nels Acinetobacter brisouii strain 5YN5-8 (DQ832256)

i Acinetobacter pittii strain E1 (MT374266)
Acinetobacter pittii strain D11 (MT374264)
Acinetobacter calcoaceticus DSM 30006 (NR 119113)
Acinetobacter strain USTB-X (KF113880)

Acil i strain E2 (MT374267)

ane

0.1

Fig. 2. The 16S gene sequence analysis of the strains D11, E1 and E2.

Detection of alkane monooxygenase gene alkM

The nucleotide and the predicted amino acid sequences for the alkM genes
were compared using several databases as described in the previous section. The
results of base pairs long and nucleotides similarity with related bacterial strains
are presented in Table .

Analysis of the derived amino acid sequences of alkane 1-monooxygenase
from tested strains showed a high degree of similarity to that of other Acineto-
bacter strains. Conserved domains within coding nucleotide sequences were ana-
lysed with CD-Search using tool on NCBI. All sequences showed similarity the
membrane fatty acid desaturase (accession no. cl00615) and the regions of the
conserved domains of the tested strains are also given in the Table 1. It was pre-
viously reported that members of Acinetobacter species possess many metabolic
capabilities including degradation pathways.4? For example, the biodegradation
studies carried out on Acinetobacter species include: 4. baylyi ADP1,1415
Acinetobacter sp. MUB116 and A. oleivorans.!7 Acinetobacter species isolated
from petroleum contaminated sites have been reported to possess n-alkane deg-
rading genes including alkane monooxgenase, alkane hydoxylase and dioxygen-
ase genes which are the key enzymes of metabolic process in the remediation oil
pollution,18:19.22,23.43 Taking into account the amino acid sequences of the alkM
protein from strains D11, E1 and E2, three-dimensional (3D) model was analysed
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with SWISS-Model workspace through a comparative analysis of the Ramachan-
dran Prochek software for each alkM protein model generated. Alignment of
region linked to substrate specificity for the a/kM from tested bacteria (D11, E1
and E2) and other related species (4. baylyi (031250), Acinetobacter sp. SJ-2
(K4HWF9), Acinetobacter sp. BUU8 (A6NTF9), Acinetobacter sp. (Q9XBMO),
Acinetobacter sp. 826659 (AOA013TK13), A. calcoaceticus (FOKMZ3), Alkanin-
diges hydrocarboniclasticus (AOA1S8CT34) was performed by using the
UniprotKB server. Phylogenetic analysis of strains and related species was per-
formed by the Neighbor joining method based on alkM gene sequences.

In Fig. S-1a—e of the Supplementary material, strain D11 (651 bp) sequences
showed similarity to alkane 1-monooxygenase. Strain D11 sequences showed
similarity to alkane 1-monooxygenase from Acinetobacter sp. BUU8 (UniprotKB
(A6N7F9) with 93.06 %. The three-dimension (3D) model of alkane monooxy-
genase (alkM) of the A. baylyi (UniprotKB 031250) was used as reference.

The data shown by the Ramachandran graph (94.55 %) reveal the ident-
ity/similarity of primary, secondary and tertiary structures between the strain D11
and A. baylyi (UniprotKB 031250). Alkane monooxygenase gene sequences of
strain E1 (471 bp) showed similarity to alkane 1-monooxygenase of Acineto-
bacter sp. 826659 (AOA013TK13) with 95.84 % and Ramachandran graph was
found to be 83.33 % (Fig. S-2a—e of the Supplementary material).

In Fig. S-3a—e of the Supplementary material, strain E2 gene sequences (448
bp) showed similarity to alkane 1-monooxygenase from Acinetobacter sp. BUUS
(UniprotKB A6N7F9) with 92.72 % while the Ramachandran graph was 100 %.
As van Beilen et al. 4+ stated, many alkane hydroxylase homologues have been
characterized in addition to alkM genes in studies conducted in A. calcoaceticus
strains EB104, 69-VA and NCIMB 8250 and also Acinetobacter sp. 2769A rel-
ated to alkM genes. Phylogenetic analysis of a/kM amino acid sequences, in these
studies, showed high sequence variation between them and clearly differentiated
alkM genes from alkB genes. Therefore, most of these genes not found in Acin-
etobacter genus have been named alkB gene.

Growth of bacterial strains in the presence of crude oil and various
hydrocarbons

The strains were tested by incubation in the presence of various short and
long chain hydrocarbons and crude oil, namely hexane, heptane, octane, decane,
pentadecane, hexadecane and squalene, as well as toluene cultivated in BM
medium at 1 % concentrations under optimum conditions. As it can be seen in
Fig. 3, the strains D11, E1 and E2 clearly use certain hydrocarbons as carbon and
energy sources for growth on both 1 % crude oil and single hydrocarbons tested.

Fig. 3 also shows that the strains D11 and El, significantly degrade hexa-
decane, among the aliphatic hydrocarbons tested. The strains also grow at low
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rates on decane and pentadecane, but not in short chain hydrocarbons such as
hexane, heptane or octane. However, the growth for strain E2 was remarkable in
the presence of long chain hydrocarbon pentadecane, while the growth was relat-
ively higher in hexadecane and squalene, compared to control. Sun et al.*5 rep-
orted that the aerobic degradation of n-alkanes by bacteria needs alkane mono-
oxygenase encoded by alkM gene which catalyzes the terminal oxidation of
n-alkanes to alcohols, suggesting that the transcription of a/kM in bacterial strains
directly influences the degradation of n-hexadecane.

0.80
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E
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2 050
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2 020
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Hydrocarbons, 1 %

Fig. 3. Growth of strains D11 (red), E1 (green) and E2 (purple) in BM supplemented with
crude oil (incubated for 5 days) and various hydrocarbons (incubated for 3 days) at 1%
concentrations as carbon sources. Each data represents the mean of at least 3 different

experiments

Degradation of crude oil and hydrocarbons by the strains determined by GC-MS
analyses

Members of Acinetobacter sp. are capable of utilizing a broad range of
n-alkanes with varying chain lengths (C10—C40) as a sole carbon source.*¢ Fur-
thermore, Acinetobacter species are dominant bacteria in most petroleum cont-
aminated soils,47-48 as well as in various environments including sea waters and
sediments,20-49 in waste waters> and in streams.>!

Different degradation rates (%) of crude oil and alkane hydrocarbons by
various Acinetobacter species are summarised in Table II, as well as the degrad-
ation results obtained in the present study. The remaining amount of hydro-
carbons in the culture medium, analysed by GC-MS, were used for calculating
degradation rates of crude oil and alkane hydrocarbons (1 %). The comparisons
with the undegraded control showed that the strains D11, E1 and E2 degraded 43,
9 and 12 % of total petroleum hydrocarbons, respectively, within crude oil after
short incubation time of only 5 days. The growth of the strains D11, E1 and E2 in
the basal media with hexadecane or pentadecane was remarkable as shown in
Fig. 3, and the gas chromatographic analysis of two single hydrocarbons were
also carried out for each strain Fig. S-4a—e of the Supplementary material. Fig. S-
-4b shows that as much as 70 % of single hydrocarbon hexadecane (1 %) was
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degraded by the strain D11, compared to abiotic control (Fig. S-4a), while 76 %
of hexadecane was degraded by the strain E1 (Fig. S-4c). Moreover, as can be
seen in Fig. S-4e, the strain E2 degraded about 48 % of single pentadecane (1 %)
after 3 days of short incubation time, compared to abiotic control (Fig. S-4d).

TABLE II. The degradation of petroleum hydrocarbons by members of Acinetobacter

Isolate Isolation of ~ Substrate  Degradation rate Incubation Literature
bacteria from tested % time, days
Acinetobacter sp.  Sea mud C9-C22 53.28 7 Min et al.2?
strain Y9 n-alkanes from
diesel oil (4 %)
Acinetobacter sp. Wastewaters  Diesel oil 50.62 7 Sawadogo et
strain S2 al#!
Acinetobacter sp. Crude-oil Crude oil (1 %) 83 7 Acer et al.?’
Strain BT1A contaminated
soil
Acinetobacter Crude-oil Crude oil (1 %) 43 13 Muthukamalam
baumannii contaminated et.al.!?
MKS2 soil
Acinetobacter sp.  Crude-oil Crude 0il 75 (of C20, C21 7 Zheng et al 52
contaminated and C22)
soil 50 (of shorter
chains)
A. pittii H9-3 Crude-oil Crude oil (1 %) 36.8 21 Wang et al.®
contaminated
soil
A. pittii strain Crude-oil Crude oil (1 %) 43 (c. oil) 5 Present study
D11 contaminated Hexzadecane 70 (hexadecane) 3
soil (1 %)
A. pittii strain E1 ~ Crude-oil Crude oil (1 %) 9 (c. oil) 5 Present study
contaminated Hexzadecane 76 3
soil (1 %) (hexadecane)
A. calcoaceticus  Crude-oil  Crude oil (1%) 12 (c. oil) 5 Present study
strain E2 contaminated Pentadecane 48 3
soil (1 %) (pentadecane)

There have been many studies reported in the literature related to biodegrad-
ation rates of hydrocarbons by various bacterial species. For example, Tapilatu et
al.53 reported that Alcanivorax venustensis strains and some other Gram-positive
bacteria preferably degraded n-hexadecane (40-63 %), but other genera tested
seemed to prefer n-heptadecane (8—44 %), after long time incubation of 30 days.
Many other bacterial species isolated from contaminated sites were found to deg-
rade oil hydrocarbons at varying degradation rates as: Pseudomonas sp. degraded
67.57 % of the oil (1 %) and Micrococcus sp. with 52.95 % after 25 days of
incubation period.>* Pseudomonas sp. had shown 49.93 % of diesel oil degrad-
ation in 20 days against 0.5 % of diesel.>> Six isolated bacterial strains identified
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as P. alcaligenes (HDB-6), Bacillus thuringiensis, Pseudomonas alcaligenes
(HDB-4), Pseudomonas mendocina, Bacillus flexus and Lysini bacillus sp. were
found to degrade between 37.88 and 54.01 % of crude oil after 14 days.3¢ There
have also been several studies on hydrocarbon biodegradation rates using Acin-
etobacter species. Throne-Holst e al.4¢ determined that Acinetobacter strain can
use carbon sources in the range of decane and tetracontane long-chain n-alkanes.
Min et al.23 reported that Acinetobacter strain Y9 degrades n-alkanes in the range
of C9—C22 as sole carbon sources degrading 53.28 % in 7 days of incubation.
Acinetobacter sp. BT1A was also found to degrade 83 % of 1 % crude oil in 7
days.37 In more recent studies, various 4. baumannii strains were found to deg-
rade an average of 43 and 61% of oil alkanes, respectively.!9-57

CONCLUSION

A wide variety of microorganisms including bacteria that can degrade hydro-
carbons within petroleum were isolated from oil-contaminated soils. Bacteria are
the most dominant microorganisms determined in microbial ecology degrading
petroleum hydrocarbons. Among bacteria, Acinetobacter is recently found to be
most common genera that is able to degrade hydrocarbons. The members of
Acinetobacter species studied were found to biodegrade crude oil and sole
hydrocarbons. Gene sequences of the strains D1, E1 and E2 showed similarity to
alkane 1-monooxygenases from Acinetobacter sp. alkM. The present study seems
to be effective in degrading n-alkanes in shorter incubation time and further mic-
robial consortium studies, with the related strains, may provide a good advantage
in bioremediation of oil-contaminated soil.
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SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12469, or from the corres-
ponding author on request.

U3BOJ
OETEKLIHJA TEHA 3A AJIKAH-MOHOOKCHUI'EHA3Y Y ACINETOBACTER COJY KOJU
PA3JIAXKE YITbOBOJOHUKE U CUPOBY HA®TY IIPUMEHOM PCR METOJE HA
3EMJ/bUIITA KOHTAMUHUPAHA HAGTOM
AYSE EREN, FATMA MATPAN BEKLER u KEMAL GUVEN
Department of Molecular Biology and Genetics, Faculty of Science, Dicle University, 21280 Diyarbakir,
Turkey

baxrepujcku cojesu D11, E1 u E2 u3onoBanu M3 3eMJ/bULITa KOHTAMUHHPAHUX HAadTOM
Cy mpHnanHuUM Acinetobacter pona, wTo je yTBpheHo cexBeHIMpameM reHa 3a 16S rRNA u
¢eHoTUIICKOM KapakTepusauujom. HakoH nHkydauuje 5 naHa, GC—MS aHanu3oMm je yTBpheHo
Ia je oxo 43, 9, ogHOCHO 12 % yKyHmHMX YIJbOBOLOHMKA U3 CUPOBe HaTe pasloXeHo coje-
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BuMa D11, E1, ognocHo E2, pegom. Takohe, oko 70 u 76 % xekcanekaHa je pasioKeHO coje-
BuMa D11 u E1 HaxoH 3 maHa uHkydauuje, nox je coj E2 pasnoxuo oko 48 % neHTazekaHa.
PCR MeTomoMm reHcKor cekBeHurpama yTephena je 93,06 %, onHocHo 92,72 %, CIMYHOCT reHa
3a ankaH-1-moHooKcureHasy cojesa D11 u E2 ca reHoM u3 Acinetobacter sp. BUUS alkM, nok
je cmuuHoct cexBeHue coja E1 95,84 % ca reHom Acinetobacter sp.826659. Pesynrtatu ose
crynvje dronerpaganyje yIJbOBOLOHMKA cojeBUMa Acinetobacter mory Hahu MpuUMeHy y IT1OC-
Tynky dHopemenujanuje.

(ITpumsseHo 7. jyna, pesuavparo 8. arycra, npuxsaheno 18. arycra 2023)
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PCR-based detection of alkane monooxygenase genes in the
hydrocarbon and crude oil-degrading Acinetobacter strains
from petroleum-contaminated soils
AYSE EREN, FATMA MATPAN BEKLER and KEMAL GUVEN*

Department of Molecular Biology and Genetics, Faculty of Science, Dicle University,
21280 Diyarbakir, Turkey

J. Serb. Chem. Soc. 89 (3) (2024) 321-334

Table S-1. The phenotypical characteristics of the strains D11, E1 and E2, in comparison with
other Acinetobacter species

Characteristic 1 2 3 4 5 6 7 8 9 10 11
Cell shape Cb Cb Cb ND B Cb B C B Rs Cb
Gram staining - - - - - - - - - - -
Motility + + - - - - ND - - - +
Oxygen requirement A A A ND A A ND ND ND ND A
Growth temperature 25- 25- 20-  30-
) 20-40 20-40 20-40 ND 10-40 37 ND 45 40 39 10-45
Optimum Growth 25- 36-
temperature (°C) 35 35 35 30 30 ND 28 30 30 37 30
5.0- 50- 4.0- 5.0- 6.0- 6.0- 7.0- 5.0-
Growth pH 100 100 100 2 100 NP ND g5 90 90 110
. 8.0- 9.0- 4.0- 70- 6.0-
Optimum growth pH 100 100 100 80 8.0 ND 70 7.0 ND &85 5.0
Starch hydrolysis + + + - - ND ND ND + ND +
Gelatin hydrolysis - + - - ND + - ND + ND +
Oxidase - - - - - - - - - - -
Catalase + + + + + + o+ + + + +
Citrate + + + + + + - + + + +
Urease - - - + ND ND - ND ND ND +
Indole - - - - - ND - - ND - -
NaCl resistance 3 3 5 35 0-5 ND ND ND 09 0-3 4
+ = positive; - = negative; ND= no data available; C=coccoid; Cb=coccobacil; Rs= short rod; B=bacil; A=

aerobic; 1=Acinetobacter pittii strain D11, 2: Acinetobacter pittii E1 3=Acinetobacter calcoaceticus strain
E2, 4= Acinetobacter sp. strain ADH-1 (Cormack and Fraile 1997), 5 = Acinetobacter soli, sp. Nov. (Kim
et al. 2008), 6= Acinetobacter beijerinckii, sp. Nov.,NIPH 838" (Nemec et al. 2009), 7=Acinetobacter sp.
strain RTE1.4 (Paisio et al. 2013), 8= Acinetobacter strain USTB-X (Yuan et al. 2014) ,9= Acinetobacter
junii strain VA2 (Zhang et al. 2014), 10= Acinetobacter sp. strain S2 (Sawadogo et al. 2014), 11=
Acinetobacter sp. strain BT1A (Acer et al. 2016).

* Corresponding author. E-mail: kemalg@dicle.edu.tr

S126

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

(CC) 2024 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL S 1 27

QoXEMO_ACISP 31 50
AORD1STKII SGRMH 42 101
3 GRHD 82 148
33 82

176 235

179 238

175 234

18 s

o1 148

102 159

143 206

93 150

23¢ 283

Fi
ALK ATTR
Al ACA158CTI4 SGAMM 235
Acinetobacter pith strin D11 7€

QOXEMO_ACISP 149
AORO13TK: GAMH

Acinetobater pitti strain D11 136 ECISQLEQFGVOR)

€ E Acinetobacter sp. 5J-2 (K4HWES)

Acinetobacter sp. BUUS (A6N7F9)
Acinetobacter pittii strain D11
® Acinetobacter sp. (Q9XBMY)

Acinetobacter calcoaceticus (FOKMZ3)

Acinetobacter sp. 826659 (A04013TKI3)
Alkanindiges hydrocarboniclasticus (40A158CT34)
Acinetobacter bayivi (031250)

Figure S-1. 3-D models of alkM protein of 4. baylyi (a) and strain D11 (b) generated by the
Swiss-Model server (c) Graphs obtained by using the Ramachandran-Prochek software for
each alkM protein model generated (d) Alignment of region linked to substrate specificity for
the alkM from D11 and other related species by the UniprotKB server (e) Phylogenetic tree
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Swiss-Model server (c) Graphs obtained by using the Ramachandran-Prochek software for
each alkM protein model generated (d) Alignment of region linked to substrate specificity for
the alkM from E1 and other related species by the UniprotKB server (¢) Phylogenetic tree
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Exploring the properties of uranyl nicotinate: Synthesis,
characterisation and thermal analysis
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Abstract: This study reports the successful synthesis and characterization of a
uranyl nicotinate compound, UO,(CcH4NO;),-0.25H,0. The compound was
synthesized using a metal 1:2 ligand ratio and water as the solvent. The average
yield of the compound was 67 %. Thermogravimetric analysis revealed mul-
tiple stages of mass loss, including dehydration, nitrogen decomposition and
UO,?" reduction. Fourier-transform infrared spectroscopy confirmed the coor-
dination of the carboxylate group in the compound. Field emission gun scan-
ning electron microscope analysis showed the particles with a regular oval
shape. Energy-dispersive X-ray spectroscopy provided semi-quantitative data
on the elemental composition of the compound. The major elements identified
were uranium, carbon, oxygen and nitrogen. These results contribute to under-
standing the compound’s synthesis, thermal behaviour, molecular composition,
particle morphology and elemental composition. Further research can build
upon these findings to explore potential applications and develop new com-
pounds with tailored properties.

Keywords: coordination chemistry; actinides; thermoanalytical characterization.

INTRODUCTION

Nicotinic acid derivatives have been extensively studied in coordination
chemistry due to their wide spectrum of coordinating modes. These derivatives,
such as N,N-diethylnicotinamide (DENA), have shown potential as respiratory
stimulants. Transition metal complexes with nicotinic acid derivatives and other
biochemical-relevant molecules have displayed interesting physical and chemical
properties, making them promising candidates for the applications in biological
systems.1

* Corresponding author. E-mail: tiagocolman@ufgd.edu.br
https://doi.org/10.2298/JSC230817071A
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Metal coordination chemistry plays a crucial role in the design and synthesis
of novel compounds with desired properties.2 Crystallography studies have pro-
vided valuable insights into the structures of metal complexes. The literature rep-
orts studies on the structure of similar compounds Sertcelik ef al. and Hokelek et
al.3-6 Sertgelik et al. investigated a manganese complex with monodentate lig-
ands, revealing the intramolecular and the intermolecular hydrogen bonds and
n—7 interactions.# In a related work, a copper complex displayed various hydro-
gen bonds and C—H---m interactions, adding to our understanding of transition
metal complexes.3 Hokelek ef al. examined a cobalt complex, emphasizing hyd-
rogen bonds and n—n contacts. They highlighted the significance of nicotinamide
in transition metal complexes.? Sertcelik and collaborators also describe the
structure of the polymeric compound [Pb(CioHgN20O4)],, the Pb(Il) cation is
positioned on a mirror plane. It forms N, N'-chelation with a 2-2'-bipyridine-5,5'-
-dicarboxylate (bpdc) anion and coordinates with six oxygen atoms from four
carboxyl groups of bpdc anions.® Askin er al. presented a cobalt complex with
some intriguing hydrogen bonds and ring motifs, discussing their potential
applications in biological systems. The study underscores the relevance of ben-
zoic acid derivatives in coordination chemistry.”

Actinide complexation has attracted significant attention due to the unique
properties of actinide ions and their potential applications in various fields.8 The
coordination properties of actinide ions, such as uranyl, have been extensively
studied.® Understanding the coordination environment of actinide complexes is
essential for the development of new synthetic methodologies and designing lig-
ands with improved coordination properties.10

Synthetic methodologies for the preparation of novel compounds have been
the subject of intense research.!! Microwave-assisted synthesis has emerged as a
powerful tool for the rapid and efficient synthesis of various compounds, includ-
ing metal complexes. This technique offers advantages such as shorter reaction
times, higher yields, and improved selectivity.2 Using the microwave-assisted
synthesis, researchers have successfully prepared metal complexes with ligands
such as 2-hydroxy-6-methylnicotinic acid.2

Ligand design is a critical aspect of coordination chemistry, as ligands play a
crucial role in determining the coordination properties of metal complexes. The
choice of the right ligand is essential for achieving the desired properties in metal
complexes.!2 Distinct types of ligands, such as carbene ligands, imidazole deri-
vatives and phosphine ligands, have been extensively studied for their coordin-
ation properties and applications in metal complexes.12-14

The coordination properties of metal complexes are influenced by factors
such as ligand structure, metal centre, and coordination environment. Under-
standing the coordination properties of metal complexes is crucial for tailoring
their properties for specific applications.!> Metal-organic frameworks (MOFs)
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are an example of coordination polymers that have attracted significant attention
due to their unique structures and properties.!® These frameworks are constructed
from metal ions coordinated with organic ligands, and their properties can be
fine-tuned by selecting the appropriate structural components.15

Research has delved into three-dimensional networks of uranium—carboxyl-
ate through covalent and hydrogen bonding. The combination of these bonds is
crucial for stability.!7 Organic—inorganic frameworks with uranium and pyridine
carboxylate ligands have also been studied, revealing the formation of three-dim-
ensional structures and cation—cation interactions.!® An organic—inorganic hybrid
polymer containing uranyl, nicotinate and molybdate exhibited fluorescent pro-
perties. Uranyl, nicotinate and molybdate bonds form the structural basis.!9
Coordination of the uranyl ion with the oxidized calixpyrrole ligand demon-
strated the stabilization of the U(VI) oxidation state, with the potential in catal-
ysis and energy storage.20 The studies by Arnold et al. and Kumar et al. are
related in their investigation of uranyl dication and its reactivity, focused on the
reduction and selective oxo group silylation of the uranyl dication. They dem-
onstrated the disruption of the UO; bonding by manipulating the uranyl oxo
within the molecular cleft, leading to the activation of the exo oxo group towards
reductive silylation.2! They also studied the uranyl dication and its reactivity,
specifically in the context of heterobimetallic complexes. They reported the div-
ergent synthesis of heterobimetallic complexes with the uranyl dication and
redox-inactive metal cations, which allowed the modulation of the reduction pot-
ential of the uranyl ion.22

These studies have deepened the understanding of uranium—carboxylate
three-dimensional networks and uranium-containing frameworks, highlighting
their properties and potential applications. In this article, we will explore the
coordination chemistry of nicotinic acid derivatives, the complexation of actinide
ions, synthetic methodologies for compounds, ligand design and the coordination
properties of metal complexes. In contrast to the existing literature, this study
employs a straightforward synthesis route that eliminates the need for extended
reaction times or hydrothermal reactors, for instance. Additionally, it extensively
investigates the compound’s characterisation, particularly focusing on thermo-
analytical and microscopic methods. The understanding of these topics is crucial
for the development of new synthetic methodologies and the design of novel
compounds with tailored properties.

EXPERIMENTAL

Materials

The reagents used for the synthesis of coordination compounds were nicotinic acid
(Sigma—Aldrich, purity >99 %), sodium hydroxide (Sigma—Aldrich, purity >99%), and ultra-
pure water.
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Synthesis

The uranyl compound with nicotinic acid (HL) was synthesised with adjustments to the
existing methodology in the literature.?3-2% The reaction is a solution of the ligands (diproton-
ated species derived from the acid) with the solutions prepared from uranyl nitrate.

The acid (2.5 mmol) was dissolved in 30 mL of ultrapure water and slowly neutralised
with the drops of NaOH to achieve stoichiometric proportions, as reported in the literature,
thereby generating the ligands. The metal solution was prepared by dissolving 1.25 mmol of
the metal in 20 mL ultrapure water, maintaining a 1:2 ratio (metal:ligand). The pH of the sol-
utions was adjusted to approximately 5 using a 0.010 mol L-! NaOH solution.

The metal and ligand solutions were heated to 90 °C and slowly mixed dropwise. After
the complete mixing, the solution was kept under agitation (100 rpm) and heating (90 °C) for
60 min. Subsequently, the solution was allowed to rest in an open container for evaporation
and compound formation. Upon drying, the formed compound was washed with 100 mL of
ultrapure water to remove impurities, byproducts, and/or unreacted excess reagents.

Thermal analysis — Simultaneous thermogravimetry and differential scanning calorimetry
(TG-DSC)

The TG-DSC curves were obtained using a NETZSCH thermogravimetric analyser, STA
449 F3. It consists of a vertical mass comparator with a capacity of 70.00 pL, a silicon carbide
furnace capable of operating in the temperature range of 30 to 1600 °C, and a thermocouple
system controlled by Proteus® software. The thermocouples for the sample and reference are
made of Pt/Pt—Rh 13 mass %, and the balance sensitivity is 0.2 pg. The system was calibrated
according to the manufacturer’s specifications. Masses close to 5 mg were used to analyse the
samples, and an a-alumina (a-Al,O3) sample holder was employed. The purge gas flow (air)
was set at 50 mL min'!, with a heating rate of 10 °C min"! and a temperature range of 30—1000

o(.28-31
Mid-infrared absorption spectroscopy with Fourier transform (FT-IR)

The infrared spectra were obtained using a Fourier transform infrared spectrophotometer
(FT-IR), Nicolet iS10 FT-IR model. The instrument has a resolution of 4 cm™ and can scan
the region between 4000-600 cm'! using an attenuated total reflectance (ATR) accessory with
a germanium (Ge) crysta].23-25-29.32
High-resolution field emission scanning electron microscopy (FEG-SEM) with energy-disper-
sive X-ray spectroscopy (EDS)

The perimeter and surface area of the formed particles were observed by a MIRA 3 field
emission scanning electron microscope (FEG-SEM, Tescan, Czech Republic) with an electron
beam current of 15 kV at the field emission gun, generated by a tungsten filament lamp. The
particles were previously arranged on a carbon tape and metalised with a 20 mA gold plasma
for 150 s to enhance electron passage.33-3* The analysis of the obtained results was performed
with the assistance of Image] software.3>

RESULTS AND DISCUSSION

Synthesis

To observe the distinct characteristics and the formations of compounds
derived from metals with similar properties and ligands, the same synthesis pat-
tern was used for all repetitions, with proportions (metal 1:2 ligand) and the use
of water as the solvent and reaction medium. The solubility of the metal and the
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residues generated at the end of the experiment were observed as relevant in this
context.

The synthesis of uranyl coordination compounds was conducted using the
corresponding nitrate. The precipitate was washed with distilled water and separ-
ated by decantation until the complete elimination of nitrate ions (qualitative test
with diphenylamine/H,SOj4 solution for nitrates).

The pH was maintained at 5 using NaOH throughout the synthesis process,
and the temperature was kept around 80 °C for better precipitation. Yang and
coworkers reported in their studies that the equilibrium constant for this complex
is favourable in solutions with low pH and low L:M ratio (1:1 UO,L"), while for
the proportions of 1:2 (UO;,L»), there is a greater affinity for the solutions with
higher pH and higher L:M ratio.3¢ At the end of ligand addition, the addition of
NaOH was also completed, and the pH of the solution with the precipitate stabil-
ised between 2.5 and 3 for all repetitions, according to the observed chemical
reaction scheme:

2NaCgH,4NO, %Uo2 (CgH4NO, ), -0.25H,0 + 2Na* +2NO3
p
67 %

The syntheses of coordination compounds with nicotinate and UO»2" were
successfully conducted, producing a significant precipitate for the planned ana-
lyses. The characteristic yellow coloration of uranyl compounds was observed
(Fig. 1), with an average yield of 67 %.

A B

1

¥
. “ Fig. 1. Comparison of coloration between hexahydrated uranyl nit-
7 \/ rate (A) and synthesized uranium nicotinate compound (B).

Thermal characterization: Calculation of molecular formula and theoretical
mass loss

Fig. 2 presents the TG-DSC curves of the synthesised compound. A first
mass loss is observed between 30-200 °C, accompanied by the endothermic
peaks, which are attributed to the dehydration of the compound. This mass loss
corresponds to a loss of 0.25H,0O, which is adsorbed in the complex. The mass
loss observed from the beginning of the TG analysis indicates that the water pre-
sent in the compound is weakly bound.
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Fig. 2. TG-DSC Curves of UO,(CcH4NO,), 0.25H,0, mass 5.2548 mg.

The following calculations were performed to determine the molecular for-
mula and the amount of water present in the compound, about the corresponding
theoretical values: UO,= 270.03 g mol~!; C¢H4NO, = 122.11 g mol-!; initial
mass = 5.2548 mg; anhydrous mass = 5.1896 mg; experimental residue (TG) =
52.83 %:

UO,(CgH4NO3),-nHyO — UO7(CsH4NO»), + nH70O1:
514.23:18.02n = 5.1896:0.0652

n=0.25

These calculations were based on the initial and final masses of the com-
pound, allowing the determination of the proportion of each element and the
amount of water present. The experimental residue obtained in the TG analysis
was 52.83 %. These pieces of information provide a more precise understanding
of the composition and the thermochemical characteristics of the synthesised
compound, contributing to its characterisation and the understanding of thermal
properties. It is important to emphasize that these calculations are complementary
to the experimental analyses and help confirm the molecular formula and the pre-
sence of water in the compound.

In the second stage of mass loss, the decomposition of nitrogen present in
nicotinate is suggested. Based on similar compounds reported in the literature,26-28
the release of NHj3 is possible to happen at this stage. The stoichiometric calcul-
ations support this hypothesis, as the calculated 6.52 % loss closely matches the
experimental loss of 5.89 %. These calculations are based on the anhydrous mass
obtained in the first stage of the experiment.

Mass: UO»(UO,(CgH4NO,), = 507,85 g mol~!; NH3 = 17 g mol-!

514.23:2.17=5.1896:X
X=0,3431 mg
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Am =100%0.3475/5.2548 = 6.52 %

From the third stage to the fifth stage of mass loss, the oxidation of the
remaining organic matter and the release of gaseous products during the thermal
decomposition are observed.20:27 Between the fourth and fifth stages of com-
pound decomposition, the formation of a carbonized residue and a carbonate
derivative takes place. The compounds were heated until reaching the tempera-
ture of the formation of this intermediate, as indicated by the corresponding TG-
-DSC curves. The test performed with a diluted hydrochloric acid solution, fol-
lowed by heating of the solution, revealed the presence of the carbonized residue
(black solid) and the carbonate derivative, observed through the release of bub-
bles attributed to the formation of CO,. This composition stage is considered
slow and corresponds to the fifth stage. The last mass loss occurs around 920 °C,
and this stage can be attributed to the reduction of UO,2", from the oxidation
state of 6+ to the formation of UO,, with an oxidation state of 4+, as the final
residue (calculated as 52.06 %, experimentally observed as 52.83 %).

UO»(CgH4NO7)7:0.25H,0 — UO; + 0.25 HyO1 + 2CcHgNO> 1

518.74:270.03 = 100X
X=52.06%

The slightly exothermic enthalpy after the dehydration of uranium nicotinate
can be explained by the possible chelation involving the amino nitrogen. This is
because the amino nitrogen is less hydrated compared to the carboxylate group,
requiring less energy for nitrogen dehydration.28

The anhydrous compound remained stable up to 200 °C. The thermal
decomposition of the anhydrous compound occurred in five consecutive stages,
from the second to the fourth stage, observed at all heating rates, with peaks res-
pectively at 210-220 °C, 340-350 °C and 420430 °C. For the fifth and sixth
stages, higher heating rates are more suitable for observing the mass loss.

Infrared spectroscopy

Fig. 3 presents the Fourier-transform infrared (FT-IR) spectrum in the mid-
-infrared region of the synthesized complex.

W—_

Transmittance / %

T T T T T T
4000 3500 3000 2500 2000 1500 1000 .
Fig. 3. FT-IR Spectrum of:

Wavenumber / cm UO,(C4H4NO,),-0.25H,0.
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The carboxylate displays two bands: an intense band corresponding to the
asymmetric stretching (nas) is observed between 1650 and 1550 cm™!, and a
weaker band related to the symmetric stretching (ng) is observed around 1400
cm—1.37

In the case of sodium nicotinate, Na(CgH4NO>), the medium-intensity band
at 1566 cm~! and the strong band at 1402 cm~! are attributed to the asymmetric
and symmetric frequencies of the carboxylate group, as described in the litera-
ture.27.28

The analysis of the frequencies of the bands 7,s(COO~) at 1543 cm~! and
ng(COO™) at 1428 cm! present in the spectrum of the synthesised compound
suggests that coordination occurs through the carboxylate group.27-28.38.39 The
calculated values of An (n,5(COO™) — ng(COO™)) for the synthesized compounds
are lower than those of the sodium salt (sodium salt Az = 166 cm™1, the synthe-
sized compound An = 115 cm™1), indicating that the coordination of the carbo-
xylate group occurs through a bridging and/or chelating structure. The character-
istic bands of the U=O stretch are observed at 930 and 1018 ¢cm™! in the syn-
thesized coordination compound with the significant suppression in its intensity
and displacement to lower wavelengths, when compared with uranyl nitrate hexa-
hydrate, which presents these bands at 940 and 1025 cm™! corroborating previous
observations in the literature.40

Field emission gun scanning electron microscope (FEG-SEM)

Fig. 4 depicts the micrograph of the synthesized compound, captured using a
field emission gun scanning electron microscope (FEG-SEM), with a magnific-
ation of 55,000 times.

: Q‘ - v - Fig 4. Field emission gun scanning micro-
SEM HV: 15.0 kV WD: 14.88 mm MIRA3 TESCAN| SCOpy image Of UOz(C6H4N02)2025H20

SEM MAG: 55.0 kx Det: SE . N
View field: 5.03 um | Date(m/dly): 03/02/23 Performance in nanospace samples ata magnlﬁcatlon Of SS,OOOX
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The analysis of the micrograph reveals that the particles formed exhibit a
remarkable regularity in their size and possess an oval shape.

To quantitatively characterize the particles, the histograms illustrating the
distribution of the particle perimeter and surface area observed in Fig. 5. The
analysis of the data reveals an average particle perimeter of 830 nm and an aver-
age surface area of 42.243 nm2. The obtained data conform to the Gaussian dis-
tribution, which provides a statistical description of the particle size distribution
based on the perimeter and surface area measurements.
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Surface area / nm? perimeter of the synthesized particles.

The Gaussian distribution equation for the particle perimeter and surface
area can be described as follows:

_ 1 1, X=y2
S(x)= iy CXP(—E(T) ) (1)
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The data obtained from the analysis of the images of the synthesised com-
pound in the ImagelJ software were subjected to the following equation: y = yg +
(A/(wxsqrt(p/2)))xexp(-2((x—xc)/w)?). This equation was used to determine the
density through the Gaussian distribution of the synthesised particles. The data
used to determine the Gaussian distribution are shown in Table 1.

TABLE I. Data for Gaussian distribution of the particle perimeter and surface area

Parameter Surface area Perimeter

Y0 0.7872+1.50616 5.9202+1.1932

xc 40592.76361+1091.42289 818.37458+36.67738
w 27480.11962+4492.42048 96.53167+98.2148
A 440661.65893+108329.07045 1358.94276+428.49344
Reduced chi-sqare 1.24207 3.97615
R-square (COD) 0.97177 0.8965

Adj. R-square 0.94354 0.74125

These Gaussian distribution equations provide a mathematical representation
of the particle size characteristics observed in the synthesised compound, facil-
itating a comprehensive understanding of the distribution and the variability of
particle sizes within the sample.

The results obtained through EDS analysis reveal a uniform distribution of
detected elements in the sample in significant quantities, as evidenced by the
elemental distribution map presented in Fig. 6.

Tam Tam !

Uranium

Carbon Tym Oxygen

Fig. 6. Dispersive X-ray spectrum and elemental mapping of UO,(C¢H4NO,),:0.25H,0
sample.
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The EDS technique enabled the semi-quantitative determination of the com-
position of the synthesised compound. Uranium was identified as the most pre-
dominant element, representing 46.12 % of the mass, followed by carbon at
27.02 %, oxygen at 21.77 %, and nitrogen at 5.09 %. It is important to note that
small variations in the percentage values are acceptable, as EDS is unable to
quantify hydrogen, which, according to theoretical calculations performed for the
synthesised compound, accounts for approximately 2 % of the sample. These res-
ults confirm the presence of the expected elements and provide a solid foundation
for the understanding of the chemical composition of the synthesised compound.

CONCLUSION

In conclusion, this study successfully synthesised and characterised a uranyl
nicotinate compound, UO>(CgH4NO3),-0.25H>0. The synthesis process fol-
lowed a consistent pattern using a metal 1:2 ligand ratio with water as the solvent
and reaction medium. The yield of the compound averaged 67 %, indicating the
efficient synthesis.

Fourier-transform infrared (FT-IR) spectroscopy confirmed the presence of
characteristic bands corresponding to the asymmetric and symmetric stretching
frequencies of the carboxylate group. The calculated values of An (n,5(COO™) —
— ng(COOM)) indicated a lower value compared to the sodium salt reference,
suggesting a bridging and/or chelating coordination structure for the carboxylate
group in the synthesised compound.

The field emission gun scanning electron microscope (FEG-SEM) analysis
revealed the morphology of the synthesised particles, displaying a regular oval
shape. The quantitative analysis of the particle size distribution showed an aver-
age particle perimeter of 830 nm and an average surface area of 42,243 nm?,
indicating a relatively uniform particle size within the sample.

The energy-dispersive X-ray spectroscopy (EDS) analysis provided semi-
-quantitative data on the elemental composition of the synthesised compound.
Uranium was identified as the most predominant element, followed by carbon,
oxygen, and nitrogen. Although hydrogen could not be quantified by EDS, the
theoretical calculations estimated its presence at approximately 2 % in the com-
pound.

These findings contribute to the comprehensive understanding of the syn-
thesised uranyl nicotinate compound, including its synthesis yield, thermal beha-
viour, molecular composition, particle morphology, and elemental composition.
The insights gained from this study can serve as a basis for further research in the
field of inorganic chemistry, enabling the exploration of potential applications
and the development of novel compounds with tailored properties.
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U3BOA

HUCIITUTHUBAILE CBOJCTABA YPAHW/I-HUKOTHUHATA: CUHTE3A, KAPAKTEPHU3AIIUJA
" TEPMAJIHA AHAJTU3A

MILEICKSON APARECIDO DE ASSIS PIRES, CLAUDIO TEODORO DE CARVALHO
u TIAGO ANDRE DENCK COLMAN

Faculty of Exact Sciences and Technology — Federal University of Grande Dourados — UFGD, Dourados,
Mato Grosso do Sul, Brazil

Y oBOM pajy onucaHa je CHHTE3a M KapaKkTepHusallMja ypaHHJI-HHKOTHHATa,
UO02(CeHsNO2)2-0,25H20. Y CcHHTE3H OBOT jefumema METal M JIUraHj Cy pearoBaHu y 1:2
MOJICKOM OfIHOCY y BOZHM Kao pacTBapauy. Jegumemne je [odujeHo y npuHocy of 67 %. Tepmo-
rpaBUMETpPHjCKa aHaIu3a je Mokas3ana fia UCIUTUBAHO jeIUlbeEne IOCTENeHo Irydyu macy, WTo
yK/byUyje OeXumpaTalujy, pasiarame asora U peaykuujy UOz2". Ha ocHoBy uHbpa-LpBeHe
CHEeKTPOoCKonUje NoTBpheHo je Ia je kapbOKCHIHA TpyHa y OBOM jeNUery KOOPOWUHOBAHA.
MeTtonomM ckeHupajyhe eleKTPOHCKE MHUKDOCKONHMje HaheHO je ma Cy MCIMTHBaHE 4ecTHle
IPaBUJIHOT OBAIHOr 00nuKa. [IpUMEHOM EeHEepreTCKd JUCIEep3UBHE PEHATEHCKE CIEeKTPOCKO-
nuje HaheHo je na jenumene CafipKu YPaHUjyM, YITb€HUK, KNICEOHHK U a30T. JloOujenu pesyin-
TaTH Cy Of 3Hauaja 3a CHHTe3y, TEDMUYKA CBOjCTBA, CACTaB, MOJIEKYJICKY CTPYKTYpy M OOIHMK
YecTHLa HCIIMTUBAHOT jefuremna. Ilopen Tora, NpUKasaHH pe3y/ITaTd MOTy OMTH o[ 3Hadaja 3a
MOTeHIWjaIHy IPUMEHY OBOT THIIA jefUIbeHha.

(ITpumsbeno 17. asrycra, pesuaupano 1. centembdpa, npuxsaheno 21. centemdpa 2023)
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The cyanide, cyanate, thiocyanate ambident anions: Structure,
topological analysis of electron density and homolytic oxidative
coupling regioselectivity
ALEXEI N. PANKRATOV*

Division of Analytical Chemistry and Chemical Ecology, Institute of Chemistry, N. G.
Chernyshevskii National Research Saratov State University, 83 Astrakhanskaya Street,
Saratov 410012, Russia

(Received 25 September, revised 7 November, accepted 23 December 2023)

Abstract: At the B3LYP/6-311++G(3df,3pd) level of theory, the spatial and
electronic structure of the cyanide, cyanate and thiocyanate ambident anions
has been studied. By means of the natural bond orbital (NBO) analysis and the
R. F. W. Bader’s quantum theory “Atoms in Molecules” (QTAIM), the elec-
tron density delocalization and topological properties in the above anions have
been investigated. The distribution of electron density (NBO, QTAIM) in the
XCN- (X = 0, S) anions is reflected by the scheme [X***C==N]-. The relat-
ive contribution of the hypothetical structure X=C=N- to the resonance hybrid
X—C=N <> X=C=N" is higher in the case of X = O. The degree of the C=N or
C==N bond triple character and bond strength changes in the following series
of anions: CN™ > SCN- > OCN". The occupancy of the lone electron pair (LP)
orbital of the nitrogen atom in the above anions is close to 2, and the LP orbital
is sp-hybridized. Condensed K. Fukui functions for the electrophilic attack
have been evaluated. Local hardness of the donor reaction centres: N > C (CN"),
O > N (OCN"), N > S (SCN"). The regioselectivity of the homolytic oxidative
coupling reactions of CN-, OCN-, SCN- has been substantiated.

Keywords: density functional theory (DFT); B3LYP; natural bond orbital (NBO)
analysis; R.F.W. Bader’s quantum theory “Atoms in Molecules” (QTAIM); elec-
tron density delocalization; hybridization; K. Fukui functions; radical dimerization.

INTRODUCTION

The dual reactivity of the ambident anions, such as cyanide CN—, cyanate
OCN-, thiocyanate (rhodanide) SCN=,1-8 etc., as ligands in coordination com-
pounds!=58 and nucleophiles, mainly in organic chemistry,®-8 is an important
theoretical problem.
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The ambident reactivity is often treated by means of the Hard and Soft Acids
and Bases (HSAB) principle.!-8 However, the HSAB theory displayed itself as
not always appropriate.

Free cyanide, CN—, e.g., is generally alkylated at carbon. N-attack is only
observable in diffusion-controlled reactions with carbenium cations. Since
isonitrile RN*=C~ <> RN=C formation in reactions with [Ag(CN),]~ is due to
the change of the nucleophile, the explanation of these regioselectivities by the
HSAB principle has to be abandoned.?

It has been shown that the cyanate anion, OCN~, being an ambident nucleo-
phile, may react with electrophiles either at the oxygen terminus, to yield alkyl
cyanates ROC=N, or at the nitrogen centre, to yield alkyl isocyanates RN=C=0.
Equal amounts of alkyl cyanates and alkyl isocyanates were obtained, when sec-
ondary iodoalkanes were treated with silver(I) cyanate. The formation of tert-
-butyl isocyanate (CH3);CN=C=0, along with 2-methylpropene (CH3),C=CH,»
and cyanic acid, was also considered as an indication for concomitant O- and N-
attack. The study also investigated the possibility of Syl reactions of cyanates
proceeding with charge control to give alkyl cyanates.10

A kinetic study of SCN~ reaction with carbenium cations using laser flash
photolysis and stopped-flow methods lead to the conclusion that the selectivities
of the above reactions cannot be explained by the HSAB theory.!!

For CN—, both C- and N-coordination, and for OCN~, both N- and O-bond-
ing with metal cations is known.12-15

In accordance with the HSAB theory,!=8 in the ambident SCN-, donor
sulphur atom is the reaction centre of a soft base, and the nitrogen atom is the
centre of a hard/soft boundary base. Cations of ammonium (azanium), NH4",
alkaline (except in any case caesium) and alkaline earth metals, magnesium, alu-
minium are hard acids (Cs™ is a soft acid), so they “gravitate” to the nitrogen
atom of the thiocyanate. At the same time, thiocyanates of at least alkaline and
alkaline earth elements have ionic crystal structures, and the ionic bond is non-
-directional, and therefore we can talk not about coordination in the literal sense,
but about the mutual spatial orientation of metal or NH4* and SCN~, favourable
potential or actual association of the metal or ammonium cation with the nitrogen
atom of the thiocyanate anion.

The preferential orientation of the thiocyanate nitrogen atom in the direction
of the lithium cation in solution finds a quantum chemical confirmation. The
impact of the association of lithium cation with SCN™ n acetonitrile CH3C=N on
the vibrational spectrum has been studied in the B3LYP/6-31+G(d,p) approxim-
ation. The best agreement between experimental and calculated ionic association
data was achieved taking into account the nonspecific solvation, oversolvation
and solvability of ionic complexes within the framework of the polarizable
continuum model (PCM) in a variant (IEF-PCM) based on the integral equation

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

(CC) 2024 Serbian Chemical Society.



CYANIDE, CYANATE, THIOCYANATE ANIONS STRUCTURE 35 1

formalism (IEF). The microstructures of the thiocyanate in a contact ion pair with
lithium cation and ion-pair dimer and trimer in acetonitrile were established.10

The main continuum models of solvent accounting in quantum chemical
computations are listed in the work.17

The formulae of the above mentioned thiocyanates are preferably written as
NH4NCS, LiNCS, NaNCS, KNCS, RbNCS, CsNCS, Mg(NCS),, Ca(NCS),,
Sr(NCS);, Ba(NCS),, AI(NCS)3.12.15

On the contrary, thiocyanates of copper(l), silver(I), mercury(Il), lead(Il) are
characterized by the coordination of the metal ion to the sulphur atom: CuSCN,
AgSCN, Hg(SCN),, Pb(SCN), (Cut, Ag", Hg?* — soft acids, Pb2" — boundary
acid).12.15

Soft acid Cd2* behaves ambiguously. There is a Cd(SCN), compound. How-
ever, in an aqueous solution of sodium tetrathiocyanocadmate, SCN~ is coordin-
ated via sulphur (Nap[Cd(SCN)4]), and in methanol through nitrogen
(Nap[Cd(NCS)4]). Coordination via nitrogen in the case of cadmium thiocyanates
is also observed in the melt of KNCS.12.15

The lead(Il) ion, which is borderline in hardness/softness, is coordinated by
the sulphur atom: Pb(SCN),.12.15 However, for the boundary acids, mangan-
ese(Il), iron(II), cobalt(Il), nickel(Il), copper(Il) and zinc ions, there is coordin-
ation at the nitrogen atom: Mn(NCS),, Fe(NCS),, [Fe(NCS)4]%~, Co(NCS),,
[Co(NCS)4]?~, Ni(NCS),, [Ni(NCS)4]?~, Cu(NCS);, [Cu(NCS)4]*~ and
Zn(NCS),.12.15

The soft acid Cs', like other alkali metal cations (hard acids), orients
towards SCN~ with a preference for the nitrogen atom.12.15

Thus, the structure of metal thiocyanates cannot always be substantiated
from the standpoint of a qualitative version of the HSAB concept. This is largely
due to the boundary nature of the donor nitrogen atom as the reaction centre.

Iron(III), cobalt(IlT) and nickel(Ill) ions are hard acids and add SCN~ with
the participation of its nitrogen atom, for example Fe(NCS)3, [Fe(NCS)¢]3~.12:15

Such a nature of the binding of SCN~ with highly charged cations such as
AI3*, Fe3* and in general with metal ions — hard acids, can be due to a higher
negative charge on the nitrogen atom of the thiocyanate anion, since the hard—
—hard (and hard-boundary to a large extent) interaction in the framework of a
simple version of the perturbation theory!8 is treated as charge-controlled.®

The HSAB principle is usually expressed via the charge, electronegativity,
size, polarizability, oxidation ability, energies of the frontier orbitals of an atom,
ion, closed or open electronic shell molecule.!-8 All the above characteristics
directly or indirectly depend upon the electron density distribution in molecule,
including the electronic delocalization and topological properties. The electronic
distribution is significant regardless of whether it is considered within the frame-
work of the HSAB theory or beyond.
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CN—, OCN~ and SCN~ are capable of undergoing chemical and electrochem-
ical homolytic oxidative coupling (dimerization) with the intermediate appear-
ance of the ®*CN, OCN*® and *SCN.

In particular, CN~ dimerizes upon interaction with acidified S,Og?~, with
copper(Il) and gold(III).

CN- reduces Cu2* to Cu', oxidizing to cyanogen N=C—C=N, and binds
copper(I) into complex anions, tricyanocuprate(I) [Cu(CN)3]2~ and tetracyano-
cuprate(I) [Cu(CN)4]3-, for example:

2Cu2* + 4CN~ — 2CuCN{ + N=C-C=N,
CuCN{ + 2CN- 2 [Cu(CN)3]%-,

or in total:
2CuZ* + 8CN~ — 2[Cu(CN)3]2~ + N=C-C=N

The above chemical reactions are used to mask the copper(Il) ion in the ana-
lytical determination of other ions, to change the redox potential of the Cu(II)/Cul
conjugate redox pair in the separate electrolytic and polarographic determination
of copper and other metals, etc.

Similarly, the interaction of gold(IIl) with CN~ includes the preliminary red-
uction of Au(Ill) to Au(l) followed by the formation of the dicyanoaurate(l)
anion [Au(CN),]™:

Au3* + 3CN~ — AuCN{ + N=C-C=N,
AuCN{ + CN~- 2 [Au(CN),],

or in total:
Au3t +4CN~ — [Au(CN),]~ + N=C-C=N

Hydrocyanic acid or gaseous hydrogen cyanide HC=N is oxidized to cyano-
gen N=C—C=N under the action of O3 or air in the presence of a silver catalyst,
NOj3 in the presence of calcium glasses, Cl, on activated carbon or quartz, when
passing dry hydrogen cyanide over MnO; heated to 250 °C, as well as when
interacting with H»O; in the presence of copper(Ill) and iron(Ill) salts, with
NayS,0g, MnO,, PbO5 in the 0.05 M H,SO4 medium, ezc.!-2:12,19

The fact of the existence of oxocyanogen (OCN), remains controversial. The
formation of a colorless compound (OCN);, which is stable only at low tempera-
ture (down to —12 °C), has been reported by the exchange reaction of silver(l)
cyanate with I5.12 There is an assumption that oxocyanogen can be obtained by
the reaction of silver(I) cyanate with Br,, but no conclusive evidence is provided.
It has been shown that O=C=N-N=C=0 is obtained in this and other similar
reactions.12:19 However, data on the anodic oxidation of cyanates in CH3C=N
cast doubt on the existence of (OCN),.!2
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Thiocyanogen N=C—S—S—C=N is obtained by mild oxidation of metal thio-
cyanates with an aqueous solution of Cly, with Brp, I, MnO», copper(Il) salts at
a temperature of about 0 °C, Pb(CH3COO)4, as well as by electrochemical oxid-
ation of SCN—.1.2,12

Previously,20-22 it has been shown that the regioselectivity of reactions of
homolytic (radical) oxidative and reductive coupling (dimerization) of organic
compounds of various classes is controlled by the spin density on atoms in the
reaction intermediates (electroneutral radicals, radical cations, radical anions),
calculated by ab initio, DFT, HMDFT and semi-empirical methods of quantum
chemistry. In this case, such intermediates are *CN, OCN® and *SCN.

The aim of the present work consists in quantum chemical investigation of
spatial, electronic structure of the cyanide, cyanate, thiocyanate ambident anions,
including study of the electron density delocalization and topological properties,
comparative local hardness of the donor reaction centres, as well as substan-
tiation of regioselectivity of the homolytic oxidative coupling reactions of CN-,
OCN~ and SCN~.

METHODOLOGY OF THEORETICAL RESEARCH

Quantum chemical computations (within the restricted (RHF) D. R. Hartree — V. A. Fock
(HF) approach?? for the closed-shell anions CN-, OCN-, SCN- and unrestricted (UHF) D. R.
Hartree — V. A. Fock (HF) approach?? for *CN, *OCN, *SCN derived from the above anions
by homolytic oxidative coupling) were carried out by means of the hybrid density functional
theory (DFT) method?3-26 using the Gaussian 09W package?’ without any geometrical res-
trictions. Within the SCF, the hybrid B3LYP functional, which combines the three-parameter
exchange functional by A. D. Becke?8-2? with the Chengteh Lee — Weitao Yang — R. G. Parr
(LYP) correlation functional,3? was applied. The computations were performed using “tight”
convergence criteria. 3931 The rather wide 6-311++G(3df,3pd)32-33 basis set was used. Diffuse
functions were included in order to treat the nonbonding (unshared, lone) electron pairs (LP)
and blurred character of electron cloud in the anions properly. Harmonic vibrational fre-
quencies were computed. All equilibrium structures without the imaginary frequencies corres-
pond to the minima points on the potential energy surfaces. Requested convergence on RMS
density matrix amounted 1x10-8 within 200 cycles, on MAX density matrix — 1x10°, and on
energy — 1x10¢ Hartree (a.u). The initial geometries were generated by means of HyperChem
Professional 8.0.10 software3* and optimized by the PM3 method.35-3¢

The natural bond orbital (NBO) analysis?’40 was performed by the NBO Version 3.1
program.*!

To describe the electronic structure of molecules, the topological analysis of electron
density by means of R. F. W. Bader’s quantum theory “Atoms in Molecules” (QTAIM)*2-54 at
the B3LYP/6-311++G(3df,3pd) level of theory was performed by the AIMAIl Version
19.10.12 software>> to calculate the charge density (p,), Laplacian of the charge density
(v?py), local electronic energy (/) in the saddle (which are indicators of binding) bond crit-
ical points (3, —1) and ellipticity (&).
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RESULTS AND DISCUSSION

By means of the DFT method at the B3LYP/6-311++G(3df,3pd) level of
theory with the use of the NBO and QTAIM analysis, we have computed the
spatial and electronic structure of the ambident CN—, OCN~ and SCN~.

In CN—, the C=N bond length is 1.171 A. The calculation is in agreement
with the experiment: a neutron diffraction study of KCN at room temperature
gives a length of 1.16 A for the C=N bond.!5 The natural (one of the most object-
ive, most consistent with chemical intuition) charge on carbon and nitrogen
atoms is —0.236 and —0.764, respectively. The natural order (natural K. B. Wib-
erg index) of the C=N bond is 2.854.

The values of the second-order perturbation energy E(2), obtained as a result
of the NBO analysis for CN—, indicate that the main directions of electron density
transfer are from the LP orbital of the nitrogen atom to the antibonding (loosen-
ing) J. R. Rydberg orbital of the carbon atom (E(2) = 75.7 kJ mol~!), from the
core level of the nitrogen atom to the same J. R. Rydberg orbital (£(2) = 26.1 kJ
mol~!) and from the LP orbital of the carbon atom to the antibonding J. R. Ryd-
berg orbital of the nitrogen atom (£(2) = 20.6 kJ mol~!).

OCN~ and SCN~ have a linear structure.

In OCN-, bonds have the following lengths: 1.224 (C***0) and 1.187 A
(C==N); the bond angle OCN is 180.000°. X-ray diffraction analysis of NaNCO
gives a length of 1.21 A for the C***0 bond and 1.13 A for the C==N bond. In
this case, the linear structure of the anion is confirmed, but the low accuracy of
the values of the bond lengths,!5 which nonetheless agree with our computation,
is stipulated.

The natural charge on atoms in OCN~ is: —0.776 (O), 0.600 (C), —0.823 (N).
The negative charge on the O- and N-atoms is almost the same, slightly higher on
the nitrogen atom. The natural orders of bonds in OCN~ are: 1.493 (C*=--0) and
2.444 (C==N).

According to the results of our quantum chemical computation, the bond
lengths in SCN~ are: 1.661 (C===S) and 1.172 A (C=2N), the SCN bond angle is
180.000°. In accordance with the data of X-ray diffraction analysis of NaNCS,
KNCS,15 the corresponding values are 1.65, 1.17 A and 180°. The calculation
agrees well with experiment.

The natural charge on the atoms is: —0.463 (S), 0.055 (C), —0.592 (N). The
nitrogen atom is somewhat more negatively charged compared to the sulphur
atom, which is consistent with the regioselectivity of the interaction of metal ions
— hard G. N. Lewis acids with SCN~. The natural orders of bonds in SCN~ are:
1.403 (C===S) and 2.608 (C==N).

Based on the charge distribution in the ambident CN~ and XCN~ (X = O, S),
the negative charge of which is delocalized between the X and N atoms, it is exp-
edient to write the minus sign at the nitrogen atom when depicting these anions.
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For the entire set of C=N, C==N, C**0 and C*==S bonds in CN—, OCN~
and SCN-, the following trend is observed: the longer the bond, the smaller its
natural order.

OCN~ and SCN~ have a number of energetically significant donor—acceptor
interactions. However, the dominant contributions are:

— in OCN™: electron transfer from two different LP orbitals of the oxygen
atom to the antibonding m-orbital of the C==N bond (each such transition has an
energy effect £(2) = 341.8 k] mol~!), from the LP orbital of the nitrogen atom to
the antibonding J. R. Rydberg orbital of the carbon atom (£(2) = 75.3 kJ mol-1),
from the LP orbital of the nitrogen atom to the antibonding G-orbital of the
C=0 bond (E(2) = 71.5 kJ mol~!), from the orbital of the third LP of the oxy-
gen atom to the antibonding o-orbital of the C=:N bond (E£(2) = 69.0 kJ mol~1)
and from the orbital of the same (third) LP orbital of the oxygen atom to the same
J. R. Rydberg orbital (E(2) = 63.2 k] mol™!);

— in SCN~: transfer of electron density from two LP orbitals of the sulphur
atom to the antibonding m-orbital of the C==N bond with the same second-order
perturbation energy contribution £(2) = 169.5 kJ mol~!, from the LP orbital of
the nitrogen atom to the antibonding J. R. Rydberg orbital of the carbon atom
(E(2) = 84.1 kJ mol~!), from the orbital of the third LP of the sulphur atom to the
antibonding c-orbital of the C=:N bond (E(2) = 81.6 k] mol~!) and from the LP
orbital of the nitrogen atom to the loosening G-orbital of the C**S bond (E(2) =
=59.4 kJ mol™1).

It can be seen that in the donor—acceptor redistribution of the electron den-
sity in OCN~ and SCN-, the orbitals of nonbonding electron pairs of the oxygen
and sulphur atoms take an active part as donors, i.e., the possibilities absent in
CN-, are realized.

To describe the electronic structure of the anions in more detail, we have
carried out a topological analysis of the electron density using the QTAIM42-54
at the B3LYP/6-311++G(3df,3pd) level of theory.

The electron density (pp) in the bond critical points (BCP), the Laplacian of
the electron density (V2py) in the BCP, the local electronic energy (k,), which is
estimated as the density (taken with the opposite sign) of the local kinetic energy
in the form of Hamiltonian (Hamiltonian form of kinetic energy density) in the
critical points (3, —1) and the ellipticity (€) have been computed (Table I).

Comment. py, — the value of the electron density in the bond critical point (3,
—1); V2py, — second derivative of electron density (density Laplacian); 4. — local
electronic energy in the bond critical point (3, —1). Units: e — atomic unit of
charge (elementary charge) e = 1.60219x10-19 C); Bohr — atomic unit of length
(the radius of the first Bohr orbit): 1 Bohr = 0.529177 A = 5.29177x10~!! m);
Hartree — atomic unit of energy: 1 Hartree = €2 Bohr~! = 627.5095 kcal mol~! =
=2.6255x103 k] mol~1 =27.212 eV = 2.1947x105 cm™1.
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TABLE I. Some properties of the bond critical points (3, —1)
0.4883
@————@
BCP1
. 0.4(580 0 0.4‘067 .
BCP1 BCP2
. 0.{760 6 0.2‘1\35 &
BCP2 BCP1 &

Bond P,/ e Bohr V2p, /e Bohr h./ Hartree Bohr
CN-

C=N 0.488 —0.849 -0.951
OCN-

C===0 0.407 —0.510 -0.715

C==N 0.458 —0.896 —0.827
SCN-

Cc===s 0.213 -0.132 —0.243

C==N 0.476 —0.680 —0.905

According to the general pattern, the positive value of the electron density
(pp) in the bond critical point (BCP) and the negative value of the Laplacian of
the electron density (V2py,) in the BCP indicate the concentration of the electron
charge in the internuclear region and its exhaustion in the direction of the nuclei,
i.e., the presence of strong covalent bond (shared interaction, in which the com-
pression of the electron density along the bond line, directed to the critical point
(3, —1), dominates).#2-5% A negative value of the local electronic energy (/4e) is a
necessary criterion for a covalent bond (shared interaction).43-54

Fulfillment of the conditions py, > 0, V2py, < 0, he < 0 and sufficiently large
absolute pp, V2py, he values in the saddle (which are indicators of binding)
critical points (3, —1) (Table I) show a high strength of all covalent bonds in CN—,
OCN~ and SCN-, in accordance with the bonds lengths and natural orders (see
above).

The position of BCP of an A—B bond shifts towards A and thus leaves more
electron density for B if B is more electronegative than A.#2-54 As it can be seen
from Table I, the aforesaid is confirmed for CN—, OCN~ and SCN~.

The ellipticity of all bonds in all three anions is essentially zero (according to
our calculations, it is 10-15-10~14), which allows us to state the presence of a
cylindrical symmetry of the electronic distribution in bonds.

According to our NBO and QTAIM analysis, in accordance with the criteria
of natural charge on atoms, natural order and electron density (py) in the bond
critical point (3, —1) it has been shown that in XCN~ (X = O, S) the C==*X bond
is “one and a half”, the C==N bond carries a significant proportion of triple
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bonding. The distribution of electron density (NBO, QTAIM) in XCN~ is ref-
lected by the scheme [X**=C==N]".

There is an electronic delocalization due to which there is a certain align-
ment of the negative charge on the X- and N-atoms, and not its significant pre-
dominance on the oxygen atom in the case of X = O and unconditional domin-
ance on the nitrogen atom at X = S.

Herewith in OCN~, the electronic distribution is more even compared to
SCN~: the C=+=0 bond is more “one and a half” than C***S and the C==N bond
is more close to triple in the sulphur-containing anion.

One of the factors of more effective delocalization of electron density in
OCN~ as compared to SCN™ is, apparently, the fact that the key donor—acceptor
interaction for delocalization, namely the electron transfer from the LP orbital of
the heteroatom X to the antibonding mt-orbital of the C==N bond, is energetically
much more favorable for X = O compared to X = S. The remaining second-order
perturbation energy E(2) contributions noted above are basically comparable in
magnitude and are less significant for the delocalization of the wt-electron density.

If, on the basis of our quantum chemical computations by the molecular orb-
ital method, we pass to a visual qualitative interpretation using the method of val-
ence bonds, then OCN~ and SCN~ can be represented as resonance hybrids of
two imaginary limiting canonical structures (X = O, S):

~X—C=N > X=C=N~—

Wherein the relative contribution of the hypothetical structure X=C=N~ to
the hybrid is higher in the case of X = O.

The degree of the C=N or C==N bond triple character and bond strength
changes in the following series: CN~ > SCN~ > OCN~. The weakest C==N bond
(in OCN") is the longest.

As the results of the NBO analysis show (Table II), the occupancy of the LP
orbital of the nitrogen atom in CN—, OCN~ and SCN~ is close to 2, that is, the
named orbital is practically not involved in the electron density delocalization.

TABLE II. Occupancy and hybrid state of the LP orbital of the nitrogen atom according to the
NBO analysis

Hybridization character, %

Anion Occupancy S o d F

CN- 1.978 49.04 50.75 0.21 0.00
OCN- 1.962 57.92 41.94 0.14 0.00
SCN- 1.958 51.38 48.44 0.17 0.01

This orbital is sp-hybridized. The complementary (symbiotic) hard—hard int-
eraction is largely electrostatic in nature, while the soft—soft interaction includes
a significant covalent component.8 The highest negative charge on the nitrogen
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atom compared to other atoms of all the studied anions, on the one hand, and the
wide possibility of nonbonding electrons showing donor properties, on the other
hand, along with the parity contribution of 2s- and 2p-atomic orbitals to the LP
orbital, providing favourable steric conditions of reactions with various (from the
HSAB theory viewpoint) G. N. Lewis acids, in many respects predetermine the
nitrogen atom character as an electron-donating centre, which is borderline in
hardness/softness.

The interrelated concepts of hardness (softness) and electronegativity are
becoming increasingly important in chemistry to implement a unified approach to
two most important chemical problems — the construction of reaction barriers and
molecular design, to explain regioselectivity and ambivalence (nucleophilic—elec-
trophilic dichotomy),56-58 to describe and model chemical bond, properties of
molecules and crystals, intermolecular interactions,>® solvation, extraction.60-6!

The concept of electronegativity (including in connection with the HSAB),
especially in the version of variable orbital electronegativity, turns out to be
essentially the language of chemistry, thanks to which it is easily integrated into
the general theory of systems. Indeed, the distinct periodicity of electronegativity
and the contrast of properties emphasized by it (electropositive and electronegat-
ive elements, hard and soft acids and bases) underlie the nature of the chemical
interaction and the emergence of new qualities as a result of the alignment of
electronegativity (or electronic chemical potential), the repayment of opposites in
the course of acid—base reactions, etc.5°

Without focusing on theoretical premises, we note that global (absolute)
hardness (77) is interpreted as the energy gap between the boundary molecular

orbitals — the highest occupied (HOMO) and the lowest unoccupied (LUMO)
ones:8,62,63

n=0.5(E(LUMO) — E(HOMO)) €))
where E(HOMO) and E(LUMO) are the energy values of HOMO and LUMO,
respectively.

We have shown that in CN—, the HOMO is a G-orbital; in OCN~ and SCN-,
the HOMO level corresponds to two degenerate m-orbitals. In all three anions, the
LUMO is a o-type orbital.

To evaluate the local hardness of the electrophilic attack (%) of individual

reaction centres of a molecular system, including N electrons, the condensed K.
Fukui function ( f ) is used:8.62-64

— N N-1
Jk =ax — 4k (2)
where q{(V and qu(v 1 is the charge on the atoms (natural one in our work) of the
initial systems (in our case, CN-, OCN~ and SCN™) and radicals (*CN, OCN*
and *SCN) having the same arrangement of nuclei (i.e., geometry), but a different
number of electrons (N for anions and N-1 for radicals).
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Local hardness (%) is calculated by the formula:862.63,65
h=fcn 3)

For anions, the B3LYP method unsatisfactorily conveys all parameters, the
evaluation of which uses the HOMO and LUMO energy values, and the smaller
the molecular system, the more pronounced the errors.%¢ To ensure the correct-
ness of the calculations, it is necessary either to take into account countercations
(contradicting the purpose of this study, which requires consideration of isolated
anions), or go% to the second-order Ch. Meller — M.S. Plesset perturbation
theory (MP2)07-70 level with a basis set of at least 6-311++G(d,p).32-33

However, K. Fukui’s local indices (and, consequently, the charge character-
istics of atoms) are calculated correctly.60

Thus, using the B3LYP method, we cannot reliably estimate the global (abs-
olute) hardness (77) of the anions under study, but we are able to determine the
relationship between the values of the local hardness of individual donor reaction
centres.

Below are the f, (Table III) values computed by us at the B3LYP/6-
-311++G(3df,3pd) and UB3LYP/6-311++G(3df,3pd) level of theory.

TABLE III. Condensed electrophilic K. Fukui functions ( fi )

Condensed electrophilic K. Fukui function

Anion
C N (¢ S
Geometry of radicals is fixed like anions
CN- —0.655 —-0.345 - -
OCN- —-0.021 —0.557 -0.422 -
SCN- 0.077 —0.350 - —0.727
Geometry of radicals is optimized
CN- —0.657 —0.343 - -
OCN- —0.058 —0.536 —0.406 -
SCN- 0.094 —0.357 — —0.737

Values close to each other were obtained both with the spatial structure of
the radicals, the same as that of the anions, and with the optimized geometry of
the radicals.

In CN—, the local hardness of the nitrogen donor atom is higher compared to
the carbon atom. In OCN™, the oxygen atom is a slightly more hard donor centre
than the nitrogen atom. In SCN, the sulphur atom is a softer centre than the N
atom. Such results are consistent with known patterns!~8 and explain many of the
above examples of coordination in the formation of metal thiocyanates.12:15

As noted above, the homolytic oxidative coupling of CN—, OCN~ and SCN~
is accompanied by *CN, OCN* and *SCN intermediates formation.
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Table IV gives the R. S. Mulliken spin density, calculated at the UB3LYP/6-
-311++G(3df,3pd) level of theory, on atoms of *CN, OCN® and *SCN with opti-
mized geometry.

TABLE IV. R. S. Mulliken spin density on atoms in *CN, OCN* and *SCN

Spin density on atom

Radical

C N O S
*CN 0.889 0.111 - -
OCN* -0.122 0.764 0.358 -
*SCN —0.144 0.384 — 0.760

The wave function in the unrestricted D. R. Hartree — V. A. Fock approach!?
used for computing the spin density, is not the S 2 operator eigenfunction, and
contains the admixed components of higher multiplicities. For avoiding the wave
function spin contamination at the quantum chemical computations, we used the
spin annihilating procedure.!® As a result, the full spin S2 after annihilation for
*CN, OCN?®* and *SCN was 0.7501, that coincides with the value of 0.75 for the
pure doublet state, characteristic for the radical particles with one uncoupled
electron in the ground state.!®

The latter fact testifies to the correct implementation of spin density as a
reactivity index, alike the previous studies.20-22 Then again, the above index has
proved its predictive power even in the cases, in which the uncontaminated spin
state is not provided.”!-72

The significant predominance of the spin density on the carbon atom in *CN
and on the sulphur atom in *SCN naturally explains the appearance of cyanogen
N=C-C=N and thiocyanogen N=C—S—-S—C=N during the oxidation of CN~ and
SCN-, respectively: 12,19

CN- 2 *CN +¢,
2°CN &= N=C-C=N;

SCN~ &2 °*SCN +¢,
2SCN* =2 N=C-S-S-C=

For CN-, the specified process of oxidative dimerization is also promoted by
the higher stability of cyanogen N=C—C=N compared to the hypothetical pro-
ducts of C,N- and N,N-coupling, including quite labile bonds between the mono-
mer units.

In OCN?®, the excess of spin density on the nitrogen atom is much higher
than on the oxygen centre. This testifies in favour of the possible emergence of
an unstable product O=C=N-N=C=0:1219
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OCN™ 2 OCN* +¢,
20CN® &2 O=C=N-N=C=O0.
CONCLUSION

The key features of the structure, some aspects of the ambident reactivity of
CN—, OCN~ and SCN~ have been substantiated, along with the above anions
homolytic oxidative coupling behaviour.

We have used the B3LYP method since it is the most widely used, tested and
well-proven DFT option. The results obtained are consistent with the known pat-
terns and experimental data:

1. The calculated lengths of the C=N, C==N, C=*=0 and C*=*S bonds cor-

respond to the experimental values. Calculations represent the linear struc-

ture of OCN~ and SCN~.

2. In the series of CN~, OCN~ and SCN-, the values changes for the lengths
and natural orders of the C=N, C==N, C*==0 and C**=S bonds are of an anti-
bate character.

3. The bond critical points (3, —1) in CN—, OCN~ and SCN~ are located
closer to less electronegative atoms.

4. Local hardness of the donor reaction centres has been reproduced: N > C
(in CN7), O >N (in OCN~), N> S (in SCN™).

5. The regioselectivities of the homolytic oxidative coupling reactions have
been explained and predicted. The oxidative dimerization of CN~ occurs as C,C-
-coupling, SCN~ undergoes S,S-coupling, and OCN~ would provide the product
of N,N-dimerization.

Probably, results similar to those obtained in this work would be also pro-
vided by other functionals, as well as by methods of the hybrid meta density
functional theory (HMDFT) and by advanced, sophisticated ab initio approaches
(MP2, MP3, MP4 (including MP4SDTQ), MP5 (for *CN, OCN® and °*SCN),
CISD, QCISD, QCISD(T), CCSD, CCSD(T), G1, G2, G2M, CASSCF, GVB-PP,
etc.).

U3BOJ

UHUJAHUIOHU, TUJAHATHH, THOUMJAHATHU AMBUIEHTHU AHJOHU: CTPYKTVYPA,
TOITOJIOIIKA AHAJIM3A EJIEKTPOHCKE I'YCTUHE U PETOCEJIEKTUBHOCT
XOMOJIMTUYKOI OKCUIATHUBHOT KYIIJIOBAKA

ALEXEI N. PANKRATOV

Division of Analytical Chemistry and Chemical Ecology, Institute of Chemistry, N. G. Chernyshevskii National
Research Saratov State University, 83 Astrakhanskaya Street, Saratov 410012, Russia

Ha B3LYP/6-311++G(3df,3pd) HuBOYy Teopuje, mpoy4yaBaHa je NPOCTOpPHA U eleK-
TPOHCKA CTPYKTypa LHjaHUAHOr, IHjaHATHOT U THOLHMjaHaTHOr joHa. [lomohy anamuse
npuponHux opdurana Be3a (NBO) u P.®.B. bejnepoBe kBaHTHe TeopHje “aToma y MoJe-
kynuma” (QTAIM), ucnutuBaHe Cy AenoKkaausalyja eleKTPOHCKe TYCTHHE U TOIOJIO-
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mKe ocodMHe ropernoMeHyTUx aHjoHa. Pacnonena enextponcke ryctuae (NBO, QTAIM)
y XCN- (X = 0, S) ogpaxaBa ce y memn [X—C==N]-. PelaTHBHH JOMPHHOC XHUIIOTE-
tuuke cTpykType X=C=N~y pe3zonaHuuonom xudpuny X—C=N < X=C=N~ je BULIH y
cnydajy kama je X = O. Yneo C=N mnu C==N kapakTepa TPOCTPYKOT Be3HBama H CTe-
NIeHa jauMHE BE3€ Yy aHjOHMMa Memwa ce Ha cinenehu HaunH: CN™ > SCN- > OCN~. Hace-
;peHocT opdurane cnodomHor enekTpoHckor nmapa (LP) Ha aTomy a3ora y ropsHUM aHjo-
HUMa je Onu3y 2, a LP opdurana je sp-xubpunusosana. [IpouemeHe cy KOHIEeH30BaHe
K. ®ykyujeBe pyHkIHje 3a enekTpo@uiHu Hanaj. JlokanHa TBpooha JOHOPCKUX peak-
uroHUuX HeHTapa je: N> C (CN7), O > N (OCN™), N > S (SCN"). [ToTkpensseHa je peruo-
CEJEKTHUBHOCT PeaKkIyja XOMOJIUTHYKOT OKCHAaTUBHOT KymnoBawa CN~, OCN~ u SCN-.

(ITpumsbeHo 25. centemdpa, peBunupaHo 7. HoBemdpa, npuxsaheHo 23. nenemdpa 2023)
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Abstract: There is control over steroids use and marketing, but also new com-
pounds that mimic their effects, steroid derivatives, are being synthesized.
They are frequently produced as dietary supplements intended to improve
physical activity, and usually no information is provided regarding their com-
position, dosages, and efficacy or safety. In this study, a computational appro-
ach was used to evaluate the absorption, distribution, metabolism, excretion
and toxicity (ADMET) profiles of several steroid derivatives: methasterone,
methyl-1-testosterone, 4-hydroxytestosterone, methyldienolone, methyltrienol-
one and 19-nor-5-androstenedione. The following computational prediction
tools were applied: admetSAR2.0, ADMETLab2.0, Endocrine Disruptome,
PredSkin3.0. All investigated compounds showed good human intestinal abs-
orption, are not able to penetrate the blood-brain barrier and inhibit cytochrome
P450 enzymes involved in the metabolism of xenobiotics. These compounds
have potential for skin sensitisation, induce reproductive toxicity and endocrine
disruption, and have a low potential for hepatotoxicity and respiratory toxicity.
It is important that the results of the study are known by those exposed at work-
places where these compounds are produced and packed as well as by con-
sumers. These predictions can also guide the experimental evaluation of the
possible toxicity of the investigated compounds, the results of which can be
further used for purposes of regulating the use of these steroid derivatives.

Keywords: dietary supplements; steroid derivatives; skin sensitization; hepato-
toxicity; reproductive toxicity.
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INTRODUCTION

Some athletes, but also amateurs and even teenagers, interested in improving
performance or body appearance, consume specific drugs that are usually rep-
resented by a form of steroids, as these drugs are intended to increase their
muscle mass and strength. Synthetic anabolic androgenic steroids (AAS) are
testosterone-derived compounds produced by pharmaceutical manufacturers and
may be used by prescription for some related diseases. Even though the use of
these compounds is controlled in many countries, they can be obtained through
the Internet and there are also veterinary steroids often used by people to increase
their physical performance.!

Due to the control of the use and marketing of steroids, new compounds that
mimic their effects have been synthesized by similarity to androgenic steroids.
These new compounds are known as steroid derivatives (SDs) or designer ste-
roids. They are produced as dietary supplements by less reputable suppliers and
are sold on the Internet or in fitness stores.2 These supplements are designed as
pharmaceutical compounds, but information on ingredients, dosages, companies,
manufacturers is usually not provided. Data from the literature show that dietary
supplements are often contaminated with steroid derivatives or designer steroids.#

Published data have revealed numerous effects of AAS. They can help build
muscle tissue, increase body mass and improve performance.> As toxicological
effects of AAS are mentioned: carcinogenic, cardiovascular, cerebrovascular,
dermal, endocrine, genito-urinary, genotoxic, hematological, hepatic, immuno-
logical, renal and reproductive effects.6-8

A concerning feature of the use of these compounds is that data on their effi-
cacy and/or safety are usually not available. In this study, a computational appro-
ach is used to evaluate the toxicity of several SDs that are not approved for
human use or are considered experimental drugs under certain circumstances:
methasterone, methyl-1-testosterone, 4-hydroxytestosterone, methyldienolone,
methyltrienolone and 19- nor-5-androstenedione.” These compounds were sel-
ected because they can be easily purchased on the Internet, and the online Drug
Bank database (https://go.drugbank.com/, accessed in October 2023) does not
contain information on their ADMET profiles. It was not possible to identify stu-
dies that strictly examine Internet sales of the investigated SDs. Information on
the internet market for AAS is also scarce, but few recently published articles
point out that AAS with controlled use are readily available for purchase, without
a valid prescription, on the online market.!0:11 Websites only advertise the aes-
thetic and ergogenic benefits of use of these compounds and do not inform about
the potential complications and adverse effects.!0 Moreover, social media plat-
forms facilitate the supply of AAS and increase the accessibility of these com-
pounds, which especially affect young people and less informed people.!? In
addition, literature data is limited in information regarding the toxicological

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

(CC) 2024 Serbian Chemical Society.



TOXICITY OF DERIVATIVES OF ANABOLIC STEROIDS 369

effects of the investigated SDs on humans. To our knowledge, this is the first
computational study evaluating toxicokinetics of these compounds in humans.

METHOD

The SDs used in this study are presented in Table I. This table also contains, for each
compound, the [IUPAC (International Union of Pure and Applied Chemistry) name which was
extracted from the PubChem database (www.pubchem.org, accessed January 2023),!3 the
accession number in Drug Bank online (https://go.drugbank.com/, accessed January 2023) and
known toxicological effects. As a control, this study considers oxymetholone, a synthetic
AAS that is also a clinical drug used under controlled conditions since 1960.14

TABLE I. The compounds that are used in the present study: their common name, [UPAC
name, accession number in Drug Bank online (when available), known toxicological effects

Drug Bank . .
accession Toxicological
Common name IUPAC name effects listed in
number /
Drug Bank
status
Methasterone (2R,55,8R,95,108,135,1485,175)-17- Not found in Not available
-Hydroxy-2,10,13,17-tetramethyl- Drug Bank
-2,4,5,6,7,8,9,11,12,14,15,16-dode-
cahydro-1H-cyclopenta[a]phenanthren-
3-one
Methyl-1-testosterone (5S,8R,9S,10R,138,14S8,175)-17- DBO01572/ Not available
-Hydroxy-10,13,17-trimethyl- prohibited

-5,6,7,8,9,11,12,14,15,16-decahydro- doping
-4H-cyclopenta[a]phenanthren-3-one  compound
4-Hydroxytestosterone (8R,95,10R,13S,145,175)-4,17-di- DB01485/ Hepatic

hydroxy-10,13-dimethyl- experimental/ metabolism,
-1,2,6,7,8,9,11,12,14,15,16,17-do- illicit renal excretion
decahydrocyclopenta[a]phenanthren-
-3-one
Methyldienolone (8S,138,14S8,175)-17-Hydroxy-13,17- not found in not available

-dimethyl-1,2,6,7,8,11,12,14,15,16-  Drug Bank
-decahydrocyclopenta[a]phenanthren-
3-one
Methyltrienolone (8S,138,148,175)-17-Hydroxy-13,17- DB02998 / Not available
-dimethyl-1,2,6,7,8,14,15,16-octahyd- experimental
rocyclopenta[a]phenanthren-3--one

19-Nor-5- (8R,95,10R,135,145)-13-methyl- DB01443/ Not available
androstenedione -1,2,4,7,8,9,10,11,12,14,15,16-do-  Experimental
decahydrocyclopenta[a]phenanthrene-  / Illicit
3,17-dione
Oxymetholone (22,55,8R,95,108,1385,145,175)-17- DB06412  Carcinogenic,
-hydroxy-2-(hydroxymethylidene)-  Approved/ cardiotoxicity
-10,13,17-trimethyl- Illicit

-1,4,5,6,7,8,9,11,12,14,15,16-dodeca-
hydrocyclopenta[a]phenanthren-3-one
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In order to obtain the possible toxicity of these compounds on human organs, several
computational tools have been used: admetSAR2.0,!5 ADMETLab2.0,!® Endocrine Disrup-
tome,!7 and Pred-Skin3.0.!8 These computational facilities were used because they are freely
available and have been developed by recognized chemiformatics groups. In addition, they are
based on models with a large amount of training data, are continuously updated, are robust,
and the accuracy of predictions is at least 70 %. These computational facilities were dev-
eloped to study drug candidates, but they have also been successfully used to predict the
human and environmental toxicity of many types of compounds: chito-oligomers!®20 and
some of their water-soluble derivatives,2! cosmetics,?? phthalates,?? oligomers of hydroxyal-
kanoates* and of lactic acid,?’ intensive sweeteners,2® pesticides,2”2? acyclic monoterpenes>?
and other steroids.® A brief description of each instrument used is presented in Table II.

TABLE II. Online tools used for predicting the absorption, distribution, excretion, metabolism
and toxicity of the investigated designer steroids: SMILES — Simplified Molecular Input Line
Entry System, CYPs — human cytochromes, NR — nuclear receptors

Online prediction tool Predicted activity and the accuracy of prediction
ADMETSAR?2.0: offers 22 qualitative Gastrointestinal absorption (GI) (96.5 %); Blood brain
classification models and 5 barrier permeation (BBBP) (90.7 %); Plasma protein
quantitative regression models that binding (PPB) (66.8 %); Substrate/inhibition of the
allow the user to compute the P-glycoprotein (Pgps/Pgpi) (80.2 % / 86.1 %);

probability of an activity to be present Substrates (77.9 %) or inhibitors (85.5 %) of the
(positive values) or absent (negative ~ human cytochromes (cyps); Carcinogenicity (89.6 %);
values); uses the SMILES formulas of ~ Eye corrosion and/or irritation (94.9 %/96.3 %);
investigated steroids as input data and Hepatotoxicity (83.3 %) Human Ether-a-go-go-Related
outputs the probabilities of the Gene (herg) inhibition (80.4 %); Mutagenicity by
predicted pharmacokinetics and Ames test (84.3 %).15

toxicological effects.!

ADMETIab2.0 uses as entry data the Intestinal absorption, Plasma protein binding, Volume
SMILES formulas of the investigated of distribution, Clearance are predicted, P-glycoprotein
steroids; outputs ADMET profiles of binding, Blood brain barrier permeation, Binding to the

the investigated compound. The human cyps, Cardiotoxicity, Hepatotoxicity,
accuracy of the classification models Mutagenicity, Carcinogenicity

is of minimum 80 % and most of the Nephrotoxicity, Skin sensitization. ¢
regression models have R2>0.72.16

Endocrine Disruptome Interactions with the following nuclear receptors:
evaluates the interactions between the Androgen receptor (AR) (both agonistic and
investigated steroids and 12 human antagonistic interactions)

NR; uses SMILES formulas as input Oestrogen receptors (ER) o and f

data; delivers computed sensitivity Glucocorticoid receptor (GR) (both agonistic and
coefficients associated to colour codes: antagonistic interactions)

green cells for compounds that do not Liver X receptors (LXR) a and 3

affect the NR, yellow cells with low  Peroxisome proliferator activated receptors (PPAR) o,
probability of affecting NR, orange B/ and y

cells for compounds with mean pro- Retinoid X receptor (RR) o

bability of affecting NR and red cells Thyroid receptors (TR) a and .17

for compounds revealing a high pro-
bability of affecting NR. The accuracy
of prediction is at least 78 %.!7
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TABLE II. Continued

Online prediction tool Predicted activity and the accuracy of prediction

Pred-Skin 3.0 predicts the skin Predictions based on five sensitization assays:

sensitization potential of chemicals;  In vitro (keratinosens and human Cell Line Activation

uses the SMILES formulas as input Test, H-CLAT, accuracy 80 to 86 %)

data; outputs the probability of In vivo (murine local lymph node assay, LLNA,

compounds to illustrate or not skin accuracy 70 to 84 %)

sensitization potential; products a In chemico (Direct Peptide Reactivity Assay, DPRA,

probability map allowing the accuracy 73 to 76 %)

illustration of the contribution of Human repeated insult patch (HRIPT) test (accuracy

predicted fragment toward skin 70 %)

sensitization.!8 Human maximization test (HMT, accuracy 84 %).1%
RESULTS AND DISCUSSION

The physicochemical and structural properties of query compounds are
typically used as descriptors by computational tools that predict chemical
ADMET profiles. These properties and the 2D formulas of the investigated ste-
roids were extracted from PubChem database!? and are shown in Table III. This
table also contains the 2D formula and physicochemical properties of oxymethol-
one, the AAS used as a control in this study.

The data presented in Table III show that all investigated SDs have quite
similar physicochemical properties to those of oxymetholone: low molecular
weights, low numbers of hydrogen bond donors and acceptors and reveal low
hydrophobicity. These properties fulfil Lipinski’s rule of five3! and are common
to orally administered drugs. This is confirmed by the ADMETLab2.0 tool
results illustrating that these compounds satisfy Lipinski’s rule (Table S-I of the
Supplementary material to this paper). Methasterone and methyl-1-testosterone
are considered potentially toxic because they do not meet Pfizer’s rule.32

It should be noted that the major limiting point of the results of prediction
tools based on classification models is the reliability of the predictions because
computational models have limited domains of applicability. An applicability
domain (AD) is defined as the area of physicochemical and/or structural space in
which the model is expected to be exploitable, such as the predictions to be
assumed to be reliable.33 The admetSAR2.0 and ADMETLab2.0 prediction tools
allow estimation of the prediction accuracy for each compound individually and
specify whether the compound characteristics fall within the AD of the model
(illustration in Fig. S-1 of the Supplementary material for 19-nor-5-androsten-
edione). In the cases of the investigated steroids, the predictions were within the
range of applicability.

The absorption, distribution and excretion profiles of the investigated SDs
obtained with the admetSAR2.0 and ADMETLab2.0 prediction tools are rev-
ealed in Table IV. The data presented in this table bring up quite similar values
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obtained for the probabilities related to absorbtion, distribution and excretion
profiles of the investigated SDs compared to the those obtained for the control,
oxymetholone.

TABLE III. Steroids used in the present study, 2D formulas and their main physicochemical
properties extracted from PubChem database;!3 MW — molecular weight, log P — partition
coefficient, HBD — hydrogen bonds donors, HBA — hydrogen bonds acceptors, tPSA — topo-
logical polar surface area

Common name 2D formula MW_I logP HBD HBA tPS;A
g mol A
Methasterone [ /\i/_(\OH 318.5 4.5 1 2 37.3
i PP
[ e g
| | n ] A
O//\/-\/
=
Methyl-1-testosterone j o 3025 4.1 1 2 37.3
N
TR
PR/
i e o
| | H|]H
GA"/i\'/
4-Hydroxytestosterone OH 304.4 32 2 3 57.5
L

Methyldienolone 286.4 2.0 1 2 37.3
Methyltrienolone 284.4 2.1 1 2 37.3
19-Nor-5-androstene- 272.4 2.1 0 2 34.1
dione

Oxymetholone 332.5 4.4 1 3 37.5

Predictions obtained using both admetSAR2.0 and ADMETLab2.0 reveal,
for all SDs investigated, good human intestinal absorption. This result is in good
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correlation with published data disclosing good intestinal absorption of oral ste-
roids?7 in general and of oxymetholone in particular.!4

Predictions obtained using admetSAR2.0 and ADMETLab2.0 also regarding
the ability of SDs to be P-glycoprotein inhibitors are inconsistent, Table IV.
ADMETLab2.0 predictions exhibit high probabilities for SDs to be inhibitors of
this protein, while admetSAR2.0 predicts that SDs are not inhibitors of P-glyco-
protein. This inconsistency may be due to the different models used by the two
prediction tools to evaluate this effect. Testosterone is known to be an endogen-
ous substrate of P-glycoprotein34 and it is expected that its derivatives may also
interact with this protein. Further experimental investigations are needed to eva-
luate the ability of the investigated compounds to inhibit P-glycoprotein.

TABLE IV. Absorption, distribution and excretion profiles of the investigated steroids
obtained using admetSAR2.0 and ADMETLab2.0 prediction tools; the data represent the pro-
babilities that the analysed compounds are involved in the following processes: HI4 — human
intestinal absorption, BBBP — blood brain barrier penetration, P-gpi — inhibitor of the P-glyco-
protein, P-gps — substrate of the P-glycoprotein, PPB — plasma protein binding, CL — clear-
ance
Steroid admetSAR2.0 ADMETLab2.0

HIA P-gpi P-gps BBBP HIA P-gpi P-gps BBBP PPB CL/mL

% min! kg!

Methasterone  0.985 —0.662 —0.823 —0.271 0.982 0.600 0.000 —0.924 95.89 21.338
Methyl-1-testo- 0.989 —0.732 —0.795 —0.350 0.995 0.974 0.000 —0.419 95.31 18.841
sterone
4-Hydroxy- 0.986 —0.581 —0.925 —-0.310 0.988 0.971 0.000 —0.484 90.74 18.459
testosterone

Methyldi- 0.993 —0.760 —0.819 —0.735 0.978 0.945 0.005 —0.050 87.92 17.716
enolone
Methyltri- 0.989 —0.845 —0.801 —0.735 0.927 0.997 0.022 —0.127 90.05 5.957
enolone

19-Nor-5-and- 0.990 —-0.718 —0.841 —-0.262 0.992 0.939 0.001 -0.348 88.71 14.532
rostenedione
Oxymetholone 0.771 —0.754 —0.842 0.700 0.986 0.295 0.000 —0.152 66.54 19.616

The investigated SDs are not considered as being able to penetrate the blood
brain barrier (BBB) through passive diffusion. This prediction seems to be in
contradiction with expected ability of the AAS, due to their low molecular
weight and lipophilic character, to penetrate the BBB through passive diffusion.
However, even if AAS are known to strongly influence the central nervous sys-
tem (CNS), the modality how they enter the CNS through the BBB is still poorly
understood.35

All investigated SDs are able to bind to plasma proteins, but methasterone
and methyl-1-testosterone emphasize high levels of plasma protein binding (more
than 90 %). This limits their distribution from the blood to the tissues to be meta-
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bolized and prolongs their half-life. The binding of several other steroids to
plasma proteins has also been studied, and it has been observed that steroids, inc-
luding oxymetholone, are transported in the blood by their binding to human serum
albumin, sex hormone-binding globulin, and corticosteroid-binding globulin.36

Regarding metabolism, both prediction tools reveal that none of the SDs inv-
estigated in this study, nor the control oxymetholone, are considered cytochrome
(CYP) inhibitors involved in xenobiotic metabolism (Tables S-1I and S-III of the
Supplementary material). Data obtained through in vifro experiments show that
oxymetholone is able to bind weakly to CYP enzymes, but these interactions
have no clinical significance, oxymetholone is not considered an inhibitor of
CYPs, nor is it metabolized by these enzymes.!4 It means that investigated SDs
do not interfere with drugs or endogenous compounds that are metabolized by
these enzymes and do not cause unanticipated adverse reactions or therapeutic
failures. Methasterone and methyl-1-testosterone reveal high probabilities of
being substrates for CYP2C19, and there are reasonable probabilities for the
other SDs to be substrates for CYP3A4. The predictions of the interactions of the
investigated SDs with human CYPs are in good correlation with the known data
revealing that testosterone is considered as one of the CYP3A4 substrates.3”7 An
experimental study highlighted that 17 steroids demonstrated strong interactions
with CYP3A4 and moderate interactions with CYP2C9, CYP1A2 and CYP2D6.38
Other steroids showed the ability to interact with CYP2C9 in a computational
study.8

The prediction of some of the toxicological effects of the investigated SDs
are revealed in Fig. 1 and Table S-IV of the Supplementary material.

Fig. 1 highlights that none of the investigated SDs can produce nephrotox-
icity, cardiotoxicity through potassium channel inhibition (h-ERG), and the pro-
babilities of producing hepatotoxic effects are usually low. Regarding the cardio-
toxicity of AAS through potassium channel inhibition, there is a good correlation
of the obtained predictions with the published information revealing the protect-
ive effect of steroids on the potassium channel.39 Predictions regarding nephro-
toxicity are not well correlated with literature data revealing that some AAS have
been observed to induce or worsen acute and chronic kidney disease and glomer-
ular toxicity.*0 Regarding hepatotoxicity, published data reveal that AAS may
lead to hepatomegaly, liver adenomas, cholestatic hepatitis and hepatocellular
carcinoma. The high probability revealed by the ADMETLab2.0 tool that oxy-
metholone induces hepatotoxicity is in agreement with the known information
that high doses of oxymetholone have resulted in hepatotoxicity.!4

The data obtained show that it is possible that the investigated SDs have an
impact on the respiratory system and may induce respiratory toxicity (respiratory
sensitization, respiratory allergy, rhinitis, asthma).#! This prediction is in good
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correlation with published data revealing that ASA produced acute dyspnea and
pulmonary haemorrhage.*2
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Fig. 1. Predictions regarding the cardiotoxicity (h-ERG), hepatotoxicity (HT), skin
sensitization potential (skin), respiratory toxicity (RT) and nephrotoxicity (NT) obtained using
ADMETLab2.0 (1) and admetSAR2.0 (2) tools. ADMETLab2.0 does not output information
regarding nephrotoxicity.

There is an inconsistency in the predictions regarding the skin sensitization
potential of these molecules: ADMETALab2.0 usually predict skin sensitization
potential, but admetSAR2.0 predict non skin sensitization potential, with the
exception of 19-nor-5-androstenedione that exposes a reasonable probability to
produce skin sensitization. Due to this inconsistency, the ability of the inves-
tigated SD to produce skin sensitization is also investigated by using PredSkin3.0
prediction tool (see further).

The outcomes of the admetSAR2.0 tool indicate reproductive toxicity of all
investigated SDs and high values for the probabilities of these compounds to
affect the nuclear receptors (Fig. 2).

All investigated SDs reveal high probabilities to produce reproductive toxic-
ity and to affect the nuclear receptors, excepting the peroxisome proliferators-act-
ivated protein (PPAR) gamma. Predictions obtained using ADMETLab2.0 tool
also reveal probabilities with reasonable values that the SDs under consideration
affect the binding domain of several nuclear receptors (Table S-V of the Supple-
mentary material), excepting PPAR gamma. This result is in good correlation
with published data reflecting that numerous synthetic steroids, are able to inter-
act with the nuclear receptors.*2 A molecular docking study revealed that the
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synthetic anabolic steroids methandrostenolone, oxandrolone, oxymetholone and
stanozolol were able to bind to the human androgen receptor, oestrogen receptor
alpha and thyroid receptor.8
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Fig. 2. Predicted values for the probabilities of the investigated steroids to produce repro-
ductive toxicity (ReT) and to affect the nuclear receptors: AR — androgen receptor, ER —
oestrogen receptor alpha, TR — thyroid receptor, GR — glucocorticoid receptor, PPAR—

peroxisome proliferator-activated receptor gamma.

The Endocrine Disruptome computational tool was also used to obtain pre-
dictions regarding the interactions of the investigated SDs with the nuclear rec-
eptor, the results being revealed in Fig. 3.

All investigated SDs exhibit the potential for endocrine disruption. The most
affected are androgen, oestrogen and thyroid receptors. Peroxisome proliferator-
activated a, B and 7y receptors are not affected or the possible effect is low. These
predictions are in good correlation with those obtained using both ADMETLab2.0
and admetSAR2.0 tools. This result is also in line with literature data revealing
the reproductive toxicity and endocrine-disrupting potential of numerous ste-
roids, including oxymetholone.®-8:42 It should be noted that AAS are expected to
bind mainly to the androgen receptor, but their non-specific binding to the other
nuclear receptors may be due to the fact that the nuclear receptors share a com-
mon spatial structure with a well-conserved ligand-binding domain.*3

Predictions of the skin sensitization potential of the investigated SDs
obtained using the PredSkin3.0 tool are revealed in Table V. Visualization of
probability maps illustrating the contribution of different fragments to skin sen-
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sitization, which was constructed based on human repeat insult patch and human
maximization (HRIPT/HMT) models is revealed in Fig. 4.

methasterone [ methyl-1- 4-hydroxy [ [ oxymethlone
testosterone |testosterone i

Fig. 3. Endocrine Disruptome predictions of steroid derivatives binding to nuclear receptors:
androgen receptor (AR) both agonistic and antagonistic (an) interactions, oestrogen receptors
(ER) a and B, glucocorticoid receptor (GR) both agonistic and antagonistic interactions (an),
progesterone receptor (PR), liver X receptors (LXR) a and B, peroxisome proliferator activ-
ated receptors (PPAR) a,  and v, retinoid X receptor (RXR) a, and thyroid receptors (TR) o
and B. Red cells reveal high effect, orange grey cells reveal mean effect, yellow cells reveal
low effect and green cells reveal no effect of the steroids derivatives on the nuclear receptors.

TABLE V. Predictions of the skin sensitization potential of the investigated steroid derivat-
ives based on the following models: DPRA — direct peptide reactive assay, HRIPT/HMT
human repeat insult patch and human maximization, KeratinoSens — activation of a cytopro-
tective pathway in keratinocytes, h-CLAT — human cell line activation test, LLNA — local

lymph node assay. The sign ”+” indicates skin sensitization potential and the sign ”—” indi-
cates the absence of skin sensitization potential
Steroid pprA HRIPT/ e rationoSens h-CLAT LLNA ~ Dayesian
HMT outcome
Methasterone + + - + _ +
Methyl-1-testosterone + + + + + n
4-Hydroxytestosterone + + — + _ +
Methyldienolone + + - + +
Methyltrienolone + + + + _ +
19-Nor-5-androstene- + + - + + +
dione
Oxymetholone + + + + — +

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

(CC) 2024 Serbian Chemical Society.



3 7 8 BITANG et al.

methasterone methyl-1-testosterone 4-hydroxytestosterone

methyldienolone methyltrienolone 19-nor-5-androstenedione

methasterone methyl-1-testosterone 4-hydroxytestosterone

methyldienolone methyltrienclone 19-nor-5-androstenedione

oxymetholone

Fig. 4. Visualization of the probability maps illustrating the contribution of various fragment
(magenta regions) toward skin sensitization, build based on the human repeated insult patch
and human maximization (HRIPT/HMT) models for the investigated steroids derivatives.
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The data presented in Table V and Fig. 4 highlight that all investigated SDs
have skin sensitization potential. This prediction is in good correlation with the
literature data that emphasize several skin effects of AAS use: acne, epidermoid
cysts, folliculitis, furunculosis, oily skin and hair, seborrheic dermatitis, etc.**

Predictions obtained in this study for the SDs do not always correlate with
literature data that were obtained for numerous AAS. A possible reason of the
mismatch is the fact that the obtained predictions do not take into account the
amount of the chemical compound that was ingested (this being a common week
point of the in silico prediction tools), whereas many of the published papers,
highlighting the toxicological effects, mention the high doses of AAS. However,
both predictions and published data emphasize the need to implement clinical
studies on the potential of the SDs, investigated in this study, to produce toxicol-
ogical effects before they are approved for human use.

CONCLUSION

The investigated SDs reveal good human intestinal absorption, the inability
to penetrate the blood—brain barrier by passive diffusion, and the ability to bind
to cytochromes involved in xenobiotic metabolism as substrates or inhibitors.
Methasterone and methyl-1-testosterone show high levels of plasma protein bind-
ing and moderate clearance. The toxicity evaluation reveals that the investigated
SDs can be harmful to human health, causing a diversity of side effects: respir-
atory toxicity, endocrine disruption, reproductive toxicity, and skin sensitization.

These findings are important for both practitioners and consumers of dietary
supplements, especially for the supplements that are intended to enhance physical
activity. Potential toxicity should be considered, as many dietary supplements
contain designer steroids, which are sometimes not labelled as ingredients and
are easily bought on the Internet without any controls. Considering all these adv-
erse effects, consumers should be warned about using either steroid derivatives or
dietary supplements that may contain them.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12525, or from the corres-
ponding author on request.
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H3BOJ
ADMET ITPO®UJIN OJABPAHUX JEPUBATA AHABOJIMUKUX CTEPOUA

ANDREI BITANG!, VIOREL BITANG', VLAD GROSU?, ALECU CIORSAC?x ADRIANA ISVORAN*

'Department of Physical Education and Sports Performance, Faculty of Physical Education and Sport, "Aurel
Viaicu" University of Arad, Romania, ?Mechatronics and Mechanical Engineering Department, Faculty of
Automotive, Technical University of Cluj Napoca, Romania, >Department of Physical Education and Sport,
University Politehnica Timisoara, Romania u *Department of Biology-Chemistry and Advanced
Environmental Research Laboratories, West University of Timisoara, Romania

[TocToju KOHTpoOJa ynoTpede ¥ Tprosawa CTEPOMIUMA, &JIM Takohe Cy CUHTETUCaHH HOBH
CTEPOUJIHU [EPHUBATH, jeNUHmEHa KOja ONMOHAIIajy BHX0B edexaT. OHM Ce 4eCcTo MPOHM3BOAE
Kao JUjeTeCKH CyIIIEMEHTH KOjU Tpeda fa monpase (GU3NUYKY aKTUBHOCT, a ODUYHO Ce HE Aajy
uHboOpManyje y moriaeny cacrojaka, nose, U epukacHOCTH Wi de3demHocTH. Y 0BOj CTynouju
ce KOPHUCTH padyyHapCKu MpHUCTyn na 6u ce nponenwnd ADMET npoduin HEKOIHKO CTepo-
UJIHUX JlepuBaTa: MeTacTepoHa, MeTH/I-1-TecToctepoHa, 4-XUIPOKCUTeCTOCTEPOHA, METHIIIH-
€HOJIOHa, METUITPUEHOIOHA, 19-Hop-5-anapocrenavona. IIpumenena cy cnepeha opyha 3a
pauyHapcko npensubame: admetSAR2.0, ADMETLab2.0, Endocrine Disruptome, PredSkin3.0.
CBa MCTpakMBaHa jefumema Cy NoKas3ana fodpy ancopnuujy y JbyACKoj yTpodH, He Mory ha
npohy dapujepy usmehy KpBu U M03ra, U HHXUOUPAjy eH3ume nuToxpoma P450 koju cy yKiby-
yeHH y MeTabonn3am kceHoOHoTHKA. OBa jenumerma UMajy MOTEHUUjal 3a CeH3UOUITH3aLHjy
KOXKe, Ia UHOYKYjy TOKCHYHOCT y PenponyKuuju U eHHOKpuHe nopemehaje, Te UMajy HHU3aK
NOTEHLIWjaJl 3a TPOBamwe KPBYU M AWCAjHUX opraHa. Pe3ynTatu ose cTyauje Tpeda fa dyny mos-
HAaTH OHMMa KOjU Cy U3JI0KEHH Ha paJHUM MeCTHMa IJe Ce OBa jefuHera IpaBe U Nakyjy, Te
norpomaurMa. OBa npegsubama MOry Takohe ycMepaBaTH €KCIIEPUMEHTATHO NTPOLIEHUBALE
Moryhe TOKCHYHOOCTH HUCIUTHBAHUX je[UHEHA, UHjH PE3YATaTH CE MOTY Aa/bé KOPUCTHTH y
CBPXY peryJjiucama 0BUX CTEPOUIHUX JepuBaTa.

(TTpummeHo 3. aBrycra, peBunupaHo 25. centembpa, npuxsaheno 5. Hopembpa 2023)
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(Lipinski) and safety (Pfizer and GSK)

Steoid Lipinski rule Pfizer
rule

methasterone

methyl-1-testosterone

4-hydroxytestosterone

methyldienolone

methyltrienolone

19-nor-5-androstenedione
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Table S-II. ADMETLab2.0 prediction of the probability that the investigated steroid
derivatives are substrates/inhibitors of human cytochromes (CYPs) involved in xenobiotic

metabolism.
Steroid name / substrate inhibitor
cytochrome |CYP1A2 |CYP2C19|CYP2C9 |[CYP2D6 |CYP3A4|CYPIA2 |CYP2C19 |CYP2C9 |CYP2D6 | CYP3A4
methasterone 0.666 0.951 0.308 0.866 0.641 0.066 0.092 0.263 0.012 0.309
methyl-1-
testosterone 0.561 0.923 0.180 0.471 0.869 0.060 0415 0.249 0.095 0.740
4-hydroxy
testosterone 0.585 0.732 0.161 0.845 0.269 0.105 0.085 0.240 0.013 0.056
Methyl
dienolone 0.528 0.458 0.149 0.125 0.707 0.143 0.088 0.230 0.492 0.323
Methyl
trienolone 0.404 0.730 0.161 0.066 0.726 0.229 0.165 0.210 0.572 0.844
19-nor-5-
androstenedione | 0.705 0.749 0.803 0.884 0.628 0.087 0.170 0.339 0.007 0.237
oxymtholone 0.665 0.891 0.164 0.617 0.598 0.024 0.045 0.175 0.014 0.439
Table S-III. admetSAR2.0 prediction of the probability that the investigated steroid
derivatives to be substrates/inhibitors of the human cytochromes (CYP) involved in
metabolism of xenobiotics.
Steroid name / substrate inhibitor
cytochrome CYP2C9s | CYP2D6s | CYP3A4s | CYP1A2i | CYP2C19i | CYP2C9i | CYP2D6i | CYP3A4i
methasterone -0.827 -0.803 0.689 -0.500 -0.872 -0.690 -0.973 -0.858
methyl-1-
testosterone -1.000 -0.880 0.677 -0.598 -0.766 -0.810 -0.969 -0.844
4-hydroxy
testosterone -0.728 -0.852 0.751 -0.893 -0.860 -0.928 -0.936 -0.881
Methyl
dienolone -0.828 -0.892 0.686 -0.900 -0.666 -0.950 -0.945 -0.881
Methyl
trienolone -1.000 -0.900 0.671 -0.900 -0.666 -0.950 -0.945 -0.881
19-nor-5-
androstenedione -0.788 -0.788 0.544 -0.826 -0.790 -0.927 -0.940 -0.865
oxymetholone -1.000 -0.871 0.688 -0.838 -0.863 -0.857 -0.964 -0.806
Table S-IV. Predicted values for the probabilities of the investigated steroids to produce
toxicological effects
Steroid name/prediction tool ADMETLab2.0 admetSAR2.0
toxicity | Carc. Ames mut. Eye corr. | Eyeirr. | Carc. | Ames mut. | Eye corr. | Eye irr.
methasterone 0.062 0.039 0.003 0.016 | -0.900 -0.980 -0.988 -0.941
methyl-1-testosterone 0.499 0.011 0.004 0.021 | -0.900 -0.910 -0.991 -0.978
4-hydroxytestosterone 0.058 0.049 0.003 0.012 | -1.000 -0.830 -0.994 -0.939
methyldienolone 0.634 0.031 0.003 0.014 | -0.971 -0.910 -0.994 -0.932
methyltrienolone 0.881 0.016 0.003 0.014 | -0.914 -0.780 -0.994 -0.974
19-nor-5-androstenedione 0.874 0.017 0.003 0.031 | -0.900 -0.930 -0.987 -0.920
oxymetholone 0.129 0.013 0.004 0.017 | -0.970 -0.960 -0.995 -0.996

Carc. — Carcinogenicity: Ames mut. - Ames mutagenesis, Eye corr. - Eye corrosion; Eye irr. - Eye irritation
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Table S-V. Predicted values for the probabilities of the investigated steroids to bind to nuclear
receptors (NR): AR — androgen receptor, LBD — ligand binding domain, AhR — aryl
hydrocarbon receptor, ER — estrogen receptor, PPAR gamma — peroxisome proliferator-
activated receptor gamma.

Steroid name / effect on the |NR-AR |NR-AR-LBD |NR-AhR |NR-ER [NR-ER-LBD | NR-PPAR-gamma
nuclear receptors
methasterone 0.092 0.239 0.001 | 0.323 0.833 0.015
methyl-1-testosterone 0.079 0.743 0.000 | 0.182 0.850 0.022
4-hydroxytestosterone 0.061 0.025 0.000 | 0.186 0.816 0.158
methyldienolone 0.766 0.940 0.058 | 0.619 0.735 0.633
methyltrienolone 0.843 0.979 0.064 | 0.739 0.821 0.871
19-nor-5-androstenedione 0.710 0.793 0.033 0.87 0.844 0.667
oxymetholone 0.459 0.691 0.001 | 0.119 0.553 0.732
Upper Limit Lower Limit () Compound Properties
W
LogP nRig
loos 7l 2
LU\;’J norial
Logl nHet
nHA MaxRing
nHD nRing
TPSA nRot

Figure S-1. The distribution of the properties of 19-nor-5-androstenedione (blue line)
compared to the properties considered by the prediction models (yellow zone).
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Abstract: The surfaces of natural (NZ) and zeolite/iron oxyhydroxide composite
(ZFe) samples were analysed by means of inverse gas chromatography (IGC)
using the adsorption data of organic non-polar and polar probes, in the infinite
and finite-dilution regimes, in the temperature range 483—513 K. The dispersive
components of the free energy of adsorption, yg, determined by the Gray method,
decreased with increasing temperature for both zeolites. The specific interactions
were characterised by the specific free adsorption energy change, AG,S, the
specific enthalpy change of adsorption, AH,S, as well as the donor and acceptor
interaction parameters (K, Kp) and the basic character of the NZ and ZFe was
evidenced. The adsorption isotherms of n-hexane, benzene, chloroform and
tetrahydrofuran (THF) were determined under finite surface coverage and used
to estimate the specific surface area and the adsorption energy distribution. The
adsorption capacity of the ZFe was higher than for NZ for all the investigated
adsorbates. The specific surface areas and pore size distributions were also
determined using nitrogen adsorption—desorption isotherms, i.e., the BET
method. It was observed that the nature of the adsorbate and the properties of the
solid surface of the initial and modified samples governed the uptake of
adsorbates.

Keywords: surface characteristics; electron donor—acceptor properties; specific
surface area; adsorption energy distribution.
INTRODUCTION

Zeolites are microporous hydrated crystalline aluminosilicate minerals (Mx /
n[(Al02)x(S102),]-zH70, where M are alkali (n = 1) or alkaline (n = 2) earth metal
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cation) consisting of three-dimensional structures of SiO4 and AlOy, tetrahedrally
linked by oxygen atoms to form a structure which contains channels and cavities.
Zeolites are various types of minerals that differ in their formula which generate
variation in their Si/Al ratio, amount of cations, framework structure, porosity,
surface area, and the surface properties (e.g., hydrophobicity and acidity).! The
isomorphous replacement of Si** by AI3* results in a net negative charge that is
compensated by alkali and alkaline earth metal cations within the framework.
These frameworks are open so cations and water molecules have freedom of
movement. As such, they are ideal molecular sieves and a high level of selectivity
can be achieved in catalysis and ion-exchange. Due to their unique structure and
properties (thermal stability, cage structure of molecule size, ion exchange, efc.)
zeolites are widely used as adsorbents, 2> catalysts®7 and cation exchangers.$-?

The adsorption properties of natural zeolites have been improved by different
physical and chemical modifications.> Many researchers reported that mixed
systems synthesised from oxides and/or hydroxides of iron (also active adsorbents)
and zeolites were able to adsorb high concentrations of inorganic species. The
adsorption capacities for Mn2*,10 Cu2+ 11 7Zn2* 12 and Pb2+,13.14 Cd2* and
Zn2*+,15.16 A5(V)17 as well as dyes,!8:19 have been significantly increased. The
desired impact of surface modification exists in the increase of specific surface
area, better distribution of the particles of iron spices within the composite mat-
erials, presence of the new functional groups on the surface; ion exchange due to
the presence of easily exchangeable ions; and hydroxide precipitation caused by
the higher point of zero charge of the modified zeolite compared to natural zeo-
lite.16 But, the effect of chemical modification on their surface energy has been
rarely reported.

Inverse gas chromatography (IGC) is a gas phase technique that provides
information on the thermodynamic, surface energy, morphological parameters
(such as, surface area and porosity), acid—base properties, glass transition temper-
atures, surface energy heterogeneity and reaction kinetics associated with gas—
—solid adsorption and catalytic reactions. In addition, the adsorption character-
istics, such as isotherms and heats of adsorption, can be obtained from chromato-
graphic experiments. The term “inverse” refers to reversal of the usual roles of the
stationary and mobile phases used in conventional gas chromatography. In inverse
gas chromatography, the stationary phase of the chromatographic column (solid
material, such as a powder, fibre or film placed in a column) is of interest, in
contrast to conventional gas chromatography when the mobile phase is the subject
of interest. This stationary phase is then characterised by monitoring its interaction
with volatile probe molecules of known properties as they are carried through the
column via an inert gas. IGC has been widely used to study surface properties of
various materials, such as synthetic and biological polymers, copolymers, polymer
blends, adsorbents, foods, carbons, clays and catalysts.20
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The present work was devoted to a detailed analysis of the interactions of
natural and of iron oxyhydroxide modified zeolite with organic molecules from the
gaseous phase at zero and finite surface coverage using inverse gas chromato-
graphy. The retentions of organic compounds of different chemical nature and
polarity (non-polar, polar, donor or acceptor) were measured in the temperature
range 483-513 K. The objectives of this study were to estimate and to compare: i)
the thermodynamic parameters of adsorption (enthalpy and entropy), the dis-
persive and specific interactions of various organics with zeolite samples under
infinite surface coverage, ii) the acid/base constants of zeolite samples, which
describe the ability of a surface to act as electron acceptor or donor; iii) the ads-
orption isotherms and adsorption energy distributions for the adsorption of hexane,
benzene, chloroform and tetrahydrofuran onto examined zeolites under finite
surface coverage.

EXPERIMENTAL

Natural zeolite (NZ) from the Slanci locality, Serbia, and zeolite modified by iron(III)
(ZFe) were used as adsorbents. The natural zeolite contained clinoptilolite as the dominant
phase with lower contents of quartz and feldspar. The ZFe was prepared by the addition, under
stirring, of 180 mL of 5 M KOH solution to a suspension of 20.0 g of natural zeolite and 100
mL of freshly prepared 1 M FeCl; solution, according to the method applied for synthesised
pure goethite.!12! The suspension was diluted with deionized water to 2 L and held in a closed
polyethylene flask at 70 °C for 60 h. The obtained brown-reddish precipitate was centrifuged,
washed to remove Cl- and dried at 105 °C. X-Ray diffraction analysis showed lower crystallinity
of ZFe in comparison to the parent zeolite, and also that the ZFe contained an amorphous iron
phase. According to the results of characterisation and properties, presented in the previous
work, '3 it was assumed that an iron oxyhydroxide, phase similar to goethite, but not crystalline,
was formed on the zeolite.

The specific surface areas and pore size distributions of the NZ and ZFe were estimated
from nitrogen adsorption—desorption isotherms determined using a Micrometrics ASAP 2020
instrument. Before the measurements, the NZ and ZFe were degassed at 240 °C (the highest
IGC experimental temperature) for 10 h under reduced pressure. The specific surface areas of
samples (SggT) were calculated according to the Brunauer, Emmett, Teller (BET) method from
the linear part of the nitrogen adsorption isotherm.2? The total pore volume (V,,,) was given at
p/po =0.998. The volume of the mesopores and pore size distribution were analysed according
to the Barrett, Joyner and Halenda method from the desorption isotherm.?? The volume of the
microspores was calculated according to ¢-plot analysis?* using the Harkins—Jura thickness curve.

The following test compounds, purchased from various commercial suppliers, were used
as IGC adsorbates: n-pentane, n-C¢H, 4, n-heptane, n-octane, CHCl;, diethyl ether (DEE), ethyl
acetate (EtAc), THF, cyclohexane and C¢Hg. All test compounds were of HPLC grade.

IGC measurements were performed on a Perkin Elmer 8700 gas chromatograph equipped
with a flame ionization detector (FID). Stainless steel columns with passivated inner walls (50
cm long and 30 cm long, internal diameter of 2.2 mm) were packed with 1.68 g of NZ (in the
first series of experiments) and with 1.02 g of ZFe (in the second series of experiments). The
two ends of the columns were plugged with silane-treated glass wool. Before the adsorption test
of the probes, the columns were stabilised overnight on the GC system at the working
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temperature under a nitrogen flow without connection to the detector in order to avoid detector
contamination.

High purity nitrogen was used as the carrier gas at a flow rate of 3 cm?min‘! for NZ and 6
cm? min'! for ZFe, measured with a soap bubble flowmeter and corrected for the pressure drop
in the column using a pressure gradient correction factor (j). The measurements were performed
in the temperature range 483—513 K. The injector and the detector temperature were set at 563
and 593 K, respectively.

For the IGC measurements under infinite dilution conditions, minor amounts of gaseous
solutes were injected manually, at least in triplicate, which permitted the lateral interactions
between adsorbed molecules to be neglected. The chromatograms were collected and the ret-
ention volumes determined as the difference between the peak maxima and the column “dead
time”, measured with methane as a non-interacting marker. In the case of finite surface cover-
age, amounts from 0.5 to 10 pl of n-C¢H4, C¢Hg, CHCl; and THF were injected. The retention
times and peak areas were based on the average of several injections of each sample.

RESULTS AND DISCUSSION

The specific surface area was measured by the conventional nitrogen ads-
orption—desorption technique. Adsorption—desorption isotherms at =196 °C on NZ
and ZFe and pore volume and pore size distribution are presented in Fig. 1. The
measured BET surface area, mesopores and micropores volume, the overall pore
volume and Dy« — the pore size at which the density of the pore size distribution
achieves its maximum and D, — the average pore diameter are given in Table L.

The ZFe sample showed a hysteresis pattern, which was associated with the
filling and emptying of the mesopores by capillary condensation, but did not show
a plateau at high p/pg values. The hysteresis loop is of type H3. The type of
hysteresis pattern indicates the presence of slit-like pores.2> The shape of the nit-
rogen isotherm for ZFe is characteristic for Type IIb, indicating that the material
contained both mesopores, which are responsible for the hysteresis, and macro-
pores, which results in the absence of plateau-like mesoporous Type IV iso-
therms.22 The obtained #-plot for ZFe indicates that no micropores were present.
The NZ sample showed a low adsorbed volume at low and intermediate relative
pressures, indicating a small contribution of micropores to the total pore volume
(which was confirmed by #-plot analysis), but a high adsorbed volume and a hys-
teresis at higher relative pressures. According to Kuila and Prasad?> the isotherm
shape indicates that NZ had negligible micropores and fine mesopores but had a
significant volume of larger mesopores and macropores.

The obtained chromatographic peaks for NZ and ZFe were symmetric and had
maxima independent of the amount injected, which indicated that the adsorption
occurred at zero surface coverage when the lateral interactions between the
molecules adsorbed at the surface can be neglected. The net retention volumes, 'y,
were calculated according to Eq. (S-1 of the Supplementary material to this paper)
and used for the determination of the adsorption enthalpy change, AH,, and
adsorption entropy change, AS, (Table II). Generally, more negative values of AH,
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correspond to stronger interactions between the adsorbate and adsorbent. As was
expected, the AH, values for the n-alkane homologous series increased with the
chain length, the molecular weight, the boiling points, and the molar refraction for
both zeolite samples, NZ and ZFe (Table II). It is evident from the data in Table II
that CgHg exhibited a more negative AH, value than the corresponding values for
the aliphatic and alicyclic hydrocarbons (n-CgH 14 and ¢-CgH13), probably because
of the interactions occurring between the n-electrons in the aromatic rings and the
surface functional groups. Similar results were found by Diaz et al.2® for the
adsorption of ¢-CgH13, CgHg and n-CgH14 onto zeolite SA and zeolite 13X.
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The adsorption enthalpies for n-alkanes were higher in the case of the ZFe.
According to the values of the adsorption enthalpies (Table II) the NZ sample
exhibited some larger interactions with DEE, THF, CgHg and ¢-CgH 1>, as a result
of the presence of Lewis acid and Lewis base sites, whereas the ZFe samples
showed stronger interactions with CHCl3 and EtAc, suggesting an increase in
donor properties by the formation of layers of iron oxyhydroxide on the surface
and in the zeolite structural channels. During the modification, the dimensions of
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the channels decreased and some acceptor sites were blocked, resulting in weaker
interactions of cyclic and aromatic molecules with the ZFe.

TABLE I. The textural properties of the zeolites (240 °C)

Sample SBET Vpore,total Vmicro,pore Vmeso,pore D, max D avg

m2- g_l cm3- g_l cm3- g_l cm? .g_l nm nm
NZ 27.7 0.126 0.0054 0.123 23.3 20.9
ZFe 143 0.256 0.005 0.248 2.89 6.02

TABLE II. Enthalpy change of adsorption AH,, and entropy change of adsorption AS,, on the
NZ and ZFe

Adsorbate NZ ZFe
—AH,/kJmol'  -AS,/Jmol' K'!  —-AH,/kJmol' -AS,/Jmol!K'!

n-CsH,, 13.89 133%0.1 17.75 19.420.1
n-CgHyy 18.48 19.5 0.1 22.97 24.120.1
n-CyH, 21.80 23.340.1 27.17 26.0+0.1
n-CgHyg 26.89 30.240.1 33.43 32.420.1
CHCl, 22.00 25.8+0.2 138.4 267+0.5
EtAc 27.63 21.6+0.1 45.40 56.8+0.2
DEE 33.01 32.3+0.1 20.58 6.70+0.1
THF 37.81 31.4+0.2 20.64 8.70+0.1
¢-CeH 18.43 18.720.1 15.00 8.2040.1
CoHy 52.64 78.420.2 50.00 63.420.1

The data obtained from the interactions of the zeolite surfaces with n-alkanes
were used to calculate the dispersive component of the surface free energy, y4,
according to Eq. (S-5) of the Supplementary material. The values of AGcyp for
different temperatures were calculated as the slopes of the dependences of AG, for
n-alkanes, calculated according to Eq. (S-2), on the number of carbon atoms in the
alkanes, nc (Fig. 2). As expected, the values of AG, for n-alkanes increased
linearly with the chain length. The calculated y¢ values for NZ were 17.89 mJ m~
2at 513K, 18.37 mJ m2 at 503 K, 19.17 mJ m2 at 493 K and 20.54 mJ m2 at
483 K while for ZFe values were 76.73 mJ m2 (513 K), 77.11 mJ m2 (533 K),
77.18 mJ m2 (493 K) and 77.24 mJ m~2 (483 K).

The y¢values for both investigated samples gradually decreased with inc-
reasing temperature in the investigated range, whereby the influence of tempera-
ture was greater for NZ than for ZFe. This decrease was attributed to the entropic
contribution to the surface free energy change. The yd values for the NZ sample
were similar to those reported in the literature,27-28 while the 7§ values for ZFe
were higher than those obtained for NZ. As in the case of the AH, values for
n-alkanes, the higher values of ¢ for ZFe in comparison to those for NZ indicated
stronger bonds between n-alkanes and the surface functional groups of ZFe than
with surface of NZ. This could be the result of the existence of structural
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heterogeneities on the lateral surface, into which linear alkanes are inserted, as well
as the differences in structure, surface area and porosity due to the presence of iron
oxyhydroxide in the modified sample.
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]
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=
—
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4 5 6 7 4
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L ]
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=)
Si54 "
=
—
2
%)
< 104
3 I 1 ! v Fig. 2. Plots of AG, vs. carbon number
n
C

of n-alkanes for: a) NZ and b) ZFe.

The plot of —AGj, versus Ty, in the case of n-alkanes is straight line, the “alk-
ane line” (Figs. S-1 and S-2 of the Supplementary material). Due to specific inter-
actions, the AG, values for the polar probes are located off the alkane straight line
in the dependence of AG, on the adsorbate boiling point, 7},. The specific
component of the free energy of adsorption (Table III) was determined from the
difference between the free energy of adsorption for a polar probe and the free
energy of adsorption for a real or hypothetical n-alkane with the same boiling
point, T,. The values presented in Fig. 3 and Table III indicate that the examined
powders interact specifically with both a strong acid (CHCI3) and a strong base
(THF), exhibiting thereby both donor and acceptor character.

It is obvious that interactions of ZFe with polar probes are stronger than those
of NZ, which indicates that the functional groups on the ZFe surface are more polar
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than those on the NZ surface. Furthermore, the specific interactions are higher for
the aromatic ring (CgHg) than for cycloalkanes. When benzene adsorbs on zeolites,
there are two kinds of adsorption sites, i.e., Lewis acid sites (hydroxyl protons
covalently bonded to oxygen atoms bridging the framework silicon and aluminium
atoms and cationic extra framework aluminium species A3, Al(OH)2*, and
Al(OH)?)29 interact with the benzene ring, and Lewis base sites, oxygen atoms in
the zeolite structure, which have a very high interaction with benzene.

TABLE III. The specific free adsorption energy change (—AGS) at 513 K and —AHS values of
polar probes for NZ and ZFe

Adsorbate Nz ZFe Nz ZFe
~AGS /kJ mol! ~AG3 /kJ mol! ~AHS /kJ mol! ~AH; /kJ mol!
CHCI, 6.12 19.0 25.9 34.7
EtAc 8.29 22.7 59.1 67.9
DEE 16.5 30.4 422 43.5
THF 15.5 273 42.0 40.0
c-CeHpy 428 15.0 247 32.4
CeHg 8.04 21.9 59.0 67.5
50
B cricy,
m EtAc
40 % C-C(»
=) FE—Ben —
E 304 7 pee =
= 7 =
S 20 7 =
= =
| — A —
0 !
NZ Zl'e

Fig. 3. The free energy change of adsorption (AG,) of the polar probes
on NZ and ZFe at 513 K.

The values of the specific enthalpy change of adsorption, AHS for polar ads-
orbates (Table III) were obtained by plotting AGS/T versus 1/T and used for the
determination of the acid constant, K s, and basic constant Ky according to Eq. (S-
8) (Fig. 4). The determined values of Kp and K were 2.01 and 0.458 for NZ and
2.97 and 0.413 for ZFe.

The influence of the modification on surface properties of the NZ was con-
firmed by the values of Kp and K. The surface of the NZ exhibited predominantly
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basic character with a Kp/Ka ratio of 4.39, but surface of the ZFe showed a higher
basic character with the ratio of Kp/Kx = 7.20.

30+

= NZ
o ZFe
THI
%Z 20+ ///////,/:
< -
a EtAc s
E 10 i -
: s
" "DEE
=
04 cIicl,
, , : _ Fig. 4. Plotof —AHS / AN * versus DN/
0 10 20 - 40 /AN* for the adsorption of polar probes
DN/ AN onto NZ and ZFe.

Basic constant Kp is higher and acid constant is lower for ZFe than for NZ.
This is the result of the presence of basic Fe—OH groups on ZFe surface due to
deposition of Fe-oxyhydroxide during the modification. The acid—base properties
of the natural zeolite was in good agreement with those reported for zeolites MgY
(basic character, Kp/Ka = 3.50) and NH4Y (basic character, Kp/Ka = 2.61)
reported by Bilgic.27 It should emphasize that both samples interacted strongly
with chloroform, which is both an electron donor and electron acceptor. This
confirms that apart from having strong donor sites, there are some sites with
acceptor properties on the surfaces of the zeolites.

The adsorption behaviour of the natural and modified zeolite samples as a
function of both temperature and pressure was investigated by IGC under finite
conditions. The adsorption isotherms for n-CgH14, CgHg, CHCl3 and THF, plotted
as a (mol kg1) versus p (kPa), obtained at the temperature 483, 493, 503 and 513
K, are presented in Figs. 5 and 6, for NZ and ZFe, respectively.

The experimental isotherms were interpreted using the BET equation and the
BET fit is represented by dotted lines. The BET plots in the indicated range gave
excellent linearity for each adsorbate and for both samples. Monolayer capacity
om and the BET constant, C, were estimated using the slope and intercept of the
corresponding straight lines and listed in Table IV. The oy, values were used for
the calculation of the specific surface areas of the zeolites according to Egs. (S-13)
and (S-14) (Table IV).

The adsorption capacity of the ZFe increased for all investigated adsorbates.
This was expected because of the higher surface area of ZFe in comparison to NZ
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and stronger interactions of used organic molecules with the new functional groups
on the ZFe surface, which was proven by AG, determination at infinite coverage.
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Fig. 5. Adsorption isotherms for: a) n-CgH14, b) C¢Hg, ¢) CHCl; and d) THF on the NZ at
483-513 K.

The adsorption capacity of the zeolite increased after modification for all
investigated adsorbates. This was expected because of the higher surface area of
ZFe in comparison to NZ and stronger interactions of used organic molecules with
the new functional groups on the ZFe surface, which was proven by AG,
determination at infinite coverage.

According to the results presented in Table IV, the adsorption capacities of
the NZ and ZFe decreased in the following order: CHCl3 THF, C¢Hg and
n-CgH14. Previous IGC measurements at zero surface coverage showed the basic
character of the NZ and ZFe. CHCl3, as expected, had the greatest affinity towards
the zeolites surfaces due to strong acid—base interactions and high values of the
monolayer capacities were obtained. On the other hand, THF as a strong base is
expected to establish repulsive forces with the zeolite surface. However, the values
of monolayer capacity for THF adsorption were high for both the NZ and ZFe.
Obviously, despite the fact that the surfaces of the NZ and ZFe have dominantly a
basic character, there are also acid centers that interact with the strong base. A
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similar conclusion was reached according to the determined acid/base properties
of the NZ and ZFe at zero surface coverage.
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Fig. 6. Adsorption isotherms for: a) n-CgH,4, b) C¢Hg, ¢) CHCl; and d) THF on the ZFe at

483-513 K.

Comparing the specific surface areas obtained by IGC and by the standard
nitrogen adsorption method (Table I), it could be seen that the data for the NZ
agree reasonably well. However, in the case of the ZFe sample, the specific surface
area calculated from the IGC data obtained with n-CgH 4, C¢Hg, THF and CHCl;
were much lower than those obtained from nitrogen adsorption. This could be
explained by differences in the molecular size. The nitrogen molecule, due to its
smaller size (N, cross-sectional area is 0.162 nm?2), can penetrate into pores that
are inaccessible to the larger molecules of n-CgH |4, C¢Hg, THF and CHClI3 (pore
diameter of Fe—zeolite < diameter of molecule used). In the case of NZ, the
mesopores were larger (the average pore diameter was 20.9 nm) and approachable
for interaction with the organic probes.

The commonly accepted quantitative measure for the heterogeneity of the
surface energetics, the adsorption energy distributions function, y, that is related
to the isotherm a(p,T), were determined using Eq. (S-15). The calculated dis-
tribution function was dependent on the choice of the local isotherm, as well as on
the probe molecule.
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TABLE IV. BET equation constant, C, monolayer capacity, ¢, and specific surface area of NZ
and ZFe in the temperature range 483-513 K

Adsorbate T/K @y / mol kg'! C S, /m? g1
NZ ZFe NZ ZFe NZ ZFe
n-CgHy4 513 0.121 0.268 4.30 9.34 28.7 64.0

503 0.114 0.159 4.30 11.6 26.6 37.8
493 0.110 0.153 5.20 8.74 26.2 36.4
483 0.109 0.116 5.79 10.9 26.0 27.8
CeHg 513 0.146 0.350 7.87 293 26.9 64.1
503 0.146 0.308 9.80 20.7 26.8 56.1
493 0.135 0.258 9.90 23.6 24.8 47.2
483 0.134 0.238 9.96 22.1 24.6 43.7
CHCl; 513 0.170 0.372 7.73 3.98 28.9 63.5
503 0.168 0.369 5.57 6.33 28.6 62.8
493 0.167 0.357 4.40 6.25 28.5 60.8
483 0.164 0.319 4.22 6.40 28.0 54.4

THF 513 0.163 0.352 13.86 117 28.3 61.0
503 0.159 0.351 13.67 106 27.5 60.6
493 0.159 0.331 12.31 112 27.5 57.2
483 0.158 0.314 10.67 111 274 54.7

The distribution functions of the adsorption energy of the adsorption sites,
relating the number of sites with a given energy to discrete adsorption energy
values, measured with n-CgH14, CgHg, THF and CHCI3 at 513 K are presented in
Fig. 7a and b for the NZ and ZFe, respectively. Similar trends in the distribution
functions of the adsorption sites were observed for both zeolite samples. As it
could be seen from the plots that the number of adsorption sites with certain energy
increased with decreasing &z The obtained dependencies varied from one solid/
/adsorbate pair to another in terms of shape and the site number.

Similar values for the number of adsorption sites available on ZFe and on NZ
were obtained for all four adsorbates, which suggest that number of sites on the
zeolite surface did not change significantly during modification. The adsorption
sites for the NZ and ZFe were also of similar energies.

The curve that describes the heterogeneity function for CHCl3 was higher than
that for the other adsorbates (see Fig. 6), indicating that a larger number of
adsorption sites were involved in the interaction with CHCl3 This is probably the
result of the strong acid—base interactions of the hydroxyl groups of the adsorbate
with the probe. Generally, y is not only a characteristic of the solid itself but is also
strongly dependent on the type of the solid/adsorbate combination.

The performed comparison of the adsorption energy distribution function, %,
for diverse sorbents enabled an evaluation of the heterogeneity of the surface
energetics of these sorbents. The investigated samples, in spite of differences in
porosity and sorption activity, were fairly similar in their degree of heterogeneity
of the surface.
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Fig. 7. Distribution functions of the adsorption sites measured with n-C¢H;4, CHCl;, THF and
CgHg at 513 K for: a) NZ and b) ZFe.

CONCLUSION

Inverse gas chromatography under finite and infinite conditions was used to
determine the surface properties of natural zeolite (NZ) and the influence of the
modification with iron oxyhydroxide on the surface properties of the zeolite
(sample ZFe).

Modification of the NZ considerably increased the dispersive component of
its surface energy, specific interaction with polar probes, as well as the adsorption
capacity for all investigated polar probes. Of the four adsorbates studied by finite
coverage IGC, CHCI3 had the greatest affinity towards the investigated zeolite
surfaces due to strong acid—base interactions.

The NZ and ZFe strongly interacted with both the electron donor and the
acceptor probes, as well as with the amphoteric probes. Based on the acceptor and
donor interaction constants (Kp and Kp values), the NZ and ZFe were found to
have a basic character.

The value of S, for the NZ calculated from IGC data were in good agreement
with those determined by the BET method. On the contrary, in the case of ZFe,
these results did not correlated successfully due to the differences in the molecular
sizes of the examined polar probes and nitrogen, as well as to the adsorbate—
adsorbent interactions.

SUPPLEMENTARY MATERIAL
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H3BOJ
I[MTPUMEHA UHBEP3HE 'ACHE XPOMATOI'PA®UIJE ITPU HYJITOJ U KOHAYHOJ
I[MPEKPUBEHOCTH 3A UCITUTUBAILE AIICOPITIUJE OPTAHCKHX MOJIEKYJIA HA
3EOJIUTY U KOMIIO3UTY 3EOJIMTA U I'BOXBE-OKCUXUIPOKCHUIA

CJIABULIA C. TJA3APEBUR!, MAPUJA T. MUXAJJIOBUR-KOCTUR? UBOHA M. JAHKOBUR-UACTBAH!, HOPEE T.
JAHARKOBHWR!' u PAJIA JI. [IETPOBUR!

"Texnonowxo—memanypwxu Gaxyniuein Ynusepsuimeiia y Beoipagy, Kapneiujesa 4, 11 000 Beoipag u
2Beotpagcru 80gosog u kananusayuja, Jenuipagcka 28, 11000 Beoipag

[TpumeHOM HHBep3He TacHe xpomarorpaduje, UCIIUTaHA Cy MOBPUIMHCKA CBOjCTBA MPH-
pornHor 3eonuta (NZ) u kommo3ura 3eoiauTa U reoxkhe-okcuxunpokcuaa (ZFe), xopuirhewmem
NI0JIapHUX U HETO/IapHUX 1Tpoda y yC/I0BUMa HyJITE U KOHaYHE IPEKPUBEHOCTH y TEMIIEPATYP-
HoMm oricery 483—-513 K. BpegHocTH gucriep3vBHE KOMIIOHEHTe C1000/IHE eHepTHje afCcopniyje,
ys, oopehene metogom I'peja, omapajy ca mopactom Temueparype 3a oda 3eonuta. Oppe-
husameM mpomeHe creuuduuHe crobomHe eHepruje apcopnuuje, AG.S, U IpoMeHe crenu-
(duune enranmuje ancopruuje, AH.S, koje oarosapajy kuceno/5asHAM HHTEPAKLMjaMa Ha YBP-
CTOj MOBPIIKHH, onpeheHu cy U akienTopckd U JoHOpcku mapameTpu (Ka u Kp) Ha oCcHOBY
KOjuX je yTBpheHo fa cy nospiuuHe y3opaka NZ u ZFe 6asHor kapakrepa. Ha ocHOBY nodujennx
aICOPILIMOHUX U30TEPMHU 33 n-XEKCaH, DEH3€eH, XI10podOpM U TeTpaxuapodypaH, IPUMEHOM
UHBEp3HE racHe xpomartorpaduje y ycIoBMMa KOHayHe NPEKPUBEHOCTH, H3padyyHare Cy
BPEJHOCTH crenM@HUuyHe MOBPLIMHE KAa0 M pacHofesa afCOpNUHOHe eHepruje. Kamamurer
ancopnudje y3opka ZFe je duo Behu y ogHocy Ha kamauuTeta y3opka NZ, 3a CBe HCIIHUTaHE
ancopdente. CiennduyHa NOBPIIKHA y30paka Kao 1 pacroesia BeJTHYrHe Me30mopa ogpehenun
Cy IPUMEHOM aJCOPIIUOHE/IECOPILIMOHE U30TEPME 3a TACOBUTH @30T, OAHOCHO mpuMeHoM BET
MeTojie. 3aK/byueHo je fa cy Ipupofa ascopdaTa v NOBPIIMHCKA CBOjCTBA afcopOeHara [1aBHU
(axTopH KOjU ompelhyjy KanauMTET afCOPNLUje.

(ITpumsbeHo 8. centembpa, peBuaMpaHo 8. okrodpa, mpuxsaheno 21. Hosem&pa 2023)
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THEORETICAL BACKGROUND — INVERSE GAS CHROMATOGRAPHY
Zero surface coverage

The primary experimental parameter measured in IGC, the net retention
volume, Vy, in cm?, can be calculated from the maxima of the chromatographic
peaks and the dead time using the expression:'

. -ow) T
Vy = JFp PP (b = t) (s-1)

where #r is the retention time (min), 7 the dead time (min), T is column
temperature (K), 7r is ambient temperature (K), po is the outlet column pressure,
pw is the vapour pressure of water at Tt (Pa), Fr is the carrier gas flow rate (cm’
min™') and j is the James—Martin compressibility factor.

The free energy change of adsorption, AG, is related to Vy as follows:

AG, = —RTIn(—iBe) (S-2)
alls

where R is the gas constant, p; is the adsorbate vapour pressure in the gaseous
standard state, equal to 101 kN m? (101 kPa), S, is specific surface area of the
adsorbent (m? g'), m is the mass of adsorbent in the column (g) and /7s is the
reference two-dimensional surface pressure, equal to 0.338 mN m™ .

The differential heat of adsorption of adsorbates at zero coverage, AH,, was
obtained from the temperature dependence of V'x according to Eq. (S-3):

_ leLVN _
AH, =-R AT (S-3)

* Corresponding author. E-mail: slazarevic@tmf.bg.ac.rs
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The entropy of adsorption of adsorbates, AS,, is given by:
AHS—-AGY
ASq =—— (S-4)

The surface free energy of an adsorbent, s (J/m?), is expressed as the sum of
the dispersive component, yg, and the specific component, yg, corresponding to the
dispersive and specific interactions, respectively.’ The dispersive properties of the
solid surface are characterized by Y, while the specific properties can be described
by the IGC-derived Ka and Kp parameters, characterising the ability of surface to
acidic (acceptor of electrons) and basic (donor of electrons) interactions.

The dispersive component of the surface energy can be determined using the
retention times of n-alkanes, because there are no acid—base interactions between
alkanes and the stationary phase:

v = AGEy,
S 4‘VCH2 N2 -aéHZ

(8-3)

where N is Avogadro’s number, acu, 1s the cross-section of a —CH» group
(0.06 nm?), and ycu, (mJ m™) is the surface tension of a surface consisting of ~CHa
groups, given as a function of temperature (ycu, = 35.6 + 0.058 (293-7)), while
AGcn, represents the free energy of adsorption of a methylene group, defined as
the energy difference between the adsorptions of two successive alkanes; AGcn,
can be determined from the dependence of AG; for alkanes on the carbon number,

i.e., as the slope of the straight line referred to as the “alkane line*:
AGey, = —RT In (VVN‘" ) (S-6)

N,n+1

where Vn,» and V.41 are the specific retention volumes of two consecutive #-
alkanes having n and n+1 carbon atoms, respectively.

The specific interaction can be estimated from the retention data of polar
probes. The probes used for to study the specific forces were chosen based on their
acidic or basic character, as determined by Gutmann.* The polar probes interact
more strongly with the solid than n-alkanes, as dispersive and specific forces are
involved, and the values of AG, for polar probes are situated above the “alkane
line”. The difference between the values of AG, for polar probes and the values of
AG, for a real or hypothetical n-alkane with the same boiling point, 73" is equal to
AGs:

s (S-7)

AGS = RT In(

VN,ref

where Fx is the net retention volume for the polar probe and Vet is the net
retention volume for the n-alkane with the same boiling point, 7.

The specific enthalpy of adsorption, AH;, and the specific entropy of

adsorption, AH5 can be determined as the slope and the intercept, respectively, of

the straight line obtained by plotting AG5/ T versus 1/ T.
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Based on the values of AH; for various polar molecules, Saint-Flour and
Papirer® proposed an empirical relationship to characterize a solid with an acid
constant Kx and a basic constant Kp:

S
— 2 = 2L 4 K (S-8)
where DN and AN* are the Gutmann donor and modified acceptor numbers,*
respectively, corresponding to the polar probes used to determine the specific
interactions with the solid. Values of constants Kx and Kp of the adsorbent can be
obtained by plotting AHYAN" as a function of DN/AN", according to Eq. (S-8).

The Kp/Kx ratio is a measure of the surface acidity and basicity. Thus, for a

ratio Kp/Ka > 1, the surface is considered to be alkaline, but acidic for Kp/Ka < 1.

Finite surface coverage

At finite coverage, when high quantities of probe molecules are introduced
into the chromatographic system, the surface adsorption results in non-linear
isotherms and asymmetrical peak shapes. Assuming that the recorded peak height
is proportional to the partial pressure, the quantity adsorbed onto an adsorbent, a,
can be calculated using the following expressions (S-9, S-10):'

1

a=ﬁgﬁgmw (8-9)
_ n
=" (5-10)

where p is the partial pressure of the adsorbate, n is the number of moles of
probe injected, / is a height of the chromatographic peak and S is the area of the
chromatographic peak. The definitions of R, 7" and m have been given previously.
The relationship between the amount of sample adsorbed in the column and
the adsorbate vapour pressure is given by (S-11):’
Sadsh
a = s (S—l 1)
where Sags is the chart area bounded by the axis of the time # of the non-
retained specimen and the adsorption envelope of the peak maxima.
The experimental isotherms can be converted to the linear form of the
well-known BET isotherm:**
1 c-1
o = o+ 2 (0/po) (s-12)
where C is a constant related to the heat of adsorption, om is the amount of
adsorbate adsorbed in a monolayer and py is the vapour pressure of the adsorbate
at the temperature of the measurement. If (p/po)/a(1— p/po) is plotted in the narrow
range of applicability of BET theory (0.05 < p/po < 0.3), the slope and the intercept
allow an estimation of ax, and C.
In this paper, the po values were calculated according to the Antoine equation
using the literature data for n-CsH4,'" CHCI3,'! benzene'' and THF 2,
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The area occupied by the adsorbate in the monolayer, o, can be calculated by
assuming that the adsorbed molecules have a spherical shape in hexagonal close
packing, arranged on the solid surface in the same way as on a plane surface
immersed into bulk liquid of the adsorbate (S-13):"?

o = 1.091 (Nﬂp)z/3 (S-13)

where M is the molecular weight, p is the density of the probe, Nis Avogadro’s
number and the constant 1.091 is a packing factor.

From ¢ and o, data, the surface area of the adsorbent can be calculated using
the following relation:

Sa = apoN (S-14)

The surface energetic heterogeneity of a solid may be described by the energy
distribution function, y, relating the number of adsorption sites having a given
adsorption energy to the adsorption energy of the molecule. The experimental
isotherm of(p,7) as the sum of the partial isotherms corresponding to the
homogeneous adsorption segments, is given by the equation:

a(p,T) = ap f; x(e5) 0(e5, . T)deg (8-15)
where é &,p,T) is the local isotherm of surface sites with the same &.
To calculate y, the terms derived by Rudzinski'* can be used:

da | 3.147 3

_ _ Oa 2207 -
X = 6sE+ - R*T Py (S-16)
where the & function is estimated as:
ez = —RT ln%—zuai (S-17)

using: zu = Hi/4," and K = peexp(Hi/RT)'®, where z is the number of nearest
neighbour adsorption sites, u is the interaction energy between molecules adsorbed
on two neighbouring sites and Hy is the heat of evaporation of the probe.
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Abstract: The composite membrane is synthesized using chitosan as a matrix
membrane with montmorillonite (MMT) as a filler and modified using poly-
vinyl alcohol (PVA). The main aim of this study is to find out the influence of
PVA concentration and the working temperature toward the permeability of
chitosan—-MMT/PV A composite membrane. Fourier transform infrared spectro-
scopy (FTIR) characterization is performed in order to identify the interaction
between the chitosan matrix and the modified MMT with PVA. The presence
of new absorption at 1116.82 and 619.17 cm™! indicated the interaction bet-
ween MMT and PVA. Further, the widening of OH absorption indicated the
hydrogen bond which is formed between chitosan matrix and PVA. This inter-
action is also demonstrated by the evenly distributed surface on scanning elec-
tron microscope (SEM) topography analysis. The thermal stability of compo-
site membrane is determined by thermal gravimetry analysis (TGA). In addit-
ion, the composite membrane containing PVA has four patterns decomposed.
When the TVA is absent from the composite membrane, it has three decom-
position patterns, which are shown by TGA analysis. Based on its tensile
strength, the composite membrane has good mechanical properties. The proton
conductivity of the composite membranes are directly proportional to the PVA
concentration. On the other hand, the methanol permeability of composite
membranes is inversely proportional with the PVA concentration. The highest
proton conductivity was obtained with the addition of 2 % PVA of 2.94x10* S
cml. Further, it also has the lowest methanol permeability with the value of
5.05x10° cm? s71. As a result, the crosslinked composite membrane chitosan—
—MMT prepared by PVA-crosslinking technique has the potential to be exp-
loited for the direct methanol fuel cell application.

Keywords: proton conductivity; methanol permeability; direct methanol fuel cell.
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INTRODUCTION

Currently, the expansion of the renewable energy sources has gained atten-
tion. Among the most prospective sources of the environmentally friendly, cheap
and safe energy is hydrogen. The fuel cell is among many alternative devices that
can tap and use the hydrogen energy. The fuel cell is capable of producing elec-
trical energy by reacting hydrogen and oxygen with water as the product. Fuel
cell is composed of two electrodes, namely the anode and the cathode, that are
separated by polymer membrane. This membrane is known as polymer electro-
lyte membrane (PEM). It become the medium which transports the hydrogen ions
produced by the reaction of the anode towards the cathode. Hence the cathode
can generate electrical energy.!

The membranes for fuel cells are made from cheap materials that are resist-
ant to high temperatures and high energy density. As a result, the permeability
membrane and its ability to retain water or methanol can be achieved. The per-
meability membrane that is applied to the direct methanol fuel cell (DMFC) is
one of the key components of DMFC performance, which results in the environ-
mentally friendly and power efficient energy for a wide range of different applic-
ations.2

An alternative membrane material that can be used for PEM is chitosan.
Chitosan is a well-known biopolymer waste, consisting of monomer N-acetyl
glucosamine (GlcNAc) and also D-glucosamine (GlcN). Chitosan is a well-org-
anized chemical structure material, inert and good ion conductive properties. Fur-
thermore, the level of chitosan toxicity is relatively low. Therefore, the chitosan
polymeric materials provide good properties for fuel cells. However, the low sol-
ubility of chitosan in water is a deficiency for PEM because chitosan can become
waterless. Hence, cross-linking chitosan with other materials is necessary to imp-
rove the PEM properties.>

In this study, chitosan act as matrix membrane which was cross-linked with
the inorganic filler montmorillonite (MMT) which is a hydrophobic material.
MMT offers several advantages for being economical, environmentally friendly
and high rate of SiO,. Further, the SiO» plays an important role in the process of
the cross-linking. Another reason for choosing MMT as inorganic filler are the
hydrophobic properties of MMT curb methanol crossover, when it is in contact
with methanol. However, MMT cannot interact with chitosan directly due to the
weak interfacial interaction between the two surfaces.# Hence, it needs modific-
ations with another material and polyvinyl alcohol (PVA) was used in this study.
PVA was selected because of its hydrophilic properties and good chemical resist-
ance. The additional reasons of choosing PVA are that it can interact with chito-
san through hydrogen bond between hydroxyl group of PVA, and free amine
group of chitosan and bind strongly with MMT.5 PVA also presents the water-
-resistant bond between the inorganic filler and polymer matrix. Next, PVA can
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form a strong bond which can provide high mechanical strength is also more
resistant to the presence of methanol that can destruct the composite membrane’s
structure. Therefore, the modifications using PVA could decrease the perme-
ability properties of the PEM.

This study is aimed to find out the effect of PVA concentration on the con-
ductivity and permeability of chitosan-MMT/PVA composite membrane. The
concentration percentages of PVA that we used in this study were 0, 1, 1.5 and 2 %.

EXPERIMENTAL
Materials

The composite membrane used in this study was synthesized from chitosan (Merck, Sin-
gapore), montmorillonite K-10 (97 % purity degree, Sigma Aldrich, Singapore), polyvinyl
alcohol (98 % purity degree, Sigma Aldrich, Singapore). Other chemicals with pro analysis
purity were CH;COOH (97 % purity degree, Merck, Singapore), demineralized aqua, concen-
trated H,SO4 (98 % purity degree, Merck, Singapore), and methanol (96 % purity degree,
Merck, Singapore).

Instrumentation

Several tools that used on this study such as scale, thermometer, electric heater, erlen-
meyer, pH indicators, condenser, volume pipette, magnetic stirer, beaker glass, stirrer ultra-
sonic, an utensil of the permeability test, electrochemical impendance spectroscopy (EIS) of
Autolab with FRA32M module, Fourier transform infra red (FTIR) 8400 Shimadzu, scaning
electron microscopy (SEM) Hitachi TM3000, thermo gravimetry analysis (TGA) of Mettler
Toledo and Stograph VG10-E.

The Fabrication of chitosan membrane

In this phase, 2 g of chitosan were dissolved in 2 vol. % of acetic acid and heated at 80
°C and stirred for 30 min. Then, the solution was treated with the ultrasonic bath for 30 min,
left for 30 min, and treated again with the ultrasonic bath for 30 min. After the process, the
solution was flattened on a glass plate and dried for 48 h. Further, the membrane was washed
with aqua DM and dried at room temperature for 24 h.

Montmorillonite modification using polyvinyl alcohol

In this phase, 0.08 g of MMT was dissolved in 25 ml of 2 vol. % acetic acid. Then 1 g of
polyvinyl alcohol was dissolved in 100 mL of aqua DM at 80 °C and stirred for 2 h. Further,
the PVA solution mixed with MMT, it then stirred for 3 h at room temperature. The homo-
genized solution was modified MMT solution with PVA, 1 %, and referred to PVA concen-
tration 0, 1.5 and 2 %. They were also modified using the same procedure.

The Preparation of composite membrane chitosan—montmorillonite/polyvinyl alcohol

In this part, 1.5 g of chitosan were dissolved in 37.5 mL of 2 vol. % acetic acid. The sol-
ution was then stirred and heated at 80 °C for 2 h. Next the solution was homogenized with
the ultrasonic bath for 30 min. Further, the modified MMT solution at the concentration level
of PVA 0, 1, 1.5 and 2 % was mixed with chitosan solution. Then the mixture was stirred and
heated at 80 °C for 30 min. After that, the mixture was handled with the ultrasonic bath for 30
min, left for 30 min and handled again with the ultrasonic bath for 30 min. After the process
of degasification, the mixture was flattened on a glass plate and dried for 48 h at room tempe-
rature. In the end, the membrane was saturated in a solution of 2 M H,SO,4 for 24 h and
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washed with aqua DM, and also dried at the room temperature for 24 h. The membranes were
characterized with FTIR and SEM to find out the interaction between chitosan and MMT
which is modified with PVA. The membrane conductivity measurement was carried out using
EIS and permeability test was also conducted using the permeability tool test. TGA analysis
was also conducted to find out the thermal stability of composite membrane.
Tensile strength

Tensile strength test of the composite membranes was conducted by making the mem-
brane that measured 140 mmx25 mm in dry state. Next, the pull velocity of 10 mm/min and
the pull strength of 10 N were applied to the membrane at room temperature.

RESULTS AND DISCUSSIONS

Modification of montmorillonite using polyvinyl alcohol

The initial stage of montmorillonite modification using polyvinyl alcohol
was done by dissolving a number of MMT in acetic acid. The presence of acetic
acid in this process is significant because it can perfectly modify MMT. Next in a
different container, a certain amount of PVA concentrations (0, 1, 1.5 and 2 %)
was dissolved in aqua DM. Then it was heated and stirred to form a homo-
geneous solution. Further, the PVA solutions were mixed with MMT solution
and stirred for 3 h at room temperature to form the homogenous solution. This
treatment is intended in order that PVA could coordinate with MMT through
polysiloxane network between them.

Preparation of composite membrane chitosan—montmorillonite

Composite membranes were made from chitosan with montmorillonite int-
egration. Chitosan acted as matrix membrane, while montmorillonite acted as a
filler. MMT was modified with various PVA concentrations of 0, 1, 1.5 and 2 %.
It was combined with the ratio of chitosan and MMT of 70:30. Monroy-Barreto
et al. revealed that the filler reached the amount of the matrix at this ratio.® The
pure chitosan membrane and the composite membrane were in the form of brown-
ish yellow plastic sheets with varied concentration of PV, as shown in Fig. 1.

Fig. 1. A) Pure chitosan membrane; chitosan-MMT composite membrane with 0 (B), 1 (C),
1.5 (D) and 2 % (E) concentration.

In this research, fine composite membranes are made in the presence of
acetic acid. The acid dissolved chitosan and modified the MMT perfectly. The
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another advantage of acetic acid treatment is to render chitosan as a good proton
conductor. When chitosan is solvable in acetic acid, both H" and CH3COO~ of
acetic acid are scattered in the chitosan and can be mobilized under an electric
field. Further the mixed solution was heated at 80 °C and stirred. During this
treatment the chitosan molecules were intercalated into the MMT to obtain a
homogeneous solution mixture. The intercalation was caused by the hydrogen
bond between the amine and the hydroxyl group of chitosan with the silica of
MMT. Next, the ultrasonic treatment was conducted to make collision among the
molecules and disperse the filler evenly on the membrane surface. Moreover, the
repeated ultrasonic treatment is intended for the maximum interaction between
the chitosan matrix and modified MMT. Hence, a perfect interaction can be
formed between the two materials.”-8 In addition, the interaction can also turn the
solution into a gel form. Afterward, it was placed on flat glass for the membrane
casting process. The cast membrane was dried at room temperature for 48 h to
release the residue of acetic acid. Hence the bond, which was formed between
chitosan matrix and modified MMT filler, became stronger. Further, the dry
membrane was soaked in 2 M sulfuric acid solution. This treatment aimed to
create the cross-linking process between chitosan and modified MMT. Thus, the
interaction between them became optimal. The another objective of sulfuric acid
handling was to make the chitosan polycationic. As a result, the chitosan matrix
could donate its electron through the amine group.

As is shown in Fig. 1, the colour of the membrane is influenced by its com-
position. It is directly proportional to the concentration of PVA in the membrane.
The pure chitosan membrane (see Fig. 1A) has the brightest colour among the
others and it is wrinkled. The pure chitosan membrane is wrinkled due to its hyd-
rophilic properties. The chitosan—-MMT with 0 PVA (see Fig. 1B) has darker
brownish yellow membrane surface among the other composite membranes. The
MMT reacted successfully with chitosan and made the colour of the composite
membrane mixed from chitosan and MMT 1 % PV A, which was found at MMT
filler (see Fig. 1C), makes the colour of the membrane brighter and more plastic
than the chitosan—-MMT composite membrane with no PVA. When the concen-
tration of PVA was 1.5 % in the composite membrane, the colour of the mem-
brane was even brighter than the membrane with the concentration of PVA 0 and
1 %. It is also more plastic than hydrophobic, and consequently it is more resist-
ant to breakage when soaked in water/methanol. Further, the membrane with the
PVA concentration of 2 % had the brightest colour and the most plastic of all the
others. Hence it is become more resistant to water/methanol.? Before the
measurements and characterizations of the samples, the samples were dried at 60
°C by heated in vacuum oven.
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Composite membrane characterization

Fourier transform infra red (FTIR). FTIR was conducted to find out the
bond which had been formed in composite membrane. The result of the FTIR
characterization can be seen at Fig. 2. While the various FTIR absorbances in
the chitosan-MMT composite membrane can be seen in Table 1.

4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

Wavenumber, cm™!

Fig. 2. FTIR spectra of chitosan membrane (A) and composite membranes with various PVA
concentration: B) 0; C) 1; D) 1.5; E) 2 %.
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TABLE 1. Various wavenumber (cm™') of chitosan (CS)-montmorillonite (MMT) composite
membrane FTIR absorption with various polyvinyl alcohol (PVA) concentration

Membrane

No. Vibration type CS—MMT/PVA CS—MMT/PVA CS—MMT/PVA

€S CS-MMT 1% 1.5 % 29%
1 —OH 343534 3444.98 3435.34 3425.69 3433.41
2 —CH, 2920.32 2931.90 2926.11 2928.04 2930.05
3 C—N 1635.69 1633.76 1633.76 1639.55 1635.69
4 —NH, 1543.10 1537.32 1535.39 1543.10 1539.25
5 -0 1263.42 1116.82 1193.98 1193.98 1220.98
6 Al-O - 880.56 885.36 871.85 887.28
7 Si—0—Si - 619.17 597.95 601.81 592.17
8 Si—0 - 542.02 543.94 549.73 551.66

The alteration of wave number of the absorption peaks and the emergence of
the new absorption peaks, indicate the interaction between chitosan and MMT.
Further, it also demonstrated that MMT had been successfully reacted with the
chitosan matrix. Meanwhile, the wider and sharper of the —OH absorption indi-
cate the interaction between chitosan and MMT (see Fig. 2B), and also between
the chitosan matrix and PV A through the formed hydrogen bonds (see Fig. 2C, D
and E).

The sharper of —CN vibration indicated the cross linking of chitosan and
PVA.10 Whereas, the interaction between MMT and PVA can be seen by the
shifting wavenumber of Si—O-Si absorption from 619.17 to 592.17 cm~1. This
absorption shift occured because of the overlapping between Si—O vibration of
MMT and C—O vibration of PVA. This condition is confirmed by the existence
of strong enough the bend of Si—O which appeared in the wavenumbers 543.94,
549.73 and 551.66 cm~! (Fig. 2B-E).!!

Scanning electron microscopy (SEM). SEM characterization was carried out
in order to determine the surface morphology of the membrane. The result of the
SEM characterization can be seen at Fig. 3.

NL D50 x2,0k  30um B NL D44 x2,0k 30um
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Fig. 3. SEM micrograph of surface membrane: A) pure chitosan; B) composite chitosan—
MMT; C) chitosan—-MMT / PVA 2 %.
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Fig. 3 shows that pure chitosan membrane (see Fig. 3A) has more homo-
genous than that the surface of composite membrane chitosan—-MMT modified
PVA. This condition occurred because no fillers were added. Whereas, Fig. 3B
illustrates that the surface of the membrane has uneven spots, which means that
the filler particles are not evenly distributed on the chitosan matrix. The addition
of MMT filler without PVA modification causes the uneven distribution of filler
in the chitosan matrix. As a result, the membrane solution is not thoroughly
mixed. Further, the intercalation between the chitosan matrix and the filler still
occured, despite of the low efficiency. Meanwhile, the presence of PVA on the
Fig. 3C caused the membrane surface to have even and uniform spots, which
means that the filler particles were evenly distributed. A protective layer is
formed over the chitosan surface, which could improve the chitosan polymer
stability. This indicates that there was strong interaction not only between chit-
osan and PVA, but also between MMT and PVA. Further, the crosslinking
among chitosan, MMT and PV A provides no phase separation. It also increases
the compability and mechanical strength of the composite membrane. Never-
theless, it also provided the stable interface and inter-linking network of the com-
posite membrane. 12

A similar study reported on chitosan—polyvinyl alcohol composite mem-
brane for the fuel cell applications.!3 The results of SEM analysis showed that
the pure chitosan membrane has more even surface than the composite mem-
brane. Further, the composite membrane was the uniform and free of any surface
pores and cracks. The distributed particles could be oriented perpendicular to
each other by the polymer chain, thanks to the electrostatic repulsion, thus, form-
ing an inter-linking network.

Thermo gravimetry analysis. Thermo gravimetry analysis (TGA) charac-
terization was conducted to determine the thermal stability of chitosan-MMT
composite membrane. The result of TGA analysis of the composite membrane is
shown in Fig. 4. Fig. 4 also illustrates that the presence of PVA on the composite
membrane affected the decomposition pattern which can be seen at the thermo-
gram spectra. It shows four decomposition patterns of the composite membrane
with PVA while the composite membrane with the absence of PVA has three
decomposition patterns. The first decomposition started at 60 °C and it was attri-
buted to the evaporation of water molecules in the membrane for the composite
membrane without PVA (Fig. 4A).14 The first decomposition of the composite
membrane with PVA (Fig. 4B) is also associated with the water evaporation,
which is followed by the broken linkage between chitosan and PVA. The second
decomposition of the composite membrane with PVA was related to the decom-
position of polymer chain in chitosan, caused by dehydration, which triggered the
formation of various different molecules with low molar mass that evaporates
and it leads to the broken of hydrogen bonds between the amine groups of chit-
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osan and the silica groups of MMT that occured at about 185 °C. The PVA
caused the strong interaction between MMT and the chitosan matrix through
hydrogen and covalent bonds. This condition is confirmed with Zawadzki and
Kaczmarek, who conducted thermal analysis of chitosan at various temperatures.
They state that the chitosan decomposition, which occurred above 180 °C, was
related to the decomposition of pyranose rings through dehydration and deamin-
ation, further ring-opening reaction.!3

Mass data (mg)

T T B L S e LA A T e B LA A O A A SR
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580
Temperature (°C)

Fig. 4. Thermogram of composite membrane chitosan-MMT modified with PVA 0 % (A) and
2% (B).

The third decomposition of the composite membrane with PVA and the
second decomposition on membrane without PVA, occur at about 200 °C. For
the composite membrane with PVA (Fig. 4B), the decomposition represented the
broken chitosan and PVA bond on the membrane and also the disconnection of
crosslinking between chitosan and MMT. The above fact was supported by Chen
et al, who state that decomposition at the temperature of about 20-400 °C is
related to the broken bond between chitosan polymer and PVA. Meanwhile, the
composite membrane without PVA at the temperature for about 240-280 °C cor-
respond to the disconnection bond between amine groups of chitosan and silica
groups of MMT.16

The third decomposition of the composite membrane without PVA occurs
around 310-340 °C. It is associated with the degradation and the decomposition
polymer unit of chitosan and the decomposition of siloxane group from MMT.
Next, the fourth thermal decomposition of the composite membrane with PVA
related to chitosan polymer chain breakdown because of the dehydration at high
temperatures. This phenomenon occurred at the temperature of about 290 °C. In
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addition, this thermal decomposition is also represented by the decomposition of
the residual organic substrate of PVA. Moreover, at 280-460 °C, this is also
related to the elimination of the polysiloxane network between MMT and PVA,
and disconnection of the crosslinking between chitosan and PVA. This is also
endorsed by Lin et al., who worked on the thermal analysis of hybrid membrane.
Their study revealed that at the temperature above 250 °C, the decomposition
was associated to the elimination of the siloxane group.!! Meanwhile, the
chitosan-MMT the decomposition in this temperature range was associated to the
destruction of crosslinking between chitosan matrix and MMT. This fact is con-
firmed by Palani et al. They state that the temperature range of 350-500 °C is
responsible for to the destruction of bond between chitosan and the filler of chit-
osan matrix.!7 To conclude, from Fig. 4 it can be seen that the composite mem-
brane with PVA has better thermal stability than without one. It has a complex
decomposition pattern and at the end of the process, the remaining mass of com-
posite membrane with PVA is more than the mass of composite membrane with-
out PV.

Tensile strength. Table II illustrates that in dry state, the composite mem-
brane with PVA concentration of 2 % has the highest value of break elongation,
and it also shows that break elongation value is directly proportional to the addit-
ion of PVA on the membrane. This is related with PVA characteristic which is
has good mechanical properties and high flexibility. Thus, the addition of PVA
on the composite membrane makes it more elastic with the significant increment
of break elongation properties. On the other hand, the composite membrane
without PV A addition has the lowest break elongation. This is because the hydro-
phobic characteristics of MMT increased the rigidity of the membrane. Further,
the addition of PVA increases the tensile strength of composite membrane. This
condition shows that the composite membrane chitosan-MMT modified with
PVA is a quality material based on its mechanical properties. Consequently,
these composite membranes had reasonable strength and could potentially be
used for DMFC application.!8

TABLE II. Tensile strength analysis of pure chitosan membrane and chitosan—-MMT compo-
site membrane with various concentrations of PVA in dry state

Membrane Break elongation, % Tensile strength, MPa
Pure chitosan 173.43 157.48
Chitosan-MMT 72.48 129.40
Chitosan-MMT/PVA 1 % 654 205.04
Chitosan-MMT/PVA 1.5 % 867.86 250.47
Chitosan-MMT/PVA 2 % 963 375.69

Proton conductivity. Proton conductivity is one of the main benchmark for
the membrane, which can influence the fuel cell’s performance directly. In this
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study, it was measured by using EIS at room temperature which is shown in
Table III.

TABLE III. Proton conductivity value of pure chitosan membrane and composite membrane
chitosan-MMT with various PVA concentrations at room temperature; 4 = 1.0 cm?

Membrane Resistance, Q L/cm /104 S cm’!
Pure chitosan 124.230 0.019 1.53
Chitosan-MMT 118.170 0.022 1.83
Chitosan-MMT/PVA 1 % 115.480 0.025 2.16
Chitosan-MMT/PVA 1.5 % 105.745 0.026 2.46
Chitosan-MMT/PVA 2 % 95.335 0.028 2.94

Table III illustrates the addition of PVA concentration effect on the mem-
brane conductivity. The proton conductivity of the composite membranes rose
from 1.83x10~%4to 2.94x10~4 S cm~! as the PVA concentration, increased from 0
to 2 %. The composite membrane — 2 % PVA, has the highest conductivity
among the others, because of the suitable amount of PVA to binding strongly the
amine group of chitosan and it forms a polysiloxane network with MMT. Mean-
while, the pure chitosan membrane has the lowest value of conductivity among
the others. This condition due to the hydrophility of chitosan, which makes the
membrane soluble. As a consequence, the proton conductivity decreases signific-
antly. Meanwhile, the composite membrane — 0 % PVA, has low conductivity
because the absence of PVA makes the chitosan and MMT cannot bind strongly.
Hence, proton conduction can’t be conducted optimally. The composite mem-
branes — 1 and 1.5 % PVA, have lower conductivity than the composite mem-
brane — 2 % PVA. The addition of PVA concentration was not appropriate to the
chitosan and MMT concentrations. Consequently, it cannot facilitate the conduct-
ion well and resulting poor proton conductivity value. On the system, chitosan—
—MMT composite membrane which is modified by PVA, have two factors that
influence proton conductivity. These two factors are: i) the presence of polysilox-
ane network which can form a water-bound membrane layer to facilitate proton
hopping. The proton hopping mechanism is the mechanism of transferring the
proton across the membrane which determines the conductivity of membrane; ir)
A strong hydrogen bond formed between the amine groups in chitosan and the
epoxy on the silane ensures a high proton conduction.2-8:19

Those aforementioned is reinforced by Palani and co-workers, who also
modified the chitosan membrane with polyvinyl alcohol for direct methanol fuel
cell. They stated that the addition of PVA increase the proton conductivity of
membrane. It is related with the amount of charge carrier (free functional groups)
which is belongs to heterophasic morphology of PVA and influenced in protonic
conduction. Moreover, PVA could make more flexible networks for the ionic
transport.17
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Methanol permeability. The methanol permeability is the parameter to find
out the amount of methanol that passed through the membrane. The membrane of
direct methanol fuel cell (DMFC) has too low methanol permeability to maintain
optimum performance. Next, the methanol permeability is inversely proportional
to the performance of membrane. The higher methanol permeability, the lower
will be the performance.? The measurements of methanol permeability at room
temperature is shown in Table IV. They indicate that the addition of PVA con-
centration influence on the methanol permeability. Table IV illustrates that the
pure chitosan membrane has the highest value of methanol permeability. On the
other hand, the composite membrane — 2 % PVA, has the lowest methanol per-
meability in comparison to the others, because the added amount of PVA is attri-
butable to the strong hydrogen binding amine group of chitosan and formed a
polysiloxane network with MMT. Moreover, the selectivity of PVA toward
water—alcohol also affected the decrement of methanol permeability.20:21 The
addition of modified MMT filler to chitosan matrix affected the derivation of
membrane permeability. Further, on the system chitosan—-MMT composite mem-
brane which is modified with PVA, has two factors that affect the membrane
permeability. These two factors are: i) the dispersion of the anorganic particle on
the composite membrane prolonged the path length and the tortuosity of meth-
anol permeation. As a result, this made it difficult for the methanol molecule to
pass through the membrane; ii) the presence of polysiloxane network on the com-
posite membrane intensified the membrane ability to retain the structure when
the methanol passed through. Next, the hydrophobicity of modified MMT on the
composite membrane makes the rigidity of chitosan matrix and reduce the
swelling ability of membrane.2-19-22

TABLE IV. Methanol permeability of pure chitosan membrane and composite membrane
chitosan-MMT with various PVA concentrations at room temperature; 4 = 3.14 cm?; V = 50
mL; C=5M

Methanol permeabilityx10°

Membrane Slope, M s2 L/cm > 1
em? §
Pure chitosan 0.0028 0.001 8.92
Chitosan—-MMT 0.0019 0.0011 6.66
Chitosan—-MMT/PVA 1 % 0.0008 0.0022 5.61
Chitosan-MMT/PVA 1.5 % 0.0007 0.0023 5.13
Chitosan—-MMT/PVA 2 % 0.0006 0.0023 5.05

Table 1V also shows that the existence of PVA on the composite membrane
caused the lower membrane permeability. This is occurred because the hydroxyl
group of PVA was dispersed well on the composite membrane and provided a
strong crosslinking bond between the chitosan matrix and MMT modified with
PVA.5 Further, it enhanced the compatibility of MMT toward the chitosan matrix
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and increased the ability of composite membrane to resist the methanol. Hence
the membrane permeability against the methanol stayed low, which is good for
the performance of the membrane.

This fact is reassured by Ayyubi and co-workers, who modified chitosan
containing PVA using MMT. They revealed that the presence of PVA on the
composite membrane makes methanol more difficult to pass through the mem-
brane. Further, they also confirmed that the interaction between PVA and MMT
narrowing the methanol pathway through the membrane.23

CONCLUSIONS

In this study, the composite membranes of chitosan—-MMT modified PVA
were prepared using varying PVA concentration and varying operating tempera-
ture to be used for DMFC application. Those composite membranes were made
by the cross-linking technique. The interactions between chitosan-MMT with
PVA was confirmed by the FTIR spectra through the widening and the sharpen-
ing of the OH absorption band and the existence of the new absorption at wave
number 1116.82, 1193.98 and 1220.98 cm!. In the analysis using SEM, the
interaction can be recognized by the surface, which has more even and uniforms
spot. The thermal stability analysis via TGA illustrates that the composite mem-
brane with PVA has good thermal stability. The tensile strength analysis shows
that the composite membrane with various PVA concentrations have reasonable
mechanical strength. Generally, the membrane conductivity value is directly pro-
portional with the PVA concentration. When the PVA concentration increases,
then it will escalate the membrane conductivity. On the contrary, the membrane
permeability value is inversely proportional to the concentration of PVA. When
the PVA concentration increases, it will decrease the membrane permeability.
The composite membrane with the addition of 2 % PV A has the highest conduct-
ivity and the lowest permeability of all. Since the composite membrane chitosan—
—MMT prepared by PV A-crosslinking technique has good properties for the con-
ductivity and the permeability, it is intended that this membrane will provide a
particular performance for DMFC system.

U3BOJI

YTUUIAJ KOHIEHTPALIMJE ITOJIU(BUHUJI-AJTKOXOJIA) HA ITPOBOZJBUBOCT U
NMEPMEABHWIHOCT XUTO3AH-MOHTMOPWJIOHHUT KOMITIO3UTHUX MEMBPAHA

ARIEF RAHMATULLOH, MUTIA DEVI HIDAYATI u ANNISA NURIS FAJARIA
Department of Chemical Engineering, Politeknik Negeri Malang, Malang, East Java, Indonesia

KomnosutHa memdpaHa je CUHTeTHCaHa KOopucTehu XUTOCaH Kao MaTpULly MEM-
OpaHe ca MOHTMOpPHWIOHHTOM (MMT) kao nyHuouemM U MoZU@UKOBaHA KopuUllhemeM
noJauBUHUI-ankoxona (PVA). ['maBHu 1um oBe CTyIHUje je ma ce cazHa ytuuaj PVA koH-
UeHTpaluuje W TemIepaTypa Ha nepmeadbuynHocT xuTo3aHa—MMT/PVA kxomno3uTHe
memOpane. Kapakrepusauujom FTIR ce upentudukyje uHTepakuuja usmehy xuro-
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caHcke marpune ¥ MMT momuduxosanor ca PVA. TlpucyctBo HOBe amcopruuje Ha
1116,82 u 619,17 cm™ ykasyje Ha uHTepakuujy usmehy MMT u PVA. Ilopen Tora,
mupewe ancopnuuje OH yka3sano je Ha BOLOHUYHY Be3y koja ce dopmupa usmehy mar-
pune xutocaHa U PVA. OBa nHTepakuuja je Takohe noTrBpheHa paBHOMEpHO pacmnope-
henom nospmvHoM y SEM. Tepmuuka cTadDUIHOCT KOMIO3UTHE MeMOpaHe ofgpehena je
TepMorpaBuMeTpujckom aHanusom (TGA). Ilopen Tora, y TEpMOTpaMHMa Ce€ BULOE 4Ye-
TUPH CTyNHha AeKOMIOo3uuujy y mpucyctsy PVA. Bes PVA mocroje camo TpH CTylmba
nexommno3unuje. Ha oCHOBY jauWHe Ha Kujawme, KOMIO3WTHA MemdpaHa Wma Jodpa
MexaHHYKa CBOjcTBa. [IpOTOHCKa NMPOBOABMBOCT KOMIO3UTHUX MemOpaHa je JUPEKTHO
nponopuuoHanHa PVA koHueHTpauuju. C gpyre crpaHe, epMeadHUIHOCT KOMIO3UTHUX
memOpaHa METaHOJIOM je MHBep3HO mpomopuuoHanHa PVA koHuentpauuju. Hajseha
MPOTOHCKA MPOBOIJBMBOCT HOOMjeHa je ca momatkom 2 % PVA ogm 2,94x10* S cm™.
Iame, MmemOpaHa TOr cacTaBa Takohe WMa HajHUKY nmepMeadUIHOCT METAHOJA ca Bpel-
Homhy om 5,05x10°% cm? s!. Kao pesyiarar Tora, ymMpexeHa KOMIIO3MTHA XMTO3aH—
—MMT memOpaHa nobujeHa ympexaBaweM ca PVA uMa noteHuujan fa dyne UCKOpHULI-
heHa y IUpEKTHUM TODUBHUM henujama ca METaHOJIOM.

(ITpumbeno 19. centemdpa, pesunupano 9. Hopemdpa 2023, mpuxsaheno 19. dbebdpyapa 2024)
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Abstract. Apatites, being one of the most numerous mineral-like families of
compounds, are considered as a matrix for binding lead ions, which is dan-
gerous for the biosphere. The crystal-chemical (composition, structure) and
thermophysical aspects (thermal expansion) are considered as the basis for ana-
lysing the properties of this kind of material. It is suggested that substances of
the composition Pbs(AV0,),(BY10,), Pbs(AIV0,4)(CY0,), can be a perspective
form of lead binding materials based on compounds with the structure of apa-
tite (ATV = Si, Ge; BVI = S, Cr; CV = P). Such compounds, as it was shown by
DTA and HTXRD experiments, are distinguished by the absence of polymer-
phism and the abnormal ordering of structure. Also, they have relatively low
values of thermophysical indicators (the rate of change of linear thermal expan-
sion coefficients is 0.02-0.03x10° K-1; values of the volume thermal expansion
coefficients are 40-70x10° K-1). Compounds Pbs(SiO4)(POy), (a = 9.78782(16)
A, ¢ = 7.31084(16) A, V = 606.555(23) A3, R-bragg = 4.694 %) and
Pbs(GeO,4)(PO,), (a =9.87697(12) A, ¢ = 7.33136(11) A, V'=619.388(17) A3,
R-bragg = 1.730 %) were obtained, identified and crystallographically charac-

terised for the first time.

Keywords: lead; apatite; IR spectroscopy; Rietveld analysis; in situ HTXRD;

thermal expansion.

INTRODUCTION

Environmental pollution is one of the global environmental problems of
mankind. Soil pollution is particularly dangerous, since 90-95% of food products
account for soil resources, from where 70-90% of toxins (including heavy
metals) enter the body. It causes a chain reaction — the filtering capacity of the
soil decreases, organic matter reserves and biodiversity decrease too; toxicants
can enter groundwater from contaminated soil; then they accumulate in plant tis-
sues and are transmitted to pasture animals, birds and finally to humans.!
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Particular attention should be paid to the problem of environmental pollution
with lead, and its negative impact on the human body and animals. According to
the provisions of the World Health Organization (WHO), lead is one of the 10
chemicals that cause the main concern from the point of view of public health
and require action from Member States to protect workers, and children and
women of childbearing age.

It should be noted that young children are particularly vulnerable to poison-
ing since 4-5 times more lead diffuses into their body compared to an adult
organism.2-3 Quite often, the symptoms of poisoning do not appear, and this
makes lead exposure an underestimated threat to the most common neurocog-
nitive disorders. Until 2012, the “dangerous blood lead level” for children of
more than 10 mg/dL. However, in May 2012, the Advisory Committee on Child-
hood Lead Poisoning Prevention (ACIP) recommended a value of 5 mg/dL.4
There is no “safe” concentration of lead in the blood; even such a low lead con-
tent in the blood can cause children to have a decrease in intelligence, beh-
avioural disorders and learning difficulties.

The greatest impact on the environment is observed near local sources of
pollution (for example, landfills of solid household waste, ore processing plants,
metallurgical enterprises, as well as discarded sinkers and lead shot used for fish-
ing or hunting). Natural emissions are also important sources of environmental
lead pollution - the diffusion of natural lead from the earth’s crust and mantle due
to rock weathering and volcanic activity; the continued use of lead-containing
paints in some countries (India, Vietnam, Mexico); the production and disposal
of lead-acid batteries; products such as solder, pigments, jewellery, stained glass,
ammunition, lead cable sheaths, etc.5 Organic lead compounds, previously used
as leaded gasoline anti-detonators for internal combustion engines (0.1-0.3 %)
increase the octane number and save fuel consumption) are more toxic than
inorganic forms of lead. Their use in 1922 became one of the most serious envi-
ronmental threats. However, August 30, 2021 was a significant date, which
means the end of the use of leaded gasoline in the world.®

But despite the elimination of the most prominent threat of lead pollution in
2021, this problem remains unresolved. Other sources of pollution (lead paints
and pigments still used in some countries, toys, cosmetics, pipe corrosion, efc.)
require great attention and urgent measures. For example, in the UK, phosphates
are added to drinking water to minimize the incoming amount of lead from water
pipes.’

One of the chain reactions of soil contamination with lead is the contamin-
ation of groundwater. Lead can also get into the water due to unauthorized land-
fills and corrosion of water pipes. To solve this problem, it is necessary to create
permeable reaction barriers (PRB) or zones of destructible reaction treatment.8
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Permeable reaction barriers are an actively developing technology in which a
unique reactive material is installed directly on the migration path of the water
stream, which makes it cost-effective. Groundwater flows through the barrier and
reacts with the material in situ, resulting in toxic metals: Pb, Cd, Co, etc. They
are delayed, and the water is neutralised. However, PRB materials are effective if
they are permeable enough to saturate with groundwater; react with pollutants;
retain reactivity and permeability for a long time, and are cost-effective.%-1!

Apatite [I™ — biogenic hydroxyapatite (Cajg—Nax(PO4)e—(CO3)x(OH),, x
< 1) obtained from dried fish bones has been recommended as an alternative
material for the removal of Zn(Il), Pb (II), Mn (II) and Fe (II) from groundwater.
Column tests were carried out in which apatite reacted with ground water with an
increase in pH to 6.5-7.0 and the release of metal phosphates. Metals precipitated
in the form of Pbs(PO4)30H, Zn3(PO4);-4H>0, Mn3(POy4)2-4H50,
Fe3(POy4)>-8H,0, while the activity of apatite increased with a decrease in the
acidity of water. Thus, the concentration of metals in ground water dropped from
30-75 to 0.10 mg/L.4.12,13

An alternative way of binding lead is to directly precipitate it from the dis-
solved form, followed by the formation of compact ceramic materials for dis-
posal.

However, both approaches raise questions about further work with the mat-
erial: what to do with the substances, whether they are stable when ceramics are
obtained from them, how stable the material is to temperature fluctuations in geo-
logical formations. It is assumed that the ceramics obtained from the interaction
products will be stable for a long time and have good thermochemical properties
due to the ability of apatite to encapsulate lead ions in its structure.

This work is devoted to the production of new lead compounds based on the
aforementioned crystal-chemical type of apatite, as well as a systematic analysis
of the crystal structure and thermal deformations accompanying the process of
the final formation of the lead-recycling ceramic material on the example of new
substances and a number of previously obtained and studied "classical" apatites
(Pbs(POg4)3F, Pbs(PO4)3Cl, Pbs(PO4)31, Pbs(VOy4)3F, Pbs(VO4)3C1)14.15 and solid
solutions based on them in Cas(POy4)3Cl-Pbs(PO4)3C116 and CayBi(PO4)30—
—Pb4Bi(PO4)30 systems.!”

These compositions may be products of the interaction of the reaction
material, apatite, with lead ions in ground water. Understanding the effect of the
immobilization of lead in the structure of apatite on the solubility, crystallinity,
surface activity and thermal stability of the reaction material is an urgent task.

EXPERIMENTAL
Sample preparation

In this paper, a number of compounds of the general composition Pbs(AIVO,),(BY10,),
Pbs(AVO,)(CY0,), (AY = Si, Ge; BVl =S, Cr; CV = P) were considered.
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These objects were chosen from the point of view of the high molar fraction of lead in
the final compound, the absence of halogens that cause the binding of lead into phases of dif-
ferent composition, as well as from the point of view of the possibility of forming the crystal
structure of apatite with a given chemical composition.

The synthesis was carried out by a solid-phase reaction using lead(Il) nitrate Pb(NOs3),,
silicon dioxide SiO,, pre-calcined to 873 K, germanium dioxide GeO,, diammonium hydro-
gen phosphate (NH4),HPO,4, ammonium sulfate (NH4),SO,4 and chromium trioxide (VI) CrOs.
All compounds were produced by “Khimreactive” (Russian Federation) and have puriss. spec.
quality.

The stoichiometric mixture of reagents was calcined in an alundum crucible, observing
the stepwise process: 150-300 °C (decomposition of lead nitrate and ammonium salts), 300—
—600 °C (conversion of silicon oxide into a more reactive polymorphic modification,!8
further, the heating was carried out in increments of 50 °C for 6 h until the monophase of the
sample or the melting of the charge was reached. Dispersion was carried out every 2 h in an
agate mortar using ethyl alcohol to create the additional wedging pressure and obtain a more
finely dispersed product.

Sample characterization

The chemical purity and composition of the obtained samples were studied with Shim-
adzu XRF-1800 spectrometer using the fundamental parameters (FP) method with one stan-
dard sample. Ka lines intensities were measured three times at 40 kV, 50 mA on Rh anode.

Powder diffractograms were taken using a Shimadzu XRD-6000 X-ray diffractometer:
CuKa radiation (2 = 1.5406 A), Bregg-Brentano focusing, reflection shooting geometry, 260
10-60°, 0.02° step, scanning speed 2°/min.

Refinement of the crystal structure of compounds obtained for the first time
(Pbs(Si04)(POy4),, Pbs(GeOy4)(PO4),) was carried out using the Rietveld method on the same
diffractometer in the 26 angle range 10-110°(120°), with 12 s signal dial time. Refinement of
the crystal structure was carried out in the Topas 3.0 program.!® The background was des-
cribed by a Chebyshev polynomial of the fourth degree. The peak profile was described by the
pseudo-Voigt PV_TCHZ function. The crystal structure from the research?® (ICSD #65240)
was used as a model.

Visualization of a fragment of the crystal structure according to the data of full-profile
refinement of powder XRD patterns was carried out in the Atoms v. 6.1.2 program.2!

High-temperature X-ray diffraction experiments in the range from 298 to 873 K were
carried out on the same diffractometer with increments of 0.02° ranging from 10 to 60° using
an HA-1001 Shimadzu attachment. To calculate the thermal expansion coefficients and plot
the thermal expansion diagram TTT 2.0 software were used.?

The behaviour of individual compounds and composites in a wide range of temperature
was investigated with thermoanalyser Shimadzu DTG-60H (heating rate 10 K/min, nitrogen
atmosphere, alundum crucible).

The IR spectra of compounds were taken using a Shimadzu FTIR-8400s IR spectrometer
to clarify the group structure and distortion of tetrahedral groups. The sample was prepared in
the form of tablets d = 15 mm from a mixture with KBr (w(substance) = 4 %), the interval of
wave numbers was 4000-400 cm™!, the number of scans was 30.

RESULTS AND DISCUSSION

Based on the data of powder XRD (Fig. 1) and X-ray fluorescence analysis
(Table S-I of the Supplementary material to this paper), it was established that
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only compounds whose stoichiometry corresponds to the compositions
Pb5(Si04)(PO4)2(PbSiP2), Pbs(GeOy4)(PO4)2 (PbGeP2), Pbs(GeO4)2(CrOyg)
(PbGe2Cr) and Pbs5(GeO4)>(SO4) (PbGe2S) were obtained, and phosphate deri-
vatives were obtained and identified for the first time. In addition, the IR spec-
troscopy method shows the absence of various condensed tetrahedral groups,
such as P,O7% and S,0¢2~ (Table S-II, Supplementary material).23
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Fig. 1. XRD patterns of compounds under study

Results of the refinement of crystal structures of Pbs(SiO4)(POg4); and
Pbs(GeO4)(POg4); are presented in Figs. 2 and 3 and in Tables I-III. Both com-
pounds crystallise in the hexagonal syngony of the space group P63/m and may
be described in the framework of the classical crystal-chemical model of com-
pounds with the structure of apatite.24

The crystal structure of such compounds is constructed from quasi-layers
formed by tetrahedral groups and lead cations at position 64. The layers, in turn,
are connected by the polyhedra of lead at position 4f (Fig. 3).

The structure of tetrahedral groups is strongly distorted if compared to an
ideal tetrahedron: an undistorted tetrahedron has 9 oscillations in the IR range,
however, due to the energy degeneracy in its spectrum, only 4 will be observed.
The real spectra of the compounds under study are saturated with oscillation
bands of various tetrahedral groups (Fig. 4, Table S-1I), which indicates not only
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the “standard” causes of spectrum complications (difference bands, composite
bands, overtones, Fermi resonance) but also a strong distortion of tetrahedra.
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Fig. 2. Experimental, calculated, difference and stroke X-ray diffraction patterns of the new

compounds.
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Fig. 3. Fragment of Pbs(SiO4)(POy),
crystal structure in projection along c-
axis. Pb¥0Oy polyhedron is shown in
bottom left corner, Pb% Qg polyhedron
is in top right corner, (Si/P)O, tetra-
hedra are also shown.

Calculation of bond lengths and valence angles based on crystallographic
data (Table II) also demonstrate a strong distortion of tetrahedral groups, but in
this case, the main reason will be the statistical substitution in the centre of the
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tetrahedron of various elements (Si, Ge, P, Cr, S), very different in size (0.26,
0.39,0.17,0.345 and 0.12 A, respectively).25

TABLE I. Parameters and results of full-profile X-ray analysis of the crystal structures of the
first-time-synthesized compounds

Parameter Pbs(Si04)(PO4), Pbs5(GeOy4)(PO4),
Space group P6;/m
alA 9.78782(16) 9.87697(12)
clA 7.31084(16) 7.33136(11)
V/A3 606.555(23) 619.388(17)
M/ g-mol’! 2636.066 2725.107
Crystal size, nm 148.3(73) 130.0(38)
Density, g-cm™ 7.21665(28) 7.30584(21)
Coefficients of pseudo-Voight function
U 0.1986(66) —-0.0583(23)
14 —0.2103(65) 0.0789(29)
Q 0.0508(15) —0.02398(88)
Z 0 0
X 0.0001(60) 0.0001(31)
Y 0 0
Scale factor 0.00008708(38) 0.00007836(30)
R-Bragg, % 4.694 1.730
Rexp /! % 1.94/6.55 1.95/6.76
Ry ! % 4.66/15.71 3.83/13.27
R,/ % 3.35/18.89 2.78/16.08
GOF 2.40 1.96
DW 0.49 0.64

TABLE II. Atomic coordinates and occupancies of positions of new synthesized apatites

Atom Wycoff position x % z Occ Byl A?
Pbs(Si0,)(PO4),
Pbl af 173 23 0.9987(18) 1 0.461(31)
Pb2 6h 0.24952(50)  0.99860(89) 1/4 1 0.461(31)
P o 0.3805(25)  0.3950(21) 1/4 23 0.52(35)
Si 1/3 0.52(35)
(0] 6h 0.4444(35) 0.3274(33) 1/4 1 0.46(38)
02 6h 0.4778(30)  0.5619(29) 1/4 1 0.46(38)
03 12i 02700(19)  0.3494(14)  0.068522) 1  0.46(38)
Pbs(GeO4)(PO4),
Pbl 4f 173 23 0.9923(14) 1 0.538(28)
Pb2 6h 0.24943(37)  0.99694(63) 1/4 1 0.538(28)
P 6h 0.3824(17) 0.3906(15) 1/4 2/3 0.68(18)
Ge 6h 1/3 0.68(18)
o1 6h 0.4503(30)  0.3336(29) 1/4 1 1.16(36)
02 6h 0.4946(24) 0.5730(24) 1/4 1 1.16(36)
03 12i 0.2593(16)  0.3432(13)  0.0715(18) 1 1.16(36)
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TABLE III. Parameters of the Pb*¥Oqy coordination polyhedron in the crystal structure of
mixed-tetrahedral apatites under consideration

Distanceand - py (6i0,)(PO), Pbs(GeOs)(POs); Pbs(GeOs)a(SO5) Pbs(GeOp)(CrOy)

angle
M4-02x3, A 2.807(28) 2.882(22) 2.833 2.833
M4¥-01x3, A 2.813(30) 2.802(25) 2.494 2.469
M#Y-03x3, A 2.892(15) 2.950(13) 2.956 2972
9/° 26.1 21.2 25.2 25.8
v[Cro,] 8[CrO] 5[Ge0,|
E : = e
i _/i\/E """""" : é
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Fig. 4. IR spectra of synthesized mixed-tetrahedral apatites with line assignments.

The cations located in the crystallographic position 64, as a rule, form
coordination polyhedra with CN 7-9: pentagonal bipyramids, two- and three-cap
trigonal prisms. In this case, as can be seen from the example of a fragment of the
structure (Fig. 3), it is a pentagonal pyramid in question. However, this type of
structural element is due to the specifics of the visualization software. The elec-
tronic structure of lead atoms has a fundamental difference from the numerous
cations capable of forming the structure of apatite: being a p-element, lead has a
stereochemically active electron 6s pair, which is located in the formally missing
vertex of the pentagonal bipyramid, and directly in the structure is deployed in
the area of a hexagonal channel running along the crystallographic axis c.

The cations in the crystallographic position 4f are always three-cap trigonal
prisms of varying degrees of distortion. The distortion of this structural element
is estimated by the twist angle.2® As can be seen from the data in Table III, in the
compounds under consideration, they are in a fairly narrow range of values char-
acteristic of the structural type as a whole.

For the analysis of thermal expansion, the temperature dependences of the
parameters of elementary cells are constructed, which are then approximated by
linear or quadratic functions, according to the coefficients of which those of ther-
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mal expansion are calculated in the TTT 2.0 software. A similar operation for
compounds with the structure of apatite was given step by step in our previous
works,14:15 and here we would like to focus on specific results and conclusions.
First of all, it is worth noting that based on the results of the DSC (Fig. 5), it
was decided to conduct high-temperature X-ray studies in the temperature range
of 298-873 K, and the available data on other lead-containing apatites should be
limited to a similar range (Fig. 6). It is also worth noting here that, unlike the vast
majority of “classical” Pb-apatites, no anomalies were detected on the DSC
curves of mixed-tetrahedral compounds and during the high-temperature X-ray
experiment, suggesting the presence of polymorphic transformations.14
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Secondly, earlier we provided data on the values of the coefficients of
thermal expansion exclusively along the crystallographic directions @ and ¢ and,
thus, we obtained a characteristic of the crystal structure or of a single-crystal
material. Of course, in the case of the hexagonal syngony under consideration,
the main directions of the thermal expansion tensor and the crystallographic dir-
ections are strictly fixed relative to each other, and the values of the coefficients
coincide. Therefore, for the completeness, Fig. 7 shows as an example a three-
-dimensional temperature surface of thermal expansion Pbs(SiO4)(POg4), at a
temperature of 873 K, indicating the directions of the main directions of the ten-
sor and the crystallographic axes. It is also worth noting that for the lead-con-
taining apatites under consideration, the temperature dependencies of the linear
coefficients of thermal expansion are shown in Table S-III of the Supplementary
material, but for a potential material representing a ceramic polycrystalline
sample, these data cannot be directly transferred due to the statistical orientation
of microcrystals in space. However, the volumetric coefficient of thermal expan-
sion (Table IV), as an integral quantity characterizing the behaviour of the mat-
erial, can be used for analysis.

Fig. 7. Thermal expansion diagram Pbs(SiO4)(POy,),
at 873 K, indicating the directions of the crystal-
lographic axes and the main components of the ther-
mal deformation tensor.

In the case of individual compounds with the apatite structure, it is seen that
the nature of temperature dependencies (the rate of change is 0.02-0.03x100 K-1
per K) and the values of thermal expansion (40-70x10° K1) converge, which
confirms the previously stated assumption about the fundamental influence of
metal cations in the composition of apatites on the nature of thermal deformat-
ions.15 The abnormal behaviour of (rate of change ~0.1x100 K-! per K; interval
1-66x106 K1) Pbs(PO4)I compound is most likely due to the high defect of the
structure, which was shown in a recent paper. The Pbs(PO4)3F compound also
arouses similar suspicions (the rate of change is ~0.06x10% K-! per K; the
interval is 30-67x106 K-1). The remaining “classical” and mixed-tetrahedral apa-
tites behave without any anomalies.

Volumetric coefficients of thermal expansion of solid solutions of systems
(Ca,Pb1_y)5(PO4)3ClI and (Ca,Pb;_,)4Biy(PO4)6O lie in a rather narrow range of
values (30-60x106 K1), and lower than in the case of individual substances,
with the exception of the composition Cay 5Pbs 5(PO4)3Cl, which differs both in
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the anomalous values of the coefficient (interval 16-106x10° K-1) and the angle
of inclination of its temperature dependencies (the rate of change is ~0.16x10°
K1 per K). The only assumption about the reason for this effect is the formation
of an internal ordering of the distribution of calcium and lead ions in the posit-
ions of the crystal structure, instead of the statistical distribution inherent in solid
solutions.

TABLE IV. Temperature dependencies of volume (aj) thermal expansion coefficients for
“classical” apatites (column 1-5), mixed-tetrahedral apatites (column 6-9), solid solutions in
(CayPb;_)5(PO4);Cl (column 10-12) and (Ca,Pb_)4Bir(PO4)6O (column 13-15) systems;
Standard uncertainties, u = 0.02 wt. %

T/K 1 2 3 4 5
PbPF PbPCl PbPI PbVF PbV(Cl
298 30.0 39.1 1.0 40.5 46.5
373 34.8 41.6 9.6 42.5 48.1
473 41.2 45.0 20.9 45.2 50.2
573 47.6 48.3 323 47.8 522
673 53.9 51.6 43.6 50.5 543
773 60.2 54.9 54.8 53.1 56.3
873 66.5 58.1 66.0 55.7 584
T/K 6 7 8 9 10
PbSiP2 PbGeP2 PbGe2S PbGe2Cr Ca3.5Pbl.5
298 46.4 43.8 49.0 54.1 35.6
373 48.6 45.9 51.9 56.3 383
473 51.5 48.6 55.8 59.1 41.9
573 544 514 59.6 61.9 45.5
673 573 54.1 63.5 64.7 49.0
773 60.2 56.8 67.3 67.5 52.6
873 63.0 59.5 71.0 70.2 56.1
T/K 11 12 13 14 15
Ca2.5Pb2.5 Cal.25Pb3.75 Ca6Pb2Bi2 Ca4Pb4Bi2 Ca2Pb6Bi2

298 16.1 345 32.1 35.0 38.0
373 28.0 37.0 34.6 37.9 40.7
473 43.8 40.3 37.9 42.2 44.2
573 59.5 43.6 41.2 46.6 47.7
673 75.2 46.8 44.4 50.9 51.2
773 90.7 50.0 47.7 55.2 54.7
873 106.1 53.2 50.9 59.5 58.1

From the point of view of binding lead for a long time into a ceramic matrix,
its solid solutions with calcium look promising. Their advantages include lower
values of thermal expansion coefficients, low rates of thermal deformation, and
high melting temperatures. In addition, such a composition of the binding matrix
has proven itself in the development of immobilizers of the Apatite 11T
type.#12.13 However, from the point of view of further compaction and binding,
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there remains a high risk associated with the restructuring of the structure and the
accompanying change in thermal deformations, as well as abnormal orderings in
the crystal structure.

“Classical” apatites also raise concerns in terms of polymorphism. An addit-
ional limiting factor is the presence of halogen in their composition. A number of
studies have demonstrated a low stability of halogen retention in the apatite mat-
rix in leaching experiments,27-28 which may lead to an increase in the defective-
ness of the material up to its destruction.

Thus, among the remaining mixed tetrahedral compounds for further study,
the most promising is the composition Pbs5(SiO4)(PO4),, which, in addition to
relative thermal stability and the lowest level of thermal deformations among the
analogues under consideration, has the advantage of simplicity and accessibility
of the chemical composition.

CONCLUSION

This paper presents the results of the search for new phases to solve an urg-
ent environmental problem — lead binding for long-term isolation from the envi-
ronment, as well as an assessment of their prospects in terms of crystal chemical
(composition, structure) and thermophysical (melting point, thermal expansion)
data.

In the course of work it was not only possible to obtain two new mixed-tet-
rahedral compounds with apatite structure (Pbs(SiO4)(PO4), (a = 9.78782(16) A,
c = 7.31084(16) A, V = 606.555(23) A3, R-bragg = 4.694 %) and
Pbs(GeOy4)(PO4), (a = 9.87697(12) A, ¢ = 7.33136(11) A, V' = 619.388(17) A3,
R-bragg = 1.730 %) and characterize them in terms of crystal structure and
thermal deformations, but also on the basis of thermal expansion analysis from
the sample of lead-containing apatites extended due to earlier studies, to find a
subclass characterised by low values of thermophysical parameters indicators
(the rate of change of linear thermal expansion coefficients is 0.02-0.03x10° K-1;
values of the volume thermal expansion coefficients are 40-70x106 K-1), which
gives grounds to consider it as a potential chemical basis for the creation of mat-
erials for the lead immobilization for lead.

Of course, the above conclusions are not exhaustive and should be subsequ-
ently supplemented by a study of lead leaching rates from the proposed matrix
under conditions as close as possible to real operating conditions. However, a
non-trivial approach allowed us to detect a number of new compounds
Pbs(Si04)(POg)s, Pbs(GeOy4)(PO4), along with previously known Pbs(GeOy4)(CrOy)
and Pbs5(Ge04)>(SO4), but were out of sight, the use of which can solve the lead
pollution problem faster.
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SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12511, or from the corres-
ponding author on request.
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H3BOJ
[MTPOHAJTAXXEILE HOBUX AINTATUTHUX PA3A 3A HCKOPUITRELE OJIOBA HA
OCHOBY KPUCTAJTHE CTPYKTYPE U TOIIJIOTHOT IIUPEKHA

EVGENY N. BULANOV, ANASTASYYA A. VASILEVA, OXANA N. GOLITSYNA, ALYONA G. SHVAREVA
n ALEXANDER V. KNYAZEV

Lobachevsky University, 23 Gagarin ave, Nizhny Novgorod 603022, Russia

AmnatuTH, Kao jedHa Of Haj3HaAuajHUjUX Ipyna MUHEpaAJTHUX CTPYKTypa, Ce pasMarpajy
Kao MaTpula 3a MMOOWIM3aLWjy joHa 0710Ba, KOjU MMajy HeraTHBaH yTHLAj Ha duocdepy.
KpucranHo-xeMHjcku (cactaB, CTPYKTypa) U TepMOGMU3NYKH acleKT (TOIIOTHO LIMpEHme) ce
y3UMajy kao OCHOBA 3a aHa/IM3y OCOOMHA OBe Kiace marepujana. Cyrepuiie ce Ia Cy CyI-
cranue cacraBa Pbs(AV04)2(BY!04) u Pbs(AV04)(CV0s), amaTuTHe CTpyKType onrosapajyha
(opMa 3a umodunusanujy onosa, npu yemy je AV = Si, Ge; BV = S, Cr u CV = P. OBe komIio-
HEHTE, Kao IITO je Moka3aHo MoMohy nudepeHuujanHo-Tepmujcke ananuse (DTA) u BuCoko-
TemneparypHe pengrencke aHanuse (HTXRD), omnukyjy ce ofcycTBOM HonumopdHu3ma H
abHopmanHor ypehema cTpykrype. Takohe, uMajy penaTHBHO Maje BPeSHOCTH TepMOdH3NY-
KUX WHAWKaTopa (Dp3vHa mpomeHe JUHeapHOT KoedHLHjeHTa TOIUIOTHOT wupema je 0.02—
—0.03x106 K!, BpemHoCTH 3anpeMHHCKOT KoedulujenTa mupewa cy 40—70x10° K1), TTo npsu
nyT cy podujeHe, UAEHTU(PHUKOBaHE M KpUCTanorpadCKd OKapaKTepUCaHE KOMIIOHEHTE
Pbs(Si04)(PO4)2 (a = 9,78782(16) A, ¢ = 7,31084(16) A, V = 606,555(23) A3, R-bragg = 4,694
%) 1 Pbs(Ge04)(PO4): (a = 9,87697(12) A, ¢ = 7,33136(11) A, V = 619,388(17) A3, R-bragg =
=1,730 %).

(ITpumbeHo 24. jyna, pesunupano 31. jyna, mpuxsaheHo 18. centemdpa 2023)
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TABLE S-1. X-ray fluorescence analysis data for synthesized compounds.

Compound PbO / wt% Si02 / wt% GeO2 / wt% P20s / wt% SOs / wt% CrOs / wt%
found calc found <calc found calc found calc found calc found calc
Pbs(SiO4)(PO4), 84.68 84.67 4.54 456 10.78 10.77
Pbs(GeO4)(PO4),  81.92 8191 766  7.68 1042 10.42
Pbs(GeO4)2(SOs)  79.42  79.41 14.82  14.89 576 5.70
Pbs(Ge04)2(CrO4)  78.3 78.3 147 14.68 7.00 7.02

Standard uncertainties u are u(wt) = 0.02%.
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TABLE S-II. Assignment of lines in IR spectra of mixed-tetrahedral apatites under study
Assignment Pbs(SiOy)(PO4), Pbs(GeO)(PO4), Pbs(GeOy),(SO4) Pbs(GeOy),(CrOy)

v (Si0y)

§ (Si0,)
724 m
v (GeOy) 703 m 708 sh 699 sh
8 (GeO,) 416 m 411 m 412 m
1097 sh 1104 w
1056 sh 1061 sh
1021 s 1015 s
970 s 964 s
v (PO,) 932 sh 932 sh
888 sh
870 sh 870 m
852's
832 sh 827 sh
572 570 s
8 (POy) 550 m 549 m
538 m 538 m
v (SO4)
§ (SOy)

1126 m
1100 sh
1085 sh
1030 w
622 w
527 sh

s — strong, m — medium, w — weak, sh - shoulder
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TABLE S-III. Temperature dependencies of linear thermal expansion coefficients for “classical” apatites (column 1-5), mixed-tetrahedral
apatites (column 6-9), solid solutions in (Ca,Pb;_,)5(PO4);Cl (column 10-12) and (CayPb;_4)4Biy(PO4)sO (column 13-15) systems

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
T(K) PbPF PbPClI PbPI PbVF PbVCl PbSiP2 PbGeP2 PbGe2S PbGe2Cr Ca3.5Pbl.5 Ca2.5Pb2.5 Cal.25Pb3.75 Ca6Pb2Bi2 Ca4Pb4Bi2 Ca2Pb6Bi2
0, (K1)-106
298 9.7 135 -1.0 153 122 152 143 164 173 13.0 6.4 11.7 11.0 12.5 12.5
373 109 138 1.6 153 125 156 147 171 178 13.6 9.6 12.2 11.6 13.1 13.1
473 125 142 50 154 130 162 153 180 184 14.5 13.9 12.8 12.3 13.8 13.9
573 140 146 85 154 134 167 158 189  19.0 15.5 18.2 13.4 13.0 14.6 14.6
673 156 150 119 155 139 173 163 198 196 16.4 224 14.0 13.8 15.3 15.4
773 171 154 153 155 143 178 168 207  20.1 17.2 26.6 14.7 14.5 16.1 16.1
873 18.7 158 187 156 148 183 173 21,6  20.7 18.1 30.8 15.3 15.2 16.8 16.9
o, (K1)-10°
298 105 120 3.1 99 221 160 151 163 195 9.7 33 112 10.1 9.6 13.0
373 130 139 64 118 230 174 164 178 207 11.0 8.8 12.7 11.4 11.7 14.5
473 163 165 109 144 242 192 181 198 224 12.8 16.0 14.7 13.3 14.6 16.5
573 195 19.0 154 169 253 210 198 219 240 14.6 232 16.7 15.1 17.4 18.5
673 22.8 215 198 195 265 228 215 239 256 16.3 30.4 18.7 16.9 20.2 20.4
773 260 24.0 242 22.0 27.6 246 232 259 272 18.1 375 20.7 18.7 23.0 22.4
873 292 26.5 28.6 245 288 263 249 279 288 19.8 445 22.7 20.5 25.8 243

Standard uncertainties u are u(wt) = 0.02%.
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Abstract: This study examines the chemistry of mine waters of the “Grot” Pb—
—Zn mine and identifies the hydrogeochemical factors that influence the form-
ation of mine waters chemical composition. Eleven mine water samples were
collected at six locations across the area of Kriva Feja in order to determine
their chemical composition. Data analysis revealed that the waters belong to
the HCO;—SO,42—Ca?* and SO,*—Ca?" water types, with neutral pH values.
The concentrations of metals in these waters (zinc, lead, barium, copper, chro-
mium) are generally low, and most of the samples meet drinking water quality
criteria (USEPA standards). Modelling using the PHREEQC software indicates
that the dominant processes in the formation of the chemical composition of
these waters are the dissolution of carbonate minerals and the oxidation of sul-
phide minerals. Carbonate minerals have a scarcer occurrence compared to sul-
phide minerals, such as galena, sphalerite and pyrite, which are dominantly
distributed. The low intensity of sulphide mineral oxidation is interpreted to
result from a rapid water exchange and reduced contact time between the water
and the rock. The occurrence of this process is localized only in the ore body
zone. This study highlights the importance of kinetics (in terms of the chemical
reaction rate) as the main factor influencing the oxidation of sulphide minerals

and, subsequently the quality of mine waters.

Keywords: groundwater; acid mine drainage; hydrogeochemical factors; metals;

PHREEQC modelling; saturation index.

INTRODUCTION

Negative environmental effects occur when surface water or groundwater
comes into contact with primary and secondary minerals from the ore deposit
under oxidizing conditions.! The deposits containing sulphide minerals tend to
generate acid mine drainage (AMD) during the oxidation process of these min-
erals (e.g., pyrite, marcasite, and pyrrhotite).2~4 The acid mine drainage refers to

* Corresponding author. E-mail: snezana.kretic@rgf.bg.ac.rs
https://doi.org/10.2298/JSC230811013K
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water with low pH values (between 3.5 and 5), high sulphate concentrations, and
elevated metal concentrations.*-> The oxidation of sulphide minerals, primarily
pyrite, depends on physicochemical conditions, the type of oxidant (O, or Fe3™),
its concentration, activity, and the presence of microorganisms.®-8 According to
Lottermoser, several types of pyrite oxidation can be distinguished, including:
abiotic oxidation by oxygen, biotic oxidation by oxygen, abiotic oxidation by
oxygen and iron and biotic oxidation by oxygen and iron.3 The formation of acid
mine drainage is strongly influenced by the reaction rate (kinetics) and its dur-
ation.” The rate of biotic oxidation is always higher than abiotic, and pyrite oxid-
ation in the presence of Fe3* can be 2-3 times faster than in the presence of O as
the oxidant.> Depending on the geological environment in which groundwater
circulates (i.e., the type of ore and host rocks), acid mine drainage may not
always form. Unlike pyrite, the oxidation of other sulphide minerals such as gal-
ena, sphalerite or arsenopyrite in the presence of oxygen does not directly pro-
duce acid mine drainage.!0-12 This is due to their lower reactivity, resulting from
greater crystal structure stability, low concentrations of released iron and the
formation of poorly soluble minerals.!3 The absence of sulphide mineral oxid-
ation, in addition to kinetics, can also result from the presence of minerals that
neutralize the acidity of mine drainage (carbonates, silicates, and hydroxides).2-3
The neutralization process occurs under the same conditions as the sulphide min-
eral oxidation process and is independent of the oxygen concentration in the
water.3 Neutral mine drainage (NMD) will form in some sulphide deposits due to
the previously mentioned processes. Neutral mine drainage refers to waters with
a neutral pH value (between 6.5 and 7) and high metal concentrations (most com-
monly lead, zinc, copper and cadmium).3 In these waters, sulphates and bicarb-
onates are the main anions, and calcium, magnesium and sodium content is ele-
vated compared to acid mine drainage.3 The occurrence of neutral pH and lower
metal concentrations in some mine waters can be attributed to kinetic factors, i.e.,
the slow dissolution and oxidation of sulphide minerals compared to rapid water
exchange in mine waters.2 Additionally, the surfaces of sulphide minerals can be
covered with insoluble oxides or carbonates, which limits the oxidation.? Instan-
ces of neutral mine drainage have been found in Pb—Zn deposits throughout the
United Kingdom and Italy.!4-17 These examples are characterized by neutral pH
and increased concentrations of trace components such as lead, zinc, copper, ars-
enic and cadmium (depending on the specific locality where the mine waters are
formed). The studies considering these occurrences as the most common reason
for the formation of neutral mine drainage cite the neutralization process in the
presence of carbonate minerals.14-17

The objectives of this study are to identify factors that could influence the
formation of neutral mine drainage, determine the mineral phases being dis-
solved, and identify the dominant hydrogeochemical processes that affect the rel-
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ease of trace elements into water. Such an approach could contribute to the adapt-
ation of the mineral resource exploitation methods to reduce the negative impact
on the environment and water resources.

EXPERIMENTAL
Study area
Details related to study area are given in Supplementary material to this paper.
Sampling and chemical analysis

Mine water samples were collected at eleven locations during the year's low flow period
(September—November). During that period, 16 mine water samples were collected, while 11
samples were further considered in the study. The considered samples were taken at various
locations across the exploitation field at discharge points from the adits before the sediment-
ation ponds, while the samples taken at locations after the ponds were omitted due to the pos-
sibility of the removal of certain components from the water. Mine water sampling was per-
formed according to ISO 5667-1:2006, ISO 5667-3:2012 and ISO 5667-10:1992 standards at
the adits discharge points.!8-20 Sampling and chemical analyses were carried out by the Insti-
tute of Public Health Vranje.

The determination of the pH was performed potentiometrically according to the ISO
10523:2008 standard.2! The water mineralization was determined by the analytical procedure
as the dry residue at 103—105 °C using the US EPA 160.3 method.?2 Main cation composition
(Na*, K*, Mg2*, Ca?") together with metals (zinc, lead, manganese, barium, copper, chrom-
ium) were determined by the induced coupled plasma with the atomic emission spectrometry
ICP-AES (according to ISO 11885:2007 standard).23 The content of arsenic in mine waters
was determined by the atomic absorption spectrophotometry using the hydride technique (ISO
11969:1996).24 The content of ammonium, nitrate, and nitrite ions was determined by spectro-
photometric methods (ISO 7150-1:1984, ISO 7890-3:1988, ISO 6777:1984).25-27 The content
of sulphate ions was determined by the turbidimetric method (SRPS H.G8.115:1984), while
the chloride content was determined volumetrically according to the ISO 9297:1989 stan-
dard.2%2% Bicarbonate ions in water were determined by titration, in accordance with ISO
9963-1:1994.30 The content of dissolved oxygen was determined by the volumetric method
(ISO 5813:1983), while hydrogen sulfide was determined spectrophotometrically (SZZZ,
1990).31:32

Analysis and calculations

The degree of saturation of groundwater in relation to a certain mineral can be deter-
mined by comparing the product of ionic activity (I4P) of a real water sample and the solu-
bility product of that mineral (Ksp), according to:33

ST = loglA—P (1
Ksp
where S7 is the saturation index.

The obtained S7 value can indicate oversaturation or undersaturation of the water sample
with respect to a given mineral, with the possibility of precipitation (S7 > 0) or dissolution
(SI < 0) of the specific mineral.3?

Saturation indices for specific mineral phases and the dissolved forms of inorganic sub-
stances in water were calculated using PHREEQC software (interactive version 3.7.3-15968).34
This software is widely used in geochemical and mine water research for these types of cal-
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culations.!®33-37 When calculating S/ for carbonate minerals, the MINTEQ database was used,
as it covers a wide range of inorganic parameters (metals) and organic compounds.’® The
LLNL database was used for the calculation of S/ for sulphur-bearing minerals because it has
the most extensive dataset, making it more suitable for such calculations.333* For example, it
includes the reaction of pyrite with water.34

Excel workbook was used to determine statistical parameters (minimum, maximum,
median) to determine the variations of certain parameters in mine waters. Also, this program
was used for the graphical presentation of chemical parameters in the form of Box-Plot dia-
grams.

RESULTS AND DISCUSSION

Hydrochemistry of neutral mine drainage of the ,, Grot* Pb—Zn mine

According to their physical properties, the examined mine waters are colour-
less and odourless. These waters belong to the category of cold waters. The water
temperature ranges from 7.1 to 14.5 °C, depending on the air temperature. The
mineralization (7DS) ranges from 163 to 719 mg L-! (Tables I and S-1 of the
Supplementary material). These waters can be classified as low-mineralized,
except for one sample with 7DS > 500 mg L1

TABLE 1. Physical-chemical parameters and concentrations of macrocomponents in mine
water samples from the exploration area

Parameter Unit Min Median Max N Criteria!®
t °C 7.1 9.5 14.5 11 -
DS mg Ll 163 353 719 11 -
EC uS cm’! 180 431 632 11 <3000
pH — 7.04 7.5 7.6 11 6-9
Dissolved O, mg L 5.4 9.3 10.9 11 >0.4
Dissolved H,S 0.006 0.048 0.351 11 <1.0
Ca?* 25.6 40.4 56.8 6 -
Mgt 1.2 3.65 42 6 -
Na® 3.5 4.64 6.6 6 -
K* 1 1 1.1 6 -
HCO5 61 88.45 91.5 6 -
S04 37.4 93.2 177.7 11 <300
Cl- 4 6 18 11 <250
NO5~ 0.83 1.7 12.09 11 <15
NO, 0.005 0.041 0.333 11 -
NH,* 0.033 0.54 1.5 11 <1.5

The pH value of analysed waters ranges from 7.04 to 7.6, classifying them as

neutral. According to the USEPA standards (2018), the pH of drinking water
should be within the range of 6.5 to 8.5, which is met in all samples.3°

The most dominant cation is Ca2", with 25.6 to 56.8 mg L-! concentrations.
Concentrations of Mg2* range from 1.2 to 4.2 mg L~1. The second most abun-
dant cation in these waters is Na*, with concentrations ranging from 3.5 to 6.6
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mg L-1. K* concentrations do not vary significantly in analysed samples (1 to 1.1
mg L-1), having the lowest abundance among all cations in these waters.

The dominant anions in mine waters are bicarbonates and sulphates. HCO3~
in mine waters occur in the range of 61 to 91.5 mg L~!. SO42~ concentrations in
these waters vary from 37.4 to 177.7 mg L-L. Chlorides in these waters occur at
low concentrations (4 to 18 mg L-1). The content of NH4", NO,~ and NO3~ in
the water is also low.

Concentrations of dissolved oxygen (O) range from 5.4 to 10.9 mg L1,
while the concentrations of dissolved hydrogen sulphide (H»S) are relatively low
(from 0.006 to 0.351 mg L-1).

Based on the dominant anions and cations, the analysed mine waters can be
classified into two hydrochemical groups: HCO3—S042—Ca2" and SO42—CaZ"
waters (Fig. 1). The first group consists of mine waters that are not in direct con-
tact with the rocks from the ore body (water that is pumped out before it reaches
the active mining zone) and waters from sites where mining is currently not
taking place. The second group consists of mine waters that are in direct contact
with the rocks from the deposit, specifically the waters from the VI, VIII and IX
horizons.

A HCO,-S0,-Ca™ type
@ S0,7-Ca’ type

100
CATIONS ANIONS

Fig. 1. Piper diagram of mine waters collected from six different locations within the

exploration area.
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Based on the results obtained from laboratory analysis, all water samples
have met the prescribed criteria for wastewater (Table S-1).40 A part of the mine
water is used for the water supply of the Kriva Feja settlement and the mining
complex,*! indicating that some of the water samples also meet the criteria for
drinking water.

Microelements in mine waters

According to the laboratory testing results, the concentrations of metals
(zinc, barium, chromium, copper) in the mine waters are generally low (Table S-I
and Fig. 2).#* These results are not specific to sulphide deposit mine waters,
which typically have low pH values and high metal concentrations, defined as the
acid mine drainage (AMD).

i

: : : : Fig. 2. Metal content in mine waters of the
Fe(tot)  Zn(tot)  Pb(tot) Mn(tot) ,,Grot* Pb—Zn mine in mg L.

=

0.

=

LOG Concentration (mgL%?)

0.01

The iron concentrations in the tested waters range from 0.11 to 2.37 mg L1
The elevated concentrations of iron can be the indicator of the presence of oxid-
ation of sulphide minerals.2 Zinc concentrations in these waters are low (ranging
from 0.05 to 0.7 mg L-1), while lead concentrations vary from 0.02 to 0.47 mg
L-1. The concentrations of barium in the waters from this area are below 0.05 mg
L-1. Chromium and copper are present in trace amounts in these waters, with
concentrations below 0.02 mg L-! for chromium and below 0.03 mg L-! for
copper.

Manganese concentrations in mine waters range from 0.05 to 0.6 mg L1,
while arsenic concentrations are below 0.05 mg L1,

Speciation modelling and saturation indices

The most of trace elements and many major elements in surface water and in
groundwater exist in the form of complexes rather than free ions.4? The presence
of certain metals in water can indicate the reactions such as dissolution and pre-
cipitation of mineral phases.>

According to the modelling results in PHREEQC software, a list of the most
prevalent ionic species in mine waters is provided (Table II). Me?* and MeSOy4
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represent the two dominant ionic species for calcium and magnesium, while tri-
valent iron is most commonly present as Fe(OH),™ and Fe(OH)3. Metals such as
lead and copper are predominantly present as free ions and MeCOj3 ionic pair,
while manganese is most commonly found as free ions or MnSOy4 ionic pair.
Both types of mine waters have a similar distribution of ionic species. Only
minor differences in the distribution of ionic species of zinc are observed. In both
types of water, zinc predominantly occurs as free ions. Additionally, the presence
of the MeCO3 ionic pair is noticeable in the HCO3—S042—Ca?™ water type,
while the MeSQy ionic pair is more dominant in the SO42—CaZ" water type.

TABLE II. The distribution of ionic species in mine waters (presented in terms of median
molalities and the median percentage distribution of ionic species relative to the total molality
of metals)

Species HCO5;-S0,2-Ca?*  S0,2-Ca?" HCO;-S0,7—Ca?*  SO,+—Ca2"
Molality, mol/kg %
Calcium
Ca?* 6.10x10 1.16x1073 94.85 87.94
CaSOq, 2.94x1073 1.52x10* 4.60 11.38
Iron
Fe(OH)," 3.19x10° 2.06x10© 68.46 76.85
Fe(OH); 1.11x10° 4.97x107 23.48 18.60
Magnesium
Mg?* 5.87x107 1.53x10* 95.12 88.83
MgSO, 2.51x10° 1.75x107 4.06 10.15
Sodium
Na*t 2.03x10* 2.00x10* 99.83 99.51
Lead
PbCO;, 8.30x108 8.07x108 85.95 83.61
PbZ* 7.89x107° 1.07x108 6.64 7.00
PbHCO;* 3.34x107° 9.38x107 3.30 3.71
Zinc
Zn?* 8.49x1077 9.85x10°7 77.28 67.26
ZnCO; 1.01x1077 1.37x107 11.57 9.94
ZnHCO;" 5.47x108 8.39x108 5.10 5.86
ZnSOy, 4.78x10°8 2.08x1077 4.46 14.15
Manganese
Mn?2* 8.71x107 1.38x10 95.11 89.09
MnSO, 3.52x108 1.40x1077 3.87 9.61
Copper
Cu(OH), 2.84%107 2.99x1077 60.16 63.25
CuCO; 9.01x108 1.02x1077 19.09 21.56
Cu(HS)5" 6.66x108 3.96x108 14.10 8.38
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Based on the calculated S/ values, the analysed waters are undersaturated
(SI < 0) with the respect to minerals such as calcite, aragonite, cerussite, smith-
sonite, thodochrosite, siderite and pyrolusite (Table III). The origin of Ca2* and
HCOs3™ in these waters could be linked to the dissolution of calcite and aragonite.
The median S/ values for calcite and aragonite are —0.80 and —0.95, respectively.
Both minerals have similar saturation index values, implying that they can be dis-
solved relatively equally in the investigated area.

TABLE III. Saturation Index (S7) values for selected minerals; N = 6

Mineral ST min SI median ST max
Aragonite -1.20 -0.95 —0.66
Calcite -1.05 —0.80 -0.51

Cerussite -1.10 -1.00 -0.64
Smithsonite -2.90 -2.41 -1.54
Rhodochrosite -1.97 -1.79 -1.10
Siderite -3.91 -3.6 -2.81

Barite 0.16 0.44 0.68

Galena -4.37 -3.84 -2.82
Sphalerite —6.81 —6.06 -5.17
Pyrite -19.55 -19.24 -18.63

The SI values for minerals such as cerussite, smithsonite and rhodochrosite
range from —1 to —2.9. The presence of Pb2" in these waters can be attributed to
the dissolution of cerussite. Since cerussite has a lower solubility product, this
process occurs with lower intensity compared to the dissolution of calcium carb-
onates, resulting in lower concentrations of Pb2* in the water.

The origin of Zn?" and Mn2" in mine waters may be associated with the dis-
solution of smithsonite and rhodochrosite. The occurrence of iron ions in these
waters can be linked to the dissolution of siderite.

On the other hand, the saturation index values for mineral phases galena,
sphalerite, pyrite, covellite and chalcopyrite are very low, indicating that the
waters from this research area are undersaturated concerning the given minerals.
The median S/ value for the mineral phase pyrite is —19.24, while for galena it is
around —3.84, and for sphalerite it is around —6.06. Although sulphides minerals
dominate over carbonate minerals in the investigated area, it can be assumed that
the oxidation process of sulphides minerals occurs to a low extent.

The origin of SO42~ may be from the oxidation processes of pyrite, galena
and sphalerite. This process is specific to the ore deposit zone. Therefore, the ori-
gin of lead, zinc, manganese and iron can be twofold, as these metals can origin-
ate from sulphide minerals (such as galena, sphalerite, pyrite, efc.) and carbonate
minerals. Most probably, the dissolution of carbonate minerals also takes place
during the oxidation process of sulphide minerals. Additionally, the origin of bar-
ium may be from galena and sphalerite, where this metal is concentrated.*3 The
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saturation index values for barite in these waters are slightly positive (median S/
0.44), indicating the precipitation of secondary barium sulphate, due to the pre-
sence of an abundance of sulphate ions.

All the minerals under consideration have been detected in the ore deposit,
which is deposited in specific horizons within the schists.43

The origin of the mine waters is mainly atmospheric, with significant
amounts of rainfall occurring in this area throughout the year. The low intensity
of sulphide mineral oxidation may be attributed to the rapid exchange of these
waters. Since the process of pyrite oxidation is low, this process is probably not
dominant in shaping the chemical composition of these waters. The low concen-
trations of metals in the water are another indication of the low intensity of this
process. Additionally, the sulphide minerals’ solubility products are much lower
than those of carbonate minerals. Therefore, the dissolution of carbonate minerals
occurs before the dissolution of the sulphide minerals.

CONCLUSIONS

According to the results of chemical analysis, the mine waters of the “Grot”
Pb—Zn underground mine have a neutral pH value and low concentrations of the
trace elements except for manganese and iron. The analysed mine waters are
classified into two groups based on their chemical composition. These differ-
ences can be attributed to the fact that the first group of waters of the HCO3~—
SO42—Ca?* type drains before contacting the ore body zone. On the other hand,
the second group of waters of the SO42~—Ca2" type is in the direct contact with
the ore body. However, it does not exhibit characteristics of acid mine drainage,
probably due to the short water retention in the system. Modelling in PHREEQC
software and the analysis of the obtained saturation index values revealed the two
dominant processes in shaping the chemical composition of these waters: the dis-
solution of carbonate minerals and the oxidation of sulphide minerals. The inten-
sity of sulphide mineral oxidation is low and localized to the ore zone. The lack
of the intense sulphide mineral oxidation, despite their high occurrence in the
study area, is due to the kinetics of this process. The longer rock-water contact is
required to initiate this process, while the mine waters in this area are rapidly
exchanged and have a short contact with the rock. Therefore, it can be concluded
that the kinetic factor plays a crucial role in forming neutral, good-quality mine
waters. At the same time, the neutralization in the presence of carbonate minerals
is not a significant factor.

Since the acid mine drainage is a global issue, adapting some similar
methods of the mineral resource exploitation and mine dewatering, where applic-
able, could further slow down this process. Finally, this study suggests that the
mine drainage systems for mineral resource deposits should minimize the water
retention in the system, ensuring a short contact time between water and rock.
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H3BOJ
TEOXEMUJA HEYTPAJTHUX PYJHUUKUX BOJA CYJIOMHUX JIEXXUIITA HA
[TPUMEPY Pb—Zn JIEXXUIITA “I'POT”

CHEXAHA C. KPETHR, JAHA C. IITPBAYKHU u HEBOJIIA . ATAHAIIKOBHWR

Yuueepsuitiei y Beoipagy, Pygapcko—ieonowxu paxynwed, Jedapmuman 3a xugpoieonoiujy, bywuna 7,
11000 Beoipag

Y oBOM pafy Ipoy4yaBaH je XeMHUjCKH cacTaB BOJA M3 PyOHUKA M U3MIBOjEHU Cy XUAPO-
Te0XEMH]CKU (PaKTOPH KOjU yTUUY Ha BeroBo opmupame. CakyrbeHo je 11 y3opaxa Boge ca
6 noxanuja Ha noapyy4jy Kpuse ®eje, kako Ou ce yTBpANO BUXOB XEMHUjCKHU CacTaB. AHAIM30M
nogaraka yTBpheHo je ma cy Boie ca OBOT Mofpyd4ja BUcokor kBanutera, HCOs-S042-Ca?t u
S04*-Ca?* tuma, ca HeyrpanmHoMm pH Bpemuowhy. KoHueHTpauuje meTana y OBMM Bogama
(umHKa, ooBa, HapujymMa, bakpa U XpoMa) TeHepasiHO Cy HHUCKe U BehHHa y30paka Bojja UCITy-
maBa Kputepujyme Boge 3a nuhe (US EPA cranpappe). Mopgenupame nomohy PHREEQC
coTBepa ykasyje Ha TO fa Cy JOMHMHAHTHHU NpolecH y GOpMHUpamby XEMH]CKOT cacTaBa OBUX
BOJla pacTBapame KapdoOHaTHUX MUHepaia U OKCcHianuja cynduaHux MuHepana. KapboHaTHu
MMHEpaId UMajy Mamy 3aCTYI/beHOCT y OFHOCY Ha CynduAHe MHHepase (IONyT rajeHura,
caneprTa U NMUpPUTA), KOjU Cy JOMHUHAHTHH Ha MOAPYYjy HUCTpakupamwa. Crnad HHTEH3UTeT
oKkcupauuje cylpUAHNX MHUHepana nociesuua je Op3e 3aMeHe BOAE M CMAamEeHOI KOHTaKTa
BoZe ca creHoM. [Ipouec oxcupauuje cylI(pUIHIX MUHEDaa je JIOKaJHOT KapaKkTepa U Besyje
ce camo 3a 30Hy nexuwmrTa. OBa CTygHuja ykasyje Ha 3Hayaj KMHETHKeE (Tj. Op3suHe Xxemujcke
peaxuuje), kao jeqHor of IM1aBHUX (aKkTopa y Mpolecy okcuaauuje cylpUuIHuX MUHepana.

(ITpumsbeHo 11. aBrycra, pesuaupato 21. okrodpa 2023, mpuxsaheno 19. pedpyap 2024)
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STUDY AREA

The Grot Mine is located in the southeastern part of Serbia, within the municipalities of
Bosilegrad and Vranje. The mining area is characterized by mountainous terrain. In the central
part of the mining field, there is the ridge of Besna Kobila, which is also the highest point in
the relief (1923 m). Besna Kobila represents the watershed divide between the Black Sea
basin (South Morava River basin) and Aegean Sea basin.! The river streams are characterized
by a snow-rain regime, with peak flows occurring during snowmelt and spring rains. The area
has a moderate continental climate with mountainous influences. The average annual air
temperature ranges from 5 to 6 °C, with an average annual precipitation exceeding 1000 mm.2
In geological terms, the ore field comprises older Paleozoic crystalline schists that are
intruded by older granitoids, younger Tertiary granitoids, and the youngest volcanic rocks
(quartz latites) (Fig. S-1). The ore deposit is hosted in the schists of the Lisina Series,
accompanied by quartz-latite, calcschists, and marbles.!? The formation of the mineral
paragenesis is associated with several stages. The most important stage that led to
mineralization (mesothermal phase) is characterized by the minerals such as galena,
sphalerite, pyrite, chalcopyrite, arsenopyrite, molybdenite, tennantite, quartz, stibnite,
rhodochrosite, calcite, manganese siderite, chalcedony, and aragonite.3 During the supergene
stage, minerals such as cerussite, smithsonite, pyrolusite, and limonite were formed through
transformations.? From a hydrogeological perspective, the fractured aquifer has a predominant
distribution in the exploration area. It is formed within the granitoid and quartzlatite rocks and
crystalline schists (Lisina and Jere$nica Series).2 The fracturing of the crystalline schist
complex is significant. Groundwater accumulation is related to the fracture and fault systems
of crystalline schists, marble, and quartz latite. The permeability of the rocks depends on the
type of crystalline schist, with the JereSnica-age crystalline schists being less permeable than
the Lisina-age schists, representing a hydrogeological barrier for groundwater movement.!
The mining works were carried out from 1290 m to 1720 m. Completing the main export adit
(MEA) at the lowest mining horizon involved advancing through the entire massif of Besna
Kobila, reducing the inflow of water into the mining works at higher elevations.! The drainage
of mining operations is entirely gravity-based. All the water from the mine is discharged at
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three levels: VI, VIII and IX horizons. In places where mine waters are discharged,
sedimentation ponds have been installed at the outlets of mining horizons.! The majority of
mine waters are drained through the MEA at the IX horizon, where the water flows in three
directions (towards the flotation plant, towards the Hajducki Osoj adit, and the outlet of the IX
horizon at the Crna Reka site).!
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According to the authors of the 1:100,000 geological map sheet K34-057 Trgoviste with Radomir.

Fig. S-1. Geological map of the study area (modified) with locations of mine water sampling
points.3
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Table S-I. Results of chemical analyses for the examined mine water samples relative to the USEPA standards for drinking water and
emission limit values according to the Regulation on emission limit values for water pollutants and deadlines for their achievement (Official
Gazeta RS 67/2011, 48/2012 and 1/2016)

Parameter Unit Sample USEPA  Criteria for
1 2 3 4 5 6 7 8 9 10 11 Wastewater
t °C 7.1 7.5 7.2 14.5 14 10 9 9 10 10.5 95 / /
TDS mg L-! 719 442 353 183 187 166 163 385 375 167 482 500 /
EC uS cm'! 610 608 569 249 262 197 180 431 433 225 632 / <3000
pH / 7.53 752 743 7.6 74 739 75 735 752 7.04 75 6.5-85 6-9
Dissolved O, mgO,L! 54 6 9.3 7 6.2 10 104 107 109 103 9 / >0.4
Dissolved H,S mgL! 0351 0.329 0.052 0.048 0.329 0.006 0.008 0.009 0.006 0.063 0.026 / <1.0
Ca?* mg L! / / / / / 25.6 256 56.8 52.8 40.8 40 / /
Mg2* mg L-! / / / / / 1.5 1.2 4.2 4.2 3.2 4.1 / /
Na* mg L-! / / / / / 6.6 425 465 462 35 4.7 30-60 /
K* mg L-! / / / / / 1 1 1 1 1 1.1 / /
HCO5 mg L-! / / / / / 61 61 91.5 915 854 915 / /
S04 mg L! 1777 116.1 932 905 417 444 374 1534 1528 538 1544 250 <300
Cl mg 