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A New Method for the Synthesis of Ald(ket)azines and their Antioxidant Activity

The synthesis of biologically active compounds frequently requires the establishment of specific conditions
(such as pressure, temperature, medium, solvent, and catalyst) or the use of expensive equipment. An im-
portant task is the search for simple synthesis methods for promising biologically active compounds. This pa-
per presents data on a rapid method for the synthesis of ald(ket)azines (azines) with a variety of biological
and physicochemical properties. Hydrazine hydrate reacts readily by condensation with aromatic (heterocy-
clic) aldehydes or ketones to form azines. The reaction occurs at room temperature in acetic acid. The synthe-
sis is completed in a short period of time, between 5 and 15 seconds, with yields of 32 % to 98 % after recrys-
tallization. The formation rate of ald(ket)azines depends on the reaction medium and the presence of hydro-
gen donors in the system, and increases with increasing acidity. The investigation did not yield any discerni-
ble pattern in the impact of electron-donor or electron-acceptor substituents in the para-, meta-, or ortho-
positions at aromatic (heterocyclic) aldehydes or ketones on the azines yield. The synthesized compounds
were studied using *H NMR spectroscopy, chromato-spectrometry, and elemental analysis. The Ferric Reduc-
ing Antioxidant Power (FRAP) spectrophotometric method was used to study the antioxidant activity of the
compounds obtained. Compounds with an N,N-dimethyl- or N,N-diethyl group in the para-position of the al-
dehyde fragment of azine showed a significant antioxidant effect. The results obtained exceed the antioxidant
value of ascorbic acid — an industrially used oxidation inhibitor.

Keywords: condensation reaction, aldazines, ketazines, azines, synthesis, Schiff bases, hydrazinium
monoacetate.

Introduction

Schiff bases (imines, azomethines, azines) containing the structural element (—-CR=N-) represent a fair-
ly common class of organic compounds with a wide range of practical applications. They possess
antidiabetic [1], antitumour [2, 3], antimicrobial [4—7], antifungal [8, 9], cytotoxic [10, 11], luminescent
properties [12, 13], and are used as plant growth regulators [14], chemosensors [15, 16], liquid crystals [17]
or universal building blocks in organic synthesis [18, 19].

The known methods for azines synthesis are based on the interaction of hydrazine hydrate or its salts
with aromatic aldehydes (ketones) in various solvents at different temperatures and stirring [9, 16, 17, 20—
27], without solvent [28, 29] (with the addition of iodine/bromine [30], aluminium oxide [31, 32]) or using
different catalysts (ruthenium complex [33], nickel [34] or its salts [35], bismuth [36]).

Many of the described methods for azines synthesis have a number of disadvantages, such as special re-
action conditions, long reaction time, low yields and the use of expensive catalysts. The aim of our work is to
develop a simple and rapid method for the ald(ket)azines synthesis.

4 © 2024 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Experimental

Materials

General Information: starting hydrazine hydrate (64 %, CAS 7803-57-8), phenylmethanal (>99.5 %, CAS
100-52-7), 4-bromobenzaldehyde (99 %, CAS 1122-91-4), 4-chlorobenzaldehyde (97 %, CAS 104-88-1),
4-nitrobenzaldehyde (98 %, CAS 555-16-8), 4-methoxybenzaldehyde (>98 %, CAS 123-11-5), 4-(dimethyl-
amino)benzaldehyde (98 %, CAS 100-10-7), 4-(diethylamino)benzaldehyde (99 %, CAS 120-21-8),
4-hexyloxybenzaldehyde (99 %, CAS 5736-94-7), 4-decyloxybenzaldehyde (CAS 24083-16-7), 2-thiophen-
aldehyde (98 %, CAS 98-03-3), 2-hydroxybenzaldehyde (>98 %, CAS 90-02-8), 2-hydroxy-1-naphth-
aldehyde (CAS 708-06-5), 3-pyridinecarbaldehyde (98 %, CAS 500-22-1), 3-nitrobenzaldehyde (99 %, CAS
202-772-6), acetophenone (>98 %, CAS 98-86-2), 4-nitroacetophenone (98 %, CAS 100-19-6), 2-hydroxy-
acetophenone (99 %, CAS 118-93-4), from Aldrich, Acros Organics, were used without purification.

The structure of the obtained compounds was confirmed by 'H NMR spectroscopy, chromato-mass
spectrometry and elemental analysis. Mass spectra were recorded on an Agilent Technologies 6890N/5975B
chromatography-mass spectrometer (USA): *H NMR spectra were recorded on a Bruker Advance 11 400
(Bruker Corporation, USA) in DMSO-ds, CDCl; solvent; *H chemical shifts are given relative to SiMe,. El-
emental analysis was performed on a VARIO EL CUBE elemental analyzer (Elementar, Germany). Melting
points were determined on a Stuart SMP40 device (Stuart Scientific, UK).

General Procedure for the Synthesis of Ald(ket)azines 3a-r

0.04 mol of aldehyde (ketone) 1a-r and 0.17 mol of acetic acid were mixed until completely dissolved
and 0.026 mol of hydrazine hydrate 2 was added dropwise to the resulting solution under stirring. After 5-15
seconds, the precipitate (compounds 3f, g do not precipitate, they are precipitated by water) was neutralized
with ammonia solution (except compound 3K, r), washed with water, filtered and recrystallized from ben-
zene, chloroform or dimethyl sulfoxide: ethanol mixture (ratio 1:1).

1,2-bis(benzylidene)hydrazine 3a. Yield is 3.03 g (73 %), yellow crystals, m.p. 92-93 °C (92-93 °C
[37]). "H NMR spectrum (400.0 MHz, CDCls) 3, ppm: 7.39-7.44 m (6H, Ar-H), 7.80-7.85 m (4H, Ar-H),
8.64 s (2H, 2 CH=N). Mass spectrum, m/z (l,e;, %): 208 (70.3), 131 (100), 104 (26.7), 90 (3.9), 77 (37.5).
Found, %: C 80.70; H 5.79; N 13.42. Cy4H4,N,. Calculated, %: C 80.74; H 5.81; N 13.45.

1,2-bis(4-bromobenzylidene)hydrazine 3b. Yield is 6.92 g (95 %), yellow crystals, m.p. 230-231 °C
(223-224 °C [28]). *H NMR spectrum (400.0 MHz, DMSO-dg) &: 7.71-7.74 m (4H, Ar-H, J 8.0 Hz), 7.83-
7.85m (4H, Ar-H, J 8.0 Hz), 8.65 s (2H, 2 CH=N). Mass spectrum, m/z (l.¢, %): 366 (59.4) [M]", 209 (100),
183 (18.7), 156 (2.2). Found, %: C 45.90; H 2.71; N 7.62. C14H1oN,Br,. Calculated, %: C 45.94; H 2.75;
N 7.65.

1,2-bis(4-chlorobenzylidene)hydrazine 3c. Yield is 5.30 g (96 %), yellow crystals, m.p. 208-210 °C
(208-210 °C [37]). 'H NMR spectrum (400.0 MHz, CDCl;) 3, ppm: 7.38-7.42 m (4H, Ar-H, J 8.0 Hz),
7.73-7.77 m (4H, Ar-H, J 8.0 Hz), 8.56 s (2H, 2 CH=N). Mass spectrum, m/z (I, %): 277 (51.6) [M]’,
165 (100), 152 (2.3), 138 (28), 111 (29.7). Found, %: C 60.59; H 3.58; N 10.06. C4H;,N,Cl,. Calculated, %:
C 60.67; H 3.64; N 10.11.

1,2-bis(4-nitrobenzylidene)hydrazine 3d. Yield is 5.42 g (91 %), yellow crystals, m.p. 312-313 °C
(312-313 °C [37]). "H NMR spectrum (400.0 MHz, DMSO-dg) 5, ppm: 8.14-8.16 m (4H, Ar-H, J 8.0 Hz),
8.33-8.35m (4H, Ar-H, J 8.0 Hz), 8.78 s (2H, 2 CH=N). Mass spectrum, m/z (I, %): 298 (46.7) [M]",
176 (100), 149 (6.5). Found, %: C 56.30; H 3.35; N 18.74. C14H1,N,O,. Calculated, %: C 56.38; H 3.38;
N 18.79.

1,2-bis(4-methoxybenzylidene)hydrazine 3e. Yield is 5.02 g (94 %), yellow crystals, m.p. 177—
179 °C (178 °C [37]). 'H NMR spectrum (400.0 MHz, DMSO-dg) &, ppm: 3.84 s (6H, 2CHj), 7.03-7.07 m
(4H, Ar-H, J 8.0 Hz), 7.79-7.83 m (4H, Ar-H, J 8.0 Hz), 8.59 s (2H, 2 CH=N). Mass spectrum, m/z (l e, ):
268 (100) [M]", 161 (65), 134 (21), 107 (3.1). Found, %: C 71.58; H 5.97; N 10.40. C15H1sN,0,. Calculated,
%: C 71.62; H6.01; N 10.44.

1,2-bis(4-N,N-dimethylaminobenzylidene)hydrazine 3f. Yield is 5.73 g (97 %), yellow crystals, m.p.
263-264 °C (263-264 °C [38]). *H NMR spectrum (400.0 MHz, DMSO-ds) &, ppm: 3.02 s (12H, 4CH,),
6.78-6.81 d (4H, Ar-H, J 12.0 Hz), 7.65-7.68 d (4H, Ar-H, J 12.0 Hz), 8.48 s (2H, 2 CH=N). Mass spec-
trum, m/z (lye; o5): 294 (100) [M]*, 174 (21.8). 147 (36), 133 (2.3), 120 (7.5). Found, %: C 73.40; H 7.51;
N 19.00. CigH2,N,. Calculated, %: C 73.44; H 7.53; N 19.03.

1,2-bis(4-N,N-diethylaminobenzylidene)hydrazine 3g. Yield is 6.86 g (98 %), yellow crystals,
m.p. 195-197 °C (193 °C [39]). *H NMR spectrum (400.0 MHz, CDCl5) §, ppm: 1.17-1.20 t (12H, 4CHs),
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3.37-3.42 t (8H, 4CH,), 6.64-6.66 d (4H, Ar-H, J 8.0 Hz), 7.63-7.76 d (4H, Ar-H, J 8.0 Hz), 8.52 s (2H, 2
CH=N). Mass spectrum, m/z (I o): 350 (100) [M], 202 (9.4), 175 (15.6), 161 (20.3), 148 (1.6). Found, %:
C 75.31; H 8.58; N 15.94. C,,H3oN,. Calculated, %: C 75.39; H 8.63; N 15.98.
1,2-bis-(4-hexyloxybenzylidene)hydrazine 3h. Yield is 6.91 g (97 %), yellow crystals, m.p. 120
127 °C (turbid phase), at 128 °C full clearing. 'H NMR spectrum (400.0 MHz, CDCls) &, ppm: 0.88-0.92 t
(6H, 2CHj3), 1.31-1.36 m (8H, 4CH,), 1.42-1.50 m (4H, 2CH,), 1.75-1.82 m (4H, 2CH,) 3.98-4.01 t (4H, 2
OCH,, J 8.0, 4.0 Hz), 6.92-6.94 d (4H, Ar-H, J 8.0 Hz), 7.75-7.77 d (4H, Ar-H, J 8.0 Hz), 8.60 s (2H, 2
CH=N). Mass spectrum, m/z (l,¢,): 408 (100) [M]’, 231 (89), 206 (2.2), 204 (4.3), 130 (2.1), 41 (45.5).
Found, %: C 76.38; H 8.84; N 6.81. C,5H3sN-,0,. Calculated, %: C 76.43; H 8.88; N 6.86.
1,2-bis(4-decyloxybenzylidene)hydrazine 3i. Yield is 9.15 g (88 %), yellow crystals, m.p. 121-128 °C
(turbid phase), at 129 °C full clearing. "H NMR spectrum (400.0 MHz, CDCl5) &, ppm: 0.86-0.89 t (6H,
2CHj3), 1.26-1.30 m (16H, 8CH,), 1.32-1.37 m (8H, 4CH,), 1.42-1.49 m (4H, 2 CHy), 1.75-1.82 m (4H,
2 CHy), 3.98-4.01t (4H, 2 OCH,, J 4.0, 4.0 Hz), 6.92-6.94 d (4H, Ar-H, J 8.0 Hz), 7.75-7.77 d (4H, Ar-H,
J 8.0 Hz), 8.60 ¢ (2H, 2 CH=N). Mass spectrum, m/z (I, %): 520 (87.4) [M]", 287 (100), 260 (10.5), 130 (7).
Found, %: C 78.35; H 10.00; N 5.32. C3,Hs;N,O,. Calculated, %: C 78.41; H 10.06; N 5.38.
1,2-bis(thiophen-2-ylmethylene)hydrazine 3j. Yield is 4.02 g (93 %), yellow crystals, m.p. 158-
159 °C (161 °C [40]). *H NMR spectrum (400.0 MHz, CDCls) §, ppm: 7.09-7.11 t (2H, Ar-H, J 4.0, 4.0 Hz),
7.39-7.41 d (2H, Ar-H, J 8.0 Hz), 7.45-7.46 d (2H, Ar-H, J 4.0 Hz), 8.75 s (2H, CH=N). Mass spectrum,
mM/Z (lre; 0): 220 (100) [M]*, 137 (7.5), 110 (30.5), 96 (9.8), 83 (5.9). Found, %: C 54.47; H 3.60; N 12.66;
S 29.07. CyoHgN,S,. Calculated, %: C 54.52; H 3.66; N 12.72; S 29.10.
1,2-bis(2-hydroxybenzylidene)hydrazine 3k. Yield is 4.56 g (95 %), yellow crystals, m.p. 224 °C
(224 °C [41]). 'H NMR spectrum (400.0 MHz, DMSO-ds) &, ppm: 7.00-7.02 d (4H, Ar-H, J 8.0 Hz), 7.41-
7.45 m (2H, Ar-H), 7.70-7.72 m (2H, Ar-H, J 8.0 Hz), 9.00 s (2H, 2 CH=N), 11.08 w.s. (2H, 20H). Mass
spectrum, m/z (1., %): 240 (100) [M]", 147 (31.3), 120 (25), 106 (1.6), 93 (16.4). Found, %: C 69.90; H 4.98;
N 11.60. C14H12N,0,. Calculated, %: C 69.99; H 5.03; N 11.66.
1,2-bis((2-hydroxynaphthalen-1-yl)methylene)hydrazine 3l. Yield is 6.56 g (96.5 %), yellow crys-
tals, m.p. 233 °C (233 °C [28]). "H NMR spectrum (400.0 MHz, DMSO-dg) 8, ppm: 7.23-7.31 d (2H, Ar-H,
J 8.0 Hz), 7.45-7.49 t (2H, Ar-H, J 4.0, 16.0 Hz), 7.62-7.65 t (2H, Ar-H, J 8.0, 8.0 Hz), 7.92-7.94 d (2H,
Ar-H, J 8.0 Hz), 8.03-8.05 d (2H, Ar-H, J 8.0 Hz), 8.61-8.64 d (2H, Ar-H, J 12.0 Hz), 9.91 s (2H, 2 CH=N).
Mass spectrum, m/z (¢, ): 340 (52.7) [M]", 184 (0.9), 170 (100), 156 (1.6), 143 (5.3). Found, %: C 77.59;
H 4.70; N 8.18. C,,HsN,0,. Calculated, %: C 77.63; H 4.74; N 8.23.
1,2-bis(pyridin-3-ylmethylene)hydrazine 3m. Yield is 1.76 g (42 %), yellow crystals, m.p. 150-
152 °C (144-145 °C [42]). "H NMR spectrum (400.0 MHz, CDCl3) &, ppm: 7.34-7.37 d.d (2H, Ar-H, J 4,
4 Hz), 8.16-8.19 d.t (2H, Ar-H, J 4, 2, 2, 2 Hz), 8.63 s (2H, Ar-H), 8.67-8.68 d.d (2H, 2CH=N, J 1.6,
1.6 Hz), 8.97 d (2H, 2CH=N, J 1.8 Hz). Mass spectrum, m/z (l¢.5): 210 (10.9) [M]", 132 (100), 105 (10.9),
91 (1.6), 78 (11.7). Found, %: C 68.51; H 4.75; N 26.59. C;,H;oN,. Calculated, %: C 68.56; H 4.79; N 26.65.
1,2-bis(3-nitrobenzylidene)hydrazine 3n. Yield is 4.70 g (79 %), yellow crystals, m.p. 188-190 °C
(192-194 C [28]). '*H NMR spectrum (400.0 MHz, CDCls) 8, ppm: 7.82-7.84 t (2H, Ar-H, J 8, 8 Hz), 8.32—
8.39 m (4H, Ar-H), 8.72-8.73 t (2H, Ar-H, J 1.8, 1.8 Hz) 8.87 s (2H, 2CH=N). Mass spectrum, m/z (I, o):
298 (67.8) [M]", 252 (4.3), 176 (100), 149 (8.7), 130 (26.1), 122 (2.4), 117 (2.2), 103 (25),89 (19.6),
76 (29.3). Found, %: C 56.36; H 3.35; N 18.77. C14H,oN,4O,. Calculated, %: C 56.38; H 3.38; N 18.79.
1,2-bis(1-phenylethylidene)hydrazine 3o. Yield is 4.32 g (91.5 %), yellow crystals, m.p. 129-131 °C
(123-125 °C [43]). 'H NMR spectrum (400.0 MHz, CDCI;) &, ppm: 2.32 s (6H, 2CHs), 7.38-7.43 m (6H,
Ar-H), 7.88-7.92 m (4H, Ar-H). Mass spectrum, m/z (l,e%): 236 (44) [M]", 221 (100), 159 (20.3), 132 (9.4),
118 (23.4), 104 (9.4), 77 (50). Found, %: C 81.28; H 6.79; N 11.81. CyHysN,. Calculated, %: C 81.32;
H 6.82; N 11.85.
1,2-bis(1-(4-nitrophenyl)ethylidene)hydrazine 3p. Yield is 5.93 g (91 %), orange crystals, m.p. 220—
221 °C (204 °C [44]). "H NMR spectrum (400.0 MHz, CDCls) &, ppm: 2.35 s (6H, 2CH3), 8.05-8.07 d (4H,
Ar-H, J 8.0 Hz), 8.25-8.27 d (4H, Ar-H, J 8.0 Hz). Mass spectrum, m/z (l.¢, %): 326 (48.4) [M]", 311 (100),
296 (4.7), 204 (14), 177 (4.7), 163 (7.81), 149 (5.5). Found, %: C 58.83; H 4.32; N 17.15. C4sH14N,O,. Cal-
culated, %: C 58.89; H 4.32; N 17.17.
1,2-bis(1-(2-hydroxyphenyl)ethylidene)hydrazine 3r. Yield is 1.77 g (32 %), yellow crystals,
m.p. 201-202 °C (197-199 C [45]). "H NMR spectrum (400.0 MHz, CDCls) &, ppm: 6.87-6.91 t (2H, Ar-H,
J 8.0, 4.0 Hz), 6.99-7.01 d (2H, Ar-H, J 8.0 Hz), 7.31-7.35 t (2H, Ar-H, J 8.0, 8.0 Hz), 7.58-7.61 d.d (2H,
Ar-H, J 4.0, 4.0 Hz), 13.07 s (2H, 20H). Mass spectrum, m/z (. +): 268 (100) [M], 147 (9.8), 134 (34.7),
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120 (15.1), 106 (3), 93 (5.9). Found, %: C 71.59; H 6.00; N 10.42. CyHysN,O,. Calculated, %: C 71.62;
H 6.01; N 10.44.

Procedure for Antioxidant Activity Determination by the FRAP Method

The antioxidant activity (AOA) of ald(ket)azines 3a-r was determined by the FRAP spectrophotometric
method [46].

Ascorbic acid (AA), as one of the known antioxidants, was used as a reference [47]. Solutions with AA
concentrations of 2.0-3.0-10"° mol-L* were prepared by dissolving an accurate suspension in water on the
determination day, and 1.0 mL of organic solvent was added to AA aliquots for analysis. The samples inves-
tigated were dissolved in ethanol or DMSO, and the reagent content in the solutions was 4.0x10™* or
1.0x102 mol-L %, respectively. The optical density of the solutions was measured on an SF-2000 spectropho-
tometer (Spektr, Russia) at A = 510 nm in 10 mm cuvettes against a blank experiment [48]. Aliquots of 0.2—
0.4 mL of the reagent solutions were taken for analysis, the corresponding organic solvent was added to the
total volume of 1.0 ml, the AOA values were calculated from the calibration graph plotted from the AA con-
tent using the formula:

AOA = race
n

.
where naa, cc is the amount of ascorbic acid found from the calibration graph, moles; n, is the amount of rea-
gent in the aliquot for analysis, moles.

Results and Discussion

The use of methanol [24], ethanol [21], toluene [25] or butanone-2 [17] is known to produce
ald(ket)azines after 3, 5, 12 and 24 h, respectively. It has also been reported in the literature that the reaction
rate of hydrazones or azines formation depends on the pH of the medium [49-53]. In contrast with the previ-
ously mentioned methods for the synthesis of ald(ket)azines, we carried out a reaction in an acetic acid me-
dium (8.5 eq.) involving aromatic or heterocyclic aldehydes (ketones) la-r (2 eq.) and hydrazine hydrate 2
(1.3 eq.) at room temperature (Scheme 1).

/O RZ 1}2

/4 |

R!-C’ 4+ H,N—NH,  H,O ———» R!-C=N—N=—=C—R!+2H,0
\ ) AcOH

lar R 2 20°C, 5-15 sec. 3a-r

Ri= () R H @i Ri=Br—(_)- R=H 0% R=cl—(_)- R*=H (0 RI= O,N—_)- R=H (@)
R!= H3co—@ R*=H (e); R'= (H3C)2N—® R’>=H (f); R'= (CZHS)ZN—@ R’>=H (g);
R'= C6H13O—® R’=H (h);R'= clonlo—@ R=H (i);Rl—Qj R’>=H (j); R!= Q R?>=H (k);

ol _ OH
R'= O@  R*=H(); RI= <__>— R?=H (m); R!= @— R*=H (n); R'= @— R*= CHj; (0);
N ) b b

O,N

R'= OZN—Q R?=CH; (p); R'= Q— R?= CH; (v).

OH
Scheme 1. Synthesis of ald(ket)azines

The azines 3a-e, h-p formation was observed in 5-15 seconds after dropping hydrazine hydrate into the
aldehyde (ketone) and acetic acid solution under stirring. Compounds 3f, g did not precipitate and were pre-
cipitated with distilled water. Compound 3r was formed as oil, which crystallized after 48 hours. The yield
of azines 3a-r after recrystallization was 32-98 %.
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During the experiment, no clear trend of the effect of electron-donating or electron-accepting substitu-
ents in para-, meta- or ortho-positions in aldehydes or ketones on the azines 3a-l, o, p yield was observed.
The use of 3-pyridinecarbaldehyde 1m or 2-hydroxyacetophenone 1r resulted in lower yields.

The high formation rate of ald(ket)azines 3a-p is achieved by acid catalysis. The authors [50-52] de-
scribed the mechanism of hydrazones formation. A similar mechanism for the ald(ket)azines formation can
be assumed (Scheme 2).

R! R' H R!

2 |
R“< + H,N—NH," H20—>R2‘,‘0 + H,N—NH, —>R2+NH—NH2 R R2+NH—NIIZ —
LR 5 CH;COOH . & -H,0 B -CH;COOH
20°C (OX) 1) (l)
& .
5 H—OOCH,C H--G0CH,C H
A
5
R! R! H R!
RzJ:N—NHZ'AcOH - RZJ N—NH, | «—| R? NH-NH, | <-e—
1 -CH;COOH H—(|) H—Os
-H,0 iy -y
: H--80CH,C 5*H=0OCH,C
C B
R! le R! | R!
— > RzJ——N—r\?HZ + o‘*‘l'Rz—> RzJ—N NH+ J=N—N { R
I 50 CH3COOH o
5 5 |
CH;COO—H CH3COO H I H
D
R! g R! R! H R!
R R B | |
Rl—CzN—N:(j—le RZ—I—=—N—N R? |*=— RZ—=N—N l R? ~~
-CH, o
3 H,0 (l)—H §O—H
5 5 .
CH,CO0---H CH,COO—H3?
F E

Scheme 2. Proposed mechanism for the ald(ket)azines formation

During the interaction between aldehydes/ketones 1 and hydrazine hydrate 2 in acidic medium, the pro-
tonation of the hydrazine hydrate molecule decreases its nucleophilicity. In contrast, acetic acid promotes an
increase in the fractional positive charge on the carbon atom in the carbonyl group, which compensates for
the decrease in hydrazine nucleophilicity [50-52]. In addition, at low pH values there is an increase in the
rate of hydrazinocarbinols dehydration. This also compensates for the reduced nucleophilicity of hydrazine
and allows the final ald(ket)azines to be obtained in a shorter time [50-52].

The mechanism described for the formation of ald(ket)azines is hypothetical, as the reaction may pro-
ceed through either one or two amino groups of hydrazine, which requires further study.

AOA values were determined for the obtained compounds 3a-g, j, k, m-r. The results are presented in
the table.

Table
Antioxidant activity of 3a-r compounds determined by the FRAP method
No. Compound EtOH, mol-L™* AOA DMSO, mol-L™* AOA
1 2 3 4 5 6
1 3a 0.001 0.12+0.01 0.001 0
2 3b < 0.0004 - 0.001 0.13+0.01
3 3c 0.0004 0.36+0.03 0.001 0.11+0.02
4 3d < 0.0004 - 0.0004 0.12+0.01
5 3e 0.001 0.16+0.01 0.001 0
6 3f 0.0004 1.70+0.02 0.001 1.53+0.05
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Continuation of the Table

1 2 3 4 5 6
7 39 0.0004 1.18+0.01 0.001 1.35+0.04
8 3h < 0.0004 — < 0.0004 —
9 3i < 0.0004 — < 0.0004 —
10 3j 0.001 0.43+0.02 0.001 0.23+0.01
11 3k 0.001 0 0.001 0.14+0.02
12 3l < 0.0004 — 0.001 —
13 3m 0.001 0 0.001 0
14 3n < 0.0004 — 0.001 0
15 30 0.001 0.14+0.01 0.001 0
16 3p < 0.0004 — 0.001 0
17 3r 0.001 0.43+0.02 0.001 0.104+0.01
Note: “~” — compound is insoluble.

The compounds 3a-r were dissolved in 95 % ethanol or dimethyl sulfoxide. For compounds 3h, i, I no
AOA study was carried out due to their low solubility in both solvents. The AOA for compounds 3b, d, n, p
was studied only in DMSO solution because of their poor solubility in EtOH.

It was found that compounds 3a, e, o exhibited low AOA in ethanol solution (0.12/0.16/0.14) and in
DMSO solution the AOA value was 0.

Moderate AOA values were found for compounds 3c, j, r in ethanol (0.36/0.43/0.43), in DMSO the
AOA values were reduced by more than half (0.11/0.23/0.10).

The significant AOA effect was exhibited by compounds 3f (1.70+0.02/1.53+0.05) and 3g
(1.18+0.01/1.35+0.04) in ethanol/DMSO solution. The AOA values exceed those of ascorbic acid (reference)
by 70/53 % (ethanol/DMSO) for compound 3f and by 18/35 % (ethanol/DMSO) for compound 3g.

During the study of the AOA, no specific dependence of its values on the use of different electron-
donor or electron-acceptor substituents in ald(ket)azines 3a-r was revealed, except for compounds containing
N,N-dimethyl- or N,N-diethyl groups in the para-position of the aldehyde fragment of ald(ket)azine.

Conclusions

The interaction of hydrazine hydrate with aromatic or heterocyclic aldehydes (ketones) in an acetic acid
medium results in the rapid formation of ald(ket)azines in quantitative yields. The high rate of the condensa-
tion reaction is due to the use of acetic acid, which provides optimal conditions for the reaction to proceed.
Our findings indicate that compounds containing N,N-alkyl groups in the para-position of the ald(ket)azine
aldehyde fragment exhibit antioxidant values that exceed those of ascorbic acid.
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Development and Investigation of Mucoadhesive Polymers
Based on Chitosan for Intravesical Therapy

Intravesical drug delivery (IDD) refers to the administration of therapeutic agents directly into the urinary
bladder through a catheter. Low permeability of the urinary bladder epithelium, poor retention of the thera-
peutic agents due to dilution and periodic urine voiding as well as frequent catheterizations (with potential
risk of infections) are the major limitations of IDD used in the treatment of bladder-related disorders, such as
bladder cancer. In this work, the mucoadhesive properties of polymeric materials based on chitosan, chitosan-
gellan gum, and chitosan-Carbopol™ 940 containing sodium fluorescein (NaFI) were investigated for their
potential application in intravesical drug delivery. The evaluation of mucoadhesive properties was carried out
using an in vitro flow-through method with fluorescent detection that simulates the interaction conditions of
polymers with the urinary bladder mucosa. Additionally, the release kinetics of NaFI from polymer composi-
tions under conditions mimicking the physiological environment of the bladder was studied using a fluores-
cence spectrometry. The acquired data confirm the promise of using chitosan-based mucoadhesive polymers
in developing systems for intravesical drug delivery, which could significantly enhance the efficacy of IDD
therapy to treat urinary bladder-related disorders.

Keywords: chitosan, gellan gum, Carbopol™ 940, in situ gel, mucoadhesion, release, urinary bladder,
intravesical drug delivery.

Introduction

Mucoadhesion is a critical property of materials that determines their capacity for prolonged interaction
and adhesion to mucosal surfaces. This property holds a particular significance in the domain of
transmucosal drug delivery, which is extensively utilized across various mucosal membranes, including ocu-
lar, nasal, rectal, and vaginal routes. Transmucosal delivery offers numerous advantages, including rapid ab-
sorption of active pharmaceutical ingredients into the systemic circulation and reduced degradation of drugs
within the gastrointestinal tract, thereby presenting a promising strategy for a wide range of therapeutic ap-
plications [1-6]. In particular, mucoadhesive drug formulations can be especially beneficial for the local
treatment of posterior segment eye diseases [7, 8] neurological disorders [9, 10] and urogenital diseases [11].

Intravesical drug delivery (IDD) involves the direct administration of active pharmaceutical ingredients
into the bladder via a catheter through the urethra, proving to be highly effective for treating various condi-
tions such as bladder cancer and interstitial cystitis. However, the effectiveness of this method is limited by
several factors, including dilution and washout during periodic urination, which diminish the therapeutic ef-
ficacy and retention of the administered agents. Furthermore, the necessity for frequent catheterization poses
potential risks of irritation, inflammatory reactions, and infections, making this procedure quite uncomforta-
ble for patients [12-14].

To enhance the efficacy of IDD, mucoadhesive materials can be employed, which are capable of pro-
longing the retention time of the drug within the bladder cavity, thereby ensuring a more sustained therapeu-
tic effect. These materials include hydrophilic polymers that are traditionally used as matrices in many for-
mulations for transmucosal drug delivery, such as chitosan, carbopol (a weakly cross-linked polyacrylic ac-
id), alginate, cellulose derivatives, etc. [15-17]. These macromolecules are able to interact with the
glycosylaminoglycans/mucin present on the surface of mucus membranes through non-covalent interactions
such as hydrogen bonding, electrostatic attractions, diffusion, and chain entanglement/interpenetration pro-
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moting increased contact time with the mucosal lining [18]. The mucoadhesive properties of these polymers
are mostly based on the mix of several mentioned mechanisms. Recent studies also indicate that thiolated
polymers exhibit enhanced mucoadhesive properties due to the formation of disulfide bonds with mucin, fur-
ther augmenting their ability to interact with mucosal surfaces [19-21]. Various strategies have also been
introduced to improve the mucoadhesive properties of hydrophilic polymers by chemically modifying them
with specific adhesive groups such as methacryloyl and maleimide moieties. These unsaturated functional
groups are able to establish covalent bonds with cysteine residues within mucin glycoproteins through
thiolene click Michael-type addition reactions to form strong mucoadhesive bonds [22—25].

The structure of the bladder wall, composed of transitional epithelium, plays a crucial role in the per-
meability and efficacy of drug delivery. The urothelium, consisting of multiple cellular layers, serves im-
portant protective functions and facilitates interactions with therapeutic agents, which can significantly influ-
ence treatment outcomes [26].

In this study, polymeric formulations based on chitosan with Carbopol ™ 940 and gellan gum was devel-
oped. A comprehensive evaluation of their mucoadhesive properties was carried out, enabling an assessment
of their potential application in intravesical drug delivery. The results of this research aim to contribute to the
development of effective therapeutic strategies for the treatment of bladder diseases and to enhance the quali-
ty of life for patients.

Experimental

Materials

Chitosan (low molecular weight, Mw = 50-190 kDa), gellan gum (Phytagel ", Mw = 1000 kDa), sodi-
um fluorescein (NaFl), urea, uric acid, and creatinine were obtained from Sigma-Aldrich (Germany);
Carbopol™ 940 was sourced from Acros Organics (Belgium). All other chemicals were of analytical grade
and used without further purification.

Development of Mucoadhesive Drug Formulations

The development of mucoadhesive drug formulations involved the systematic preparation of polymers,
including chitosan, gellan gum, and Carbopol " 940, mixed in 1:1 volume ratio containing sodium fluoresce-
in (NaFI).

To prepare a 2 % chitosan solution, the polymer was dissolved in 100 mL of 0.1 M hydrochloric acid
(HCI) to improve its solubility after which the solution pH was adjusted to pH 5.50 with 1 M NaOH. A
0.5 % Carbopol " 940 solution was prepared by dispersing it in 50 mL of deionized water. A 0.5 % gellan
gum solution was prepared by dissolving it in deionized water at 50—60 °C to ensure complete dissolution of
the polymer, and a sodium fluorescein (NaFl) solution (concentration 0.1 mg/mL) was prepared in deionized
water as a model drug compound.

Following the preparation of the polymer solutions, chitosan-based mixtures were formulated in a vol-
umetric ratio of 50:50, combining chitosan with both gellan gum and Carbopol ™ 940. This combination was
found to balance optimal viscosity, mucoadhesion, and controlled release properties of the resulting formula-
tions and to evaluate their potential applications in IDD.

Ex vivo Experimental Studies on Retention in Sheep Bladder Mucosa

Preparation of Artificial Urine Solution:

The artificial urine solution was prepared according to the methodology described in the literature [27].
Briefly, to achieve a final volume of 2000 mL, the following components were dissolved in deionized water
at room temperature: urea (24.27 @), uric acid (0.34 g), creatinine (0.90 g), disodium citrate
(Na3CsHs0,%2H,0, 2.97 g), sodium chloride (NaCl, 6.34 g), potassium chloride (KCI, 4.50 g), ammonium
chloride (NH4CI, 1.61 g), calcium chloride dihydrate (CaCl,x2H,0, 0.89 g), magnesium sulfate heptahydrate
(MgSO4x7H,0, 1.00 g), sodium bicarbonate (NaHCO3, 0.34 g), sodium oxalate (Na,C,0O,4, 0.03 g), sodium
sulfate (Na,SOy4, 2.58 g), disodium hydrogen phosphate (NaH,PO,xH,0, 1.00 g), sodium phosphate dibasic
(Na;HPQ,, 0.11 g).

The prepared artificial urine solution with pH 6.20 was maintained at 37 °C throughout the experiment.
This solution served as a physiological mimic to evaluate the retention and performance of the mucoadhesive
formulations under conditions that closely resemble those in the urinary bladder.
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Preparation of Sheep Bladder Mucosa:

The in vitro retention of chitosan and its polymeric mixtures with gellan gum and Carbopol™ 940 on
sheep bladder mucosa was assessed using a modified experimental method described in the literature
[24, 28]. Freshly collected samples of sheep bladder mucosa were obtained from the Zhetysu Abattoirs (Al-
maty, Kazakhstan). The collected biological tissues were transported to the laboratory in a frozen plastic con-
tainer to minimize structural changes. Upon arrival, the bladder was dissected, and the obtained mucosal tis-
sue sections were prepared for further experimental investigations.

The bladder tissues were placed in a specialized glass vessel designed to mimic the anatomical structure
of the bladder, oriented with the mucosal surface facing upward. Prior to the experimental procedures, the
tissues were rinsed with 3 mL of artificial urine solution (pH 6.20). All experiments were carried out in an
incubator maintained at 37 °C to ensure physiological conditions.

Aliquots of 5 mL from the mucoadhesive formulations containing either chitosan, chitosan-gellan gum,
or chitosan-Carbopol™ 940, all formulated with sodium fluorescein (NaFl), were aspirated and uniformly
applied to the mucosal surface of the bladder and subsequently irrigated at a constant flow rate of
2.0 mL/min using a syringe pump. This setup facilitated stable distribution of the tested materials over a pe-
riod of 250 min, allowing for comprehensive evaluation of their retention and mucoadhesive properties.

Fluorescent images of the bladder tissues were captured using an iPhone 13 Pro under ultraviolet light-
ing provided by a Winzwon UV Torch. At each time interval following rinsing with artificial urine, the ob-
tained microscopic images were analyzed using Imagel® software for quantitative assessment of pixel inten-
sity. The pixel intensity of control samples (bladder mucosa without fluorescent material) was subtracted
from the measured values, allowing the data to be converted into objective quantitative metrics.

The experiment parameters, including the setup of the equipment and the conditions of the study, are il-
lustrated in Figure 1. The experimental apparatus comprised a microscope, ultraviolet (UV) light source, and
bladder simulator, all securely positioned using laboratory stands. The distance between the microscope ob-
jective and the mucosal surface was standardized at 10 cm, with the UV light source also maintained at
10 cm from the mucosa. Additionally, the needle tip was positioned 10 cm away from the mucosal surface.
Artificial urine was administered to the mucosal surface from a distance of 20 cm at a constant flow rate of
2.0 mL/min. To ensure statistical significance and the reliability of the results, all experiments were carried
out in triplicate.

Incubator

at 37°C in dark conditions

1

Fluorescent visualization

\ Q of samples in real time
for retention analysis.
4 - ~45°

Artificial urine
pH 6.20

Mucoadhesive material
with fluorescein
L~ =

Sheep bladder mucosa

Figure 1. Experimental setup for investigating the retention of mucoadhesive formulations on the bladder mucosa

Release of the Model Drug Compound from Mucoadhesive Formulation

In vitro release of sodium fluorescein (NaFl) from polymeric materials was studied under controlled
conditions using the dialysis method described in the literature [23]. Polymeric formulations containing
NaFl, with a volume of 2 mL, were placed in a dialysis membrane and immersed in 30 mL of artificial urine
solution (pH 6.20). The process was carried out at a temperature of 37 °C with continuous stirring at 80 rpm
for 24 h.

At regular time intervals, aliquots of 5 mL were withdrawn from the dialysis solution and replaced with
fresh artificial urine to maintain a constant volume within the system. The concentration of released sodium
fluorescein (NaFl) was quantified using a fluorescence spectrometer (Varian Cary Eclipse fluorescence spec-
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trophotometer, UK) by exciting the sodium fluorescein at Aecitation = 460 Nm and detecting the emitted light
demission = 914 nm, which corresponds to the peak emission of sodium fluorescein. The concentration of NaFI
was determined based on the emitted signal at 514 nm, as it is directly related to the amount of fluorescein in
the sample. Figure 2 presents the standard curve used for the quantitative analysis of the release. All release
experiments were carried out with a minimum of three replicates to ensure statistical significance and the
reliability of the results obtained.

Statistical Analysis

The obtained data were subjected to statistical analysis, including the calculation of means + standard
deviations. One-way analysis of variance (ANOVA) was employed, followed by Student’s t-test and post
hoc Bonferroni correction for multiple comparisons. All statistical calculations were performed using
GraphPad Prism software (version 7.0), with p < 0.05 set as the threshold for statistical significance.
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Figure 2. Standard curve used for the quantitative determination of sodium fluorescein (NaFl)
released from polymeric material using a fluorescence spectrometer (Insert is an emission peak of NaFl)

Results and Discussion

Intravesical Delivery of Mucoadhesive Polymeric Materials

The mucoadhesive properties of polymeric materials based on chitosan, chitosan-gellan gum, and chi-
tosan-Carbopol™ 940, containing sodium fluorescein (NaFl), were investigated using an updated version of
in-house made in vitro flow-through method with fluorescent detection [28]. Sheep bladder mucosae were
rinsed with 500 mL of artificial urine solution for 250 min period [24, 29]. The schematic of the experi-
mental approach is presented in Figure 3.

In this study, gellan gum and Carbopol ™ 940 were selected to enhance the mucoadhesive properties of
chitosan. Chitosan is widely considered to be a “gold standard” mucoadhesive polymer due to its polyelec-
trolyte nature that usually exhibits superior mucoadhesive properties compared to non-ionic polymers [2,
15]. Gellan gum, a water-soluble anionic polysaccharide produced by the bacterium Sphingomonas elodea,
undergoes a sol-to-gel transition in response to ion presence (ions present in urine), forming viscoelastic gels
that enhance retention on mucosal surfaces. Carbopol™ 940, a weakly crosslinked synthetic polymer, pro-
vides a viscous gel environment, supporting drug retention on mucosal surfaces. Both polymers were chosen
for their ability to further improve mucoadhesiveness of chitosan and extend drug release duration [30, 31].
This minimizes wash-out effects, thereby resulting in improved patient compliance and reduced administra-
tion frequency which is beneficial in IDD systems [2, 13].

Freshly excised samples of bladder mucosa were positioned in a specialized vessel designed to replicate
the anatomical structure of the bladder and were rinsed with 3 mL of artificial urine solution. Subsequently, a
fluorescent image of the mucosal surface was captured after the application of the polymeric material sample
containing sodium fluorescein (NaFl), documenting the initial fluorescent image prior to rinsing. Throughout
the experiment, microscopic images were analyzed at each rinsing time interval using Imagel® software to
guantitatively assess pixel intensity.
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Figure 3. Stepwise process of the in vitro retention experiment on sheep bladder mucosa

The results of the fluorescent image analysis, illustrated in Figure 4, demonstrate the retention levels of
chitosan and its mixtures with gellan gum and Carbopol™ 940 on the bladder mucosa following exposure to
artificial urine. Analysis carried out using ImageJ® revealed that the retention of the chitosan-gellan gum and
chitosan-Carbopol™ 940 mixtures on the bladder mucosa was statistically significantly higher compared to
pure chitosan (p < 0.05). The enhanced mucoadhesive properties of the chitosan-gellan gum mixture can be
attributed to the formation of an in situ gel within the saline solution. This phenomenon is further depicted in
Figure 5, which presents the retention values for chitosan, chitosan-gellan gum, chitosan-Carbopol™ 940, and
sodium fluorescein (NaFl) as the control.

Chitosan

e e

NaFl

Chitosan-Carbopol™ 940

veecese

Chitosan-gellan gum

0 100 200 300 400 500

Volume of artificial urine (mL)

Figure 4. Fluorescent images illustrating the adhesion of polymeric materials
to sheep bladder mucosa washed with artificial urine solutions of varying volumes
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Figure 5. Retention of chitosan and its mixtures with gellan gum and Carbopol™ 940 on sheep bladder mucosa after
washing with artificial urine solutions of varying volumes. Data are presented as mean + standard deviation (n = 3).
Statistically significant differences are indicated as follows: * — p < 0.05; *** — p < 0.001;
ns — no significant differences

The adhesive properties of these polymers are primarily attributed to their ability to interact with
glycosaminoglycans and mucins on mucosal surfaces through non-covalent interactions, including hydrogen
bonding, electrostatic attraction, and conformational changes in the polymer chains. These interaction mech-

anisms are critical in determining the efficacy of mucoadhesive materials in the context of intravesical drug
delivery.

Release of the Model Drug Compound

In vitro studies on the release of sodium fluorescein (NaFI) from polymeric formulations were carried
out using a dialysis method in artificial urine solution at 37 °C. The cumulative release profiles are presented
in Figure 6. Chitosan demonstrated rapid release of NaFl, reaching saturation levels within 4 h. In contrast,
the chitosan-Carbopol™ 940 and chitosan-gellan gum mixtures provided prolonged release, achieving ap-
proximately 95 % release within 10-12 h, respectively. The extended release of NaFl from the chitosan-
gellan gum polymeric mixture can be attributed to the formation of an in situ gel in artificial urine, which
enhances the release efficiency and maintains therapeutically significant concentrations of the drug within
the bladder following intravesical administration. Moreover, the sustained release of NaFI from the polymer-
ic formulations may contribute to improved retention of the model drug compound within the bladder.

-@-Chitosan-gellan gum
-@-Chitosan
©-Chitosan-Carbopol™ 940
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Figure 6. Cumulative release profile of sodium fluorescein from polymeric formulations.
Data are presented as mean + standard deviation (n = 3)
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Conclusions

In the present study, the mucoadhesive properties of chitosan-based polymeric materials, as well as its
mixtures with gellan gum and Carbopol™ 940 containing sodium fluorescein (NaFl), were analyzed. Experi-
ments carried out using an in vitro flow-through method demonstrated that these polymers effectively inter-
act with sheep bladder mucosa.

Fluorescent images confirmed that the retention of the chitosan-gellan gum and chitosan-Carbopol™
940 mixtures on the mucosal surface significantly exceeds that of pure chitosan (p < 0.05). This indicates
that the incorporation of gellan gum and Carbopol™ 940 enhances the mucoadhesive characteristics of chi-
tosan, which may be attributed to the formation of an in situ gel in the saline solution.

The key factor that makes the polymer complexes (chitosan-gellan gum and chitosan-Carbopol”™ 940)
more effective than chitosan alone is the synergistic enhancement of mucoadhesive properties. While chi-
tosan contributes to the initial adhesion through electrostatic and hydrogen bonding interactions with mucins,
the addition of gellan gum and Carbopol™ 940 enhances both the physical retention (through gel formation)
and the sustained release of the drug, which collectively lead to prolonged therapeutic effects in IDD.

The release profiles for sodium fluorescein (NaFl) indicated that chitosan enables a rapid release of the
active compound, attaining saturation levels within 4 h. In contrast, the chitosan-Carbopol™ 940 and chi-
tosan-gellan gum formulations demonstrated a markedly prolonged release, with nearly 100 % of the drug
released within 10 h. This extended release behavior is primarily attributed to the formation of a physically
entrapped gel matrix, which significantly enhances the efficiency of drug delivery while simultaneously fa-
cilitating the maintenance of therapeutically relevant concentrations of NaFl in the bladder cavity over an
extended period.

The formation of this gel structure not only creates a reservoir effect that supports sustained drug re-
lease but also mitigates the risk of concentration fluctuations, optimizing the therapeutic efficacy of the
treatment. Such characteristics are particularly advantageous for intravesical drug delivery systems, where
the maintenance of effective drug levels is crucial for the management of bladder-related pathologies. These
findings highlight the potential of chitosan-based polymeric formulations, particularly in combination with
gellan gum and Carbopol™ 940, to enhance therapeutic outcomes in clinical applications targeting bladder
conditions.

Consequently, the findings of this investigation substantiate that the incorporation of chitosan mixtures
with gellan gum and Carbopol™ 940 markedly improves mucoadhesive properties and facilitates the con-
trolled release of therapeutic agents. This advancement presents novel opportunities for the development of
effective mucoadhesive drug delivery systems within the field of urology.
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Removal of E110 from Aqueous Solution Using Heat-Activated Persulfate

This paper presents an investigation into the efficiency of heat-activated persulfate (PS) in decolorizing E110
with a focus on the influence of several parameters. The decolorization efficiency was observed to increase
with rising PS concentration (no linear correlation was identified), Cl~, temperature, and time. However it was
noted to decrease with rising initial dye concentration, pH, ion radius and NO, . The rest of the water matrix
components (CO3*", HPO,>", HCO;~, and NO5") did not significantly impact on the degradation of E110 at
10 M. Among the metal ions used (Fe?*, Ni?*, Co?", Cu?*, and Ag®), iron and silver ions exhibited the great-
est efficacy in activating PS through catalysis. A direct reaction between E110 and PS was not observed, as is
the case with some anionic dyes, instead its degradation occurs via sulfate radicals (SRs) and other secondary
mechanisms. The results of biological and chemical oxygen demand measurements indicate that E110 is not
biodegradable. The kinetic activation parameters (E,, AH*, AS?, AG?) were calculated using Arrhenius and
Eyring’s equations. The results obtained were as follows: 155.4 kJ mol™!, 152.7 kJ mol™', 0.14 k] K™,
108.5 kJ mol™'. Finally, a preliminary mechanism for the degradation of E110 by SR has been proposed, in
which the destruction of aromatic ring structures accompanies the discoloration of E110.

Keywords: E110, persulfate, sulfate radical, dye decolorization, kinetic activation parameters, mechanism,
heat-activated persulfate, aqueous solution, biodegradable.

Introduction

Many chemical industries use dyes, that produce toxic and carcinogenic wastewater, contaminating wa-
ter and polluting the environment. The removal of color from waste is often more important than the removal
of other colorless and organic substances because the presence of a small amount of dye (below 1 ppm) is
easily visible and has a significant impact on the water environment [1]. A color additive is a substance that
is added to food, drink, or other products to change their color. It can be a dye, pigment, or any other sub-
stance that reacts with another substance to produce color. Color additives are used for a variety of purposes,
including compensating for color loss, enhancing natural colors to make them more appealing, adding color
to initially colorless food products, and facilitating product identification, especially in the case of pharma-
ceuticals [2]. Synthetic colorants are preferred over natural colorants because they are less expensive, more
stable, and more resistant to light, oxygen, and pH [3]. Recently, more attention has been paid to their toxici-
ty, especially azo dyes [4]. Azo dyes represent the majority of dyes used in many industries because the azo
bond (—-N=N-) promotes the delocalization of = electrons, resulting in absorption at visible spectrum wave-
lengths [5]. Azo dyes are highly toxic due to the mutagenic nitro group, and they decompose to produce tox-
ic products such as 1,4-phenylenediamine and o-tolidine [6]. Certain microorganisms can degrade azo dyes,
yielding toxic, mutagenic, and carcinogenic intermediates [7]. E110, an azo dye, is a well-known synthetic
food dye found in Kellogg’s, hot fudge sundaes, tarts, soft drinks, and candies [8, 9]. This includes applica-
tions other than food, such as pharmaceutical, cosmetic, and textile products [10]. E110 is safe at a daily
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dose of less than 2.5 mg/kg [2]. At high concentrations, it exhibits xenoestrogenic activity [11]. E110, among
other dyes, is the type of food dye most commonly associated with human carcinogens [12].

PS (peroxydisulfate, S,04°), a compound used in situ chemical oxidation (ISCO) technology, is a
chemical oxidant for soil and groundwater decontamination [13]. This process treats a wide range of impuri-
ties using direct electron transfer or free radical processes, including halogenated olefins, BTEXs (benzene,
toluene, ethylbenzene, and xylenes), perfluorinated chemicals, phenols, pharmaceuticals, inorganics, and
pesticides [14]. The radical process generates SRs (SO,4-) by activating PS (R1) with heat [15, 16], transition
metals [17, 18], ultraviolet (UV) light [19] and other means [20-22]. Thermal treatment is expensive, which
limits its use in pollutant removal. Despite the high cost of thermal treatment, which limits its use in pollu-
tant removal, the use of solar thermal energy [23, 24] simplifies the use of heat to activate PSs. This ap-
proach uses solar energy as a heat source, which increases the efficiency of the PS activation process. PS
ions decompose thermally (k, varies from 5.85x10° s at 30 °C to 1x10* s™" at 80 °C [13, 14, 25, 26]) to
form two SRs (Eq. 2), which react with PS anions (Eq. 3), water (Eq. 4), self-reaction (Eq. 5) and organic
compounds (Eq. 6):

S,05" + Activator — 2 SOy (1)
S,0¢" + Heat — 2 SO,~ (2)
820827 + SO,4 — S0 + 80427 (3)
SO, + H,0 — OH- + H" + SO, (4)
SO, + S04~ — S,08" (5)
S04 + E110 — Product (6)

According to Eq. 7, the SR can react with elements present in the water matrix (X") such as CI~, CO3”,
HPO,*, HCO;, NO, and NO, [27, 28]. This results in the formation of a radical (X-), which then reacts
with organic compounds to decolorize them. However, the reaction between the produced radicals and non-
target chemical species, whether natural or artificial, reduces reaction efficiency, resulting in a significant
limitation [29].

SO, +X — X- + S0, (7

PS can be activated by transition metals, including Fe?*, Co?*, Ni?*, Cu?*, and Ag", resulting in the for-
mation of SRs as shown in Eq. 23, where Mn"™ represents typical metal ions [17, 18, 30]:

S,0¢° + Mn™ — Mn™ + SO, + SO, (8)

The use of metal ions poses practical problems, particularly in terms of recycling and secondary pollu-
tion. However, iron ions and their oxides have been extensively studied, due to their environmentally-
friendly, non-toxic and low-cost characteristics [31].

pH has a significant impact on dyes’ chemical structure, stability, and ability to absorb light. Thus, pH
is an important consideration when designing and maintaining in-situ chemical oxidation systems [32, 33].
Previous studies have investigated the decolorization of E110 through biological processes [34], adsorp-
tion [35], UV/H,0,, ultrasound [36], photocatalytic [1], and Fenton. However, the use of the activated PS
process to degrade E110 has not been extensively researched. Although the activated PS process has been
used to decolorize a variety of substances, including Acid blue 92, naphthalene, methylene blue, Ponceau 6R
dye, sulfamethazine, trichloroethane, carbamazepine, propylparaben, polycyclic aromatic hydrocarbons, and
metronidazole [37], its application to E110 is novel.

Thus, the study aims to assess the efficacy of heat-activated PS for E110 decolorization in aqueous so-
lution. The study investigates the effects of activation temperature, PS concentration, time, water matrix,
transition metals, and dye concentrations. It also investigates decolorization Kkinetics and thermodynamic
properties such as Gibbs free energy, activation energy, and reaction entropies. Based on the results and the
literature, we propose a mechanism for the degradation of E110 dye.

Experimental

This study utilized the following chemicals: E110 (C46H1oN2Na,0;S,, 90 % Sigma—Aldrich), potassium
persulfate (K,S;0g, 99 % Merck), sulfuric acid (H,SO4, 97 % Honeywell), hydrochloric acid (HCI, 37 %
Honeywell), sodium hydroxide (NaOH, 99 % Biochem Chemopharma), sulfuric acid heptahydrate
(FeSO4 7H,0, 99 % Sigma—Aldrich), sulfuric acid (CuSO,4, 97 % Biochem Chemopharma), silver nitrate
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(AgNOQO3, 99 % Biochem Chemopharma), sodium chloride (NaCl, 99.5 % Honeywell), potassium chloride
(KCI, 99 % Sigma—Aldrich), and sodium sulfate (Na,SO,, 99 % Sigma—Aldrich), sodium bicarbonate
(NaHCO05,99.7 % Honeywell), sodium phosphate (Na,HPO,4, 98 % Panreac), sodium nitrite (NaNO,, 98 %
Fluka), and sodium nitrate (NaNO;, 99.5 % Biochem Chemopharma). Distilled water was used to prepare the
study solutions. After dissolving the required amount of PS for the reaction medium in 5 ml of distilled wa-
ter, the mixture was added to a beaker containing 200 ml of E110 solution and heated to the desired tempera-
ture with a thermostat. A Metrohm Model 781 pH/lon meter was used to continuously monitor pH 3, which
serves as the baseline for all tests. The decolorization process of the dye solutions was investigated using a
2401 PC UV spectrophotometer (Shimadzu, optical path = 1 c¢cm), which measured dye absorbance at
480 nm. Chemical oxygen demand (COD) was measured using the ISO 6060 method, while biological oxy-
gen demand (BOD5) is measured with the BOD 901 meter (made in Europe).

Results and Discussion

Effect of Initial PS and E110 Concentration

Figure 1 (top) depicts the effect of initial PS concentration on E110 elimination effectiveness. The
decolorization process was completed in less than 90 minutes with PS concentrations of 7.4, 3.7, and
1.84 mM, but it took more than 200 minutes with concentrations of 0.92 and 0.18 mM. This indicates that
elevated PS concentrations result in the formation of a greater number of SRs, thereby accelerating the oxi-
dation of E110 [16, 37]. This relationship is not linear due to the nonlinear plot of E110 half-life values (t1,,)
as a function of initial PS concentration (Figure 1 bottom) is nonlinear, and its increase becomes meaningless
at concentrations above 3.7 mM. This result is explained by an excess of PS in the solution, which slows the
decolorization of E110. An excess of PS concentration can cause the following processes which slow down
the decolorization mechanism [38]: (a) excess SO, radical recombination and annihilation (Eq. 5), (b) SR
consumption with excess PS (Eg. 3), and (c) the occurrence of an unproductive PS decomposition reaction
(with no generation of SR).

*0.184 mM —-0.92mM -=1.84mM -+3.7mM -+74mM

Removal efficiency (%)

¥
K

0 25 50 75 100 125 150 175 200 225 [PS], (MM)
Time (min)

Figure 1. Evolution of E110 decolorization. Top: time dependence of E110 at different initial PS concentrations.
Bottom: Plot of E110 half-life time (ty;,) values as a function of initial PS concentration. Initial conditions:
[E110], = 0.66 mM, pH =3 and T = 60 °C. Removal efficiency (%) = (([E110], — [E110],)/[E110],)*100,

where [E110], is the concentration at time 0 and [E110]; is the concentration at time t

On the other hand, different initial E110 concentrations of 0.22 mM, 0.66 mM, 1.33 mM, and 1.99 mM
were investigated to determine the effect of the initial E110 concentration on elimination. The initial PS con-
centration was 3.7 mM, and the temperature remained constant at 60 °C. Figure 2 depicts a decrease in PS
decolorization efficiency as the concentration of E110 increases. These results can be explained by the dye’s
high concentration, which consumes free radicals and thus reduces bleaching efficacy [27]. These results are
consistent with previous research on the decolorization of other dyes by PS [39, 40]. In the remainder of this
study, the PS concentration is limited to 3.7 mM for 0.66 mM of E110, as a higher concentration will not
contribute to further improvement in E110 decolorization.

24 Eurasian Journal of Chemistry. 2024, Vol. 29, No. 4(116)



Removal of E110 from Aqueous Solution Using Heat-Activated Persulfate

-+-022mM -e-0.66mM +«133mM -®1.99 mM

Removal efficiency (%)
=
= n w S a (2] ~ o] ©o o
o o o o o o o o o o

o

0 20 40 60 80 100
Time (min)

Figure 2. Time dependence of E110 removal efficiency at different initial E110 concentrations
(initial conditions: [PS], = 3.7 mM, pH =3 and T = 60 °C)

Kinetic Study

The first- and second-order plots against time of the experimental points ([PS]/[E110] = 0.27 and 11.2),
Figures 3a and 3b indicate that the reaction follows pseudo-first-order kinetics with an R? value (>0.99). This
is in contrast to pseudo-second-order kinetics which excibits an R? value (<0.99). It is well known that se-
cond-order reactions can exhibit first-order kinetics in a quasi-steady state [30, 41, 42], where one of the two
reactants is in excess of the other. However, despite the low [PS]/[E110] ratios (0.27 and 11.2), the experi-
ments demonstrate first-order kinetics. This is due to the presence of SRs, which are, by definition, in quasi-
stationary concentration [30, 41, 42], implying that the variation in SR concentration is zero (A[SO, ] = 0).
A number of studies on the decolorization of various dyes, conducted under conditions similar to ours, have
reported SR concentrations of around 10> M [41, 43, 44], which are significantly lower than the concentra-
tion of E110. Thus, the decolorization of E110 can be thought to follow first-order kinetics, as described in
Eq. 9.

_%: ke[ SO; ][E110] =k

where kg represents the second-order rate constant reaction of E110 with SR (Eq. 6), and kqus represents the
observed rate constant for E110 decolorization.

[E110], ©)
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Figure 3. Plots of first and second-order E110 decolorization at [PS]/[E110] ratios of a) 0.27 and b) 11.2.
(Initial conditions: [E110], = 0.66 mM, pH =3 and T = 60 °C)

We used a numerical simulation model developed in our previous work [45, 46] to investigate the reac-
tion between E110 and the dominant SRs (Eq. 6) at pH 3. With the exception of ks (Table 1), all rate con-
stants were known; therefore, the latter was adjusted to ensure that the model matched experimental da-
ta (Fig. 4).

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 25



Lahmar, N., Djehiche, M., & Bachiri, M.

Table 1
Rate constants for E110 degradation
. . Rate constants .

Chemical reactions 5550 20 °C 50 °C 60°C Units References
Equation (2) 0.25 3.36 19.4 59.4 x10 " [s ] [47]
Equation (3) 6.1 6.1 6.1 6.1 x10° [M s ] [48]
Equation (4)" 6.2 7.4 8.3 9.2 <107 [s ] [43]
Equation (5) 4.8 4.8 4.8 4.8 x10° [M*s7] [49]

Note: *The indicated rate constant is equal to k, x [H,O].

The kg values used for the fit (5x10™ M s7") are significantly higher than those reported for other dyes
in the literature (< 1x10'° M™" s™") [50]. This finding suggests that E110 is degraded not only by SRs but also
through other mechanisms. One reason for this observation is the direct reaction between the E110 dye and
the PS ion, which has also been observed at ambient temperature with many other anionic and cationic dyes,
including Orange Il and Rhodamine B [51, 52]. After 90 minutes of monitoring the absorbance of the E110
dye in the PS/E110 reaction mixture at 25 °C, it can be noted that there was no direct reaction between PS
and E110 (Fig. 4).

--Exp. 60°C —Fit60°C -®Exp.25°C

Removal efficiency (%)

0 25 50 75 100
Time (min)

Figure 4. Time dependence of E110 removal efficiency
(initial conditions: [E110], = 0.66 mM, [PS], = 3.7 mM, pH = 3)

Influence of Water Matrix on E110 Removal

Fixed quantities (10~ M) of chloride, carbonate, nitrate, nitrite, and hydrogenphosphate ions were add-
ed to the E110/PS solution to determine the impact of these ions on the decolorization. Figure 5 depicts the
evolution of removal efficiency over time. The chloride ion has the highest efficiency, while the nitrite ion
has the lowest when compared to the control. According to previous studies [27, 28], chloride ions, through
the chlorine radical (CI°), are more effective than other elements found in water, such HPO,>", CO3* and
NO;, for the decolorization of dyes. The low efficiency of nitrite has been attributed to its ability to scav-
enge SR, resulting in the generation of the nitrogen dioxide radical (NO,"), which contributes to the for-
mation of nitroaromatic by-products [53, 54]. The other salts have varying degrees of effectiveness com-
pared to the control solution.

Figure 6 shows that the removal of E110 in the presence of monovalent cations with a common anion
(CI") proceeds in the following order: KCI > NaCl > HCI. Despite having the same ionic strength of
0.0005 M, the monocations have different effects on E110 decolorization.

This result is proportional to the ranking of the three cations according to their ionic radius (K* > Na*" > H*
[55]), whereby a larger radius is associated with a faster degradation kinetic. Despite the limited data on this
phenomenon, it has been shown that each cation exerts a distinct influence on the degradation of the pollu-
tant by affecting the activation energy of persulfate decomposition [56, 57].
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Figure 5. Time dependence of E110 removal efficiency Figure 6. Effects of monovalent cations

at different initial salt concentrations (initial conditions: on the removal of E110 (initial conditions:

[E110], = 0.66 mM, [PS], = 3.7 mM, [Salts]o = 1 mM, [E110], = 0.66 mM, [PS], = 3.7 mM, [Salts]o = 1 mM,
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Effect of Transition Metals

To study the effect of specific transition metals on PS activation, we chose four types of ions (Fe**,
Ni?*, Cu*, Ag") and investigated their influence on E110 decolorization (Fig. 7). The initial concentrations
of these four ions were held constant at 10> M, with 0.66 mM for the E110 and 3.7 mM for the PS. The
decolorization of E110 occurred rapidly when iron was added, less rapidly when silver was added, and more
slowly in the presence of copper, nickel, and cobalt. This observation is consistent with the results of several
studies, in which silver and iron were found to be one of the most effective routes for generating sulfate radi-
cals from persulfate [58, 59]. The difference in catalytic capacity cannot be attributed solely to the redox po-
tential of each metal, but also to factors such as charge, ionic radius, and electronic structure [60].

-e-Control -#Cu (2+) -+ Ni(2+) -=Co (2+) -¢Fe (2+) -+-Ag (1+)
100

80
60
40

20
Aokt —

0 =% |
0 20 40 60 80 100
Time (min)

Removal efficiency (%)

Figure 7. Time dependence of E110 removal efficiency at different initial transition metal concentrations
(initial conditions: [E110], = 0.66 mM, [PS], = 3.7 mM, [Mn™], =1 mM, pH =3 and T = 25 °C)

Effect of pH on E110 removal

Figure 8 shows the decolorization of E110 (0.66 mM) by PS (0.18 mM) at 60 °C and different pH val-
ues. In order to offset the decline in solution pH resulting from the generation of the H* proton (Eq. 4) and
the addition of PS, the initial PS concentration was decreased in comparison to the previous experiments.
The efficiency of dye elimination efficiency was observed to decline as the pH of the solution increased.
This result has been reported in numerous studies and is explained by a decrease in the concentration of SRs,
which react with hydroxide ions [61-64]. Similar elimination efficiencies were observed at pH levels 3 and
4, as well as 9 and 11 [65]. This result can be explained by the use of low PS concentrations, which resulted
in similar elimination efficiencies across pH values. At pH 2, E110 has higher removal efficiency than at
other pH values due to the greater production of SRs (Eq. 10) resulting from acid catalists [66]:

S,05 +H" — SO, +S0,” +H* (10)
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On the other hand, at pH 12, E110 elimination efficiency improves when compared to alkaline pH val-
ues 9 and 11. This finding is explained by the formation of hydroxyl radicals (Eq. 11), which becomes more
important as pH increases [67, 68], resulting in more hydroxyl radicals that contribute to dye decolorization.

SO, + OH — OH- + SO* (11)

®-pH=2 -e-pH=3 WpH=4 -+pH=9 -ApH=11 =*pH=12

Removal efficiency (%)

0 50 100 150 200
Time (min)

Figure 8. Time dependence of E110 removal efficiency at different pH values
(initial conditions: [E110], = 0.66 mM, [PS], =3.7 mM and T =60 °C)

Biochemical and Chemical Oxygen Demand

To determine the biodegradability of the dye, we need to measure both the Chemical Oxygen Demand
(COD) and the Biochemical Oxygen Demand over five days (BOD). The BOD5/COD ratio indicates wheth-
er or not the dye is biodegradable. COD and BODS5 were measured in a 300 mg/L E110 solution at pH 3 and
20 °C. We measured 2 and 1800 mg/L of BOD5 and COD, respectively. As previously stated [69], the chem-
ical oxygen demand for contaminants from the food and beverage industry pollutants can range from 700 to
3000 mg/L. Thus, the E110 solution has a five-day biochemical oxygen demand/chemical oxygen demand
(BOD5/COD) ratio of 0.001, indicating that it is a non-biodegradable dye. Several studies on azo dyes con-
sider them to be non-biodegradable colorants [70, 71].

Effect of Temperature

The effect of temperature on E110 decolorization was investigated at four different heating tempera-
tures (40, 50, 60, and 70 °C). Throughout the experiments, we kept the initial concentration of E110 at
0.66 mM, PS at 3.7 mM, and pH at 3 (Fig. 9). The increased temperature had a positive effect on E110
decolorization. Indeed, elevated temperatures cause the O—O bond in PS to cleave, resulting in the formation
of SR and thus accelerating the decomposition of E110 [72, 73].

*40°C m50°C ® 60 °C A70°C

y = 100e-9E-06x
R2=10.9834

E110 (%)

y = 10068505
R2=0.9842

y = 100e-6E-0
R2=0.9958

y = 100e-0002x
A R2=0.937

0 1000 2000 3000 4000 5000 6000
Time (s)

Figure 9. Time dependence of E110 removal efficiency at different temperatures
(initial conditions: [E110], = 0.66 mM, [PS], = 3.7 mM, pH =3and T = 60 °C)
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The activation parameters associated with decolorization are calculated using Arrhenius and Eyring’s
equations (Egs. 12, 13, and 14) [39, 52] and by plotting In(Kqs) and In(Kq,s/T) vs. 1/T, respectively (Fig. 10):

SO~ + OH™ — OH- + SO,* (11)

where A is the frequency factor, E. is the activation energy (kJ'mol™), R is the gas constant
(I'mol™ -K™), and T is the absolute temperature (K).

in[ Kas | _[ [ Xe |, AST ) _AH (13)
T h R RT
where, kg is the Boltzmann constant (1.38x107 J K™), h is Planck’s constant (6.626x10>* J s), and AH” and
AS” are the enthalpy and entropy of activation, respectively.

#

The free activation energy (AG,,, ) was determined using Eq. 14 at a T value equal to 298.15 K:
AG, =AH” —TAS” (14)

UT (K
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Figure 10. Arrhenius and Eyring Eq. plots for E110 decolorization
([E110]o = 0.66 mM, [PS]o = 3.7 mM, pH =3 and T =40, 50, 60 and 70 °C)

The positive values for activation energy, enthalpy, entropy, and free energy (Table 2) indicate that the
oxidation process requires a minimal amount of energy. Furthermore, it is described as endothermic, with
little variation in the three-dimensional arrangement of the molecule’s transition state [74].

Table 2
Activation thermodynamic parameters of the decolorization E110 by PS
([E110], = 0.66 mM, [PS]o=3.7 mM, pH =3 and T = 40, 50, 60 and 70 °C)
Ea (kd mol™) AH7 (kJ mol™) AS” (kI K™ AG, (kI mol™)
155.4 152.7 0.14 108.5

Orange G has an apparent activation energy of 92 kJ mol™' [75], a structure similar to E110, and a con-
centration six times lower. It is important to note that the apparent activation parameters are determined by
the dyes’ initial concentrations and structures of the dyes [37, 74]. The oxidation of E110 by hydrogen per-
oxide in an alkaline medium required activation energy, enthalpy, entropy, and free energy of 51 kJ mol ™,
54 kJ mol™', +0.14 kJ K™', 10.3 kJ mol ™', respectively [74].

UV-Visible Spectrum Analysis

The UV-visible spectra in Figure 11 show the decolorization of E110 using heated PS at 60 °C and
pH 3. The characteristic absorption peak at 478 nm corresponds to E110’s azo group [N=N], which is re-
sponsible for its color. In contrast, the peaks at 269 and 310 nm in the ultraviolet region are attributed to the
phenyl and naphthyl groups, respectively [64].
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Figure 11. UV-VIS spectra of E110 solution during the decolorization by PS
([E110]p =0.66 mM, [PS]g=3.7mM, pH =3 and T =60 °C)

During the reaction, the two distinct absorption peaks at 310 nm and 478 nm decreased significantly
and nearly vanished after 90 minutes. This observation indicates the complete destruction of the
chromophore and conjugated = system. In contrast, the peaks at 259 and 289 nm gradually decrease, indicat-
ing that the aromatic rings were still present and frequently were more difficult to oxidize than the azo struc-
ture [76, 77]. In general, the action of SRs on organic compounds causes hydroxylation. SRs react with water
to form hydroxyl radicals (Eg. 4), which can then interact with aromatic rings to form hydroxyl adducts [48,
78]. SRs could also attack the aromatic ring directly, forming hydroxyl adducts [48, 79], or both processes
may occur concurrently [80]. Based on the present results and the existing literature [48, 50, 74, 74, 78],
E110 oxidation can occur via two mechanisms: symmetrical azo bond cleavage and asymmetrical azo bond
cleavage (Fig. 12).
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Figure 12. Possible route to the fragments of the E110 dye

Conclusion

This study focused on investigating the process of decolorizing E110 in an aqueous solution using
thermally activated peroxydisulfate at a pH level of 3. The findings demonstrated that the effectiveness of
E110 decolorization was enhanced by heating and by increasing the initial PS concentration. Conversely, an
increase in the initial E110 concentration while the PS concentrations remain constant, will result in a reduc-
tion in E110 removal. The introduction of CI-, CO;*", HPO,*, HCO; ", NO, or NO; into the dye solutions
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typically results in different impacts on the rates of decolorization. The extent of these effects varies depend-
ing on the specific salt utilized.

The chlorine ion exhibited the highest level of effectiveness among the tested ions, whereas the nitrite
ion demonstrated the lowest level of effectiveness. Among the transition elements tested (Fe*, Ni**, Cu®,
and Ag"), only silver and iron caused E110 decolorization without the need for thermal activation. This find-
ing may be explained by their ability to initiate the PS activation process. The decolorization’s observed
thermodynamic parameters (E,, AH?, AS” and AG”) were calculated using the observed rates obtained at var-
ious temperatures. Finally, the destruction of aromatic ring structures accompanies the discoloration of E110.

Author Information*

*The authors' names are presented in the following order: First Name, Middle Name and Last Name

Nedjma Lahmar — Student in Environmental Chemistry, Inorganic Materials Laboratory, University
of M’sila, University Pole, Road Bourdj Bou Arreiridj, 28000, M’sila Algeria; e-mail:
nedjma.lahmar@univ-msila.dz; https://orcid.org/0009-0005-1849-0751

Mokhtar Djehiche (corresponding author) — Doctor of Atmospheric Chemistry, Inorganic Materials
Laboratory, University of M’sila, University Pole, Road Bourdj Bou Arreiridj, 28000, M’sila Algeria; e-
mail: mokhtar.djehiche@univ-msila.dz; https://orcid.org/0000-0002-3439-113X

Marwa Bachiri — Student in Environmental Chemistry, Inorganic Materials Laboratory, University of
M’sila, University Pole, Road Bourdj Bou Arreiridj, 28000, M’sila Algeria; e-mail: marwa.bachiri@univ-
msila.dz; https://orcid.org/0009-0006-1133-5801

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the
final version of the manuscript. CRediT: Nedjma Lahmar conceptualization, investigation, methodology,
validation, visualization, writing — original draft; Mokhtar Djehiche Supervision, formal analysis, visuali-
zation, writing — review & editing; Marwa Bachiri investigation.

Acknowledgments
The authors thank the University of Mohamed Boudiaf for access to the library facilities.
Conflicts of Interest
The authors declare no conflict of interest.

References

1 Rajamanickam, D., Shanthi, M. (2014). Photocatalytic degradation of an azo dye Sunset Yellow under UV-A light using
TiO,/CAC composite catalysts. Spectrochim Acta A Mol Biomol Spectrosc, 128, 100-108. https://doi.org/10.1016/].saa.2014.02.126

2 Amchova, P., Kotolova, H., Ruda-Kucerova, J. (2015). Health safety issues of synthetic food colorants. Regul Toxicol
Pharmacol, 73, 914-922. https://doi.org/10.1016/].yrtph.2015.09.026

3 Rovina, K., Prabakaran, P.P., Siddiquee, S., Shaarani, S.M. (2016). Methods for the analysis of Sunset Yellow FCF (E110) in
food and beverage products- a review. TrAC Trends Anal Chem, 85, 47-56. https://doi.org/10.1016/j.trac.2016.05.009

4 Chen, H. (2012). Toxicological significance of azo dye metabolism by human intestinal microbiota. Front Biosci, E4, 568
586. https://doi.org/10.2741/e400

5 Levine, W.G. (1991). Metabolism of AZO Dyes: Implication for Detoxication and Activation. Drug Metab Rev, 23, 253-309.
https://doi.org/10.3109/03602539109029761

6 Hashemi, S.H., Kaykhaii, M. (2022). Azo dyes: Sources, occurrence, toxicity, sampling, analysis, and their removal methods.
In: Emerging Freshwater Pollutants, 267-287. Elsevier.

7 Fatimah, A. (2020). Role of microorganisms in biodegradation of food additive Azo dyes: A review. Afr J Biotechnol, 19,
799-805. https://doi.org/10.5897/AJB2020.17250

8 Minioti, K.S., Sakellariou, C.F., Thomaidis, N.S. (2007). Determination of 13 synthetic food colorants in water-soluble foods
by reversed-phase high-performance liquid chromatography coupled with diode-array detector. Anal Chim Acta, 583, 103-110.
https://doi.org/10.1016/j.aca.2006.10.002

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 31


mailto:nedjma.lahmar@univ-msila.dz
https://orcid.org/0009-0005-1849-0751
mailto:mokhtar.djehiche@univ-msila.dz
https://orcid.org/0000-0002-3439-113X
mailto:marwa.bachiri@univ-msila.dz
mailto:marwa.bachiri@univ-msila.dz
https://orcid.org/0009-0006-1133-5801
https://credit.niso.org/
https://doi.org/10.1016/j.saa.2014.02.126
https://doi.org/10.1016/j.yrtph.2015.09.026
https://doi.org/10.1016/j.trac.2016.05.009
https://doi.org/10.2741/e400
https://doi.org/10.3109/03602539109029761
https://doi.org/10.5897/AJB2020.17250
https://doi.org/10.1016/j.aca.2006.10.002

Lahmar, N., Djehiche, M., & Bachiri, M.

9 Sha, O., Zhu, X., Feng, Y., Ma, W. (2015). Aqueous two-phase based on ionic liquid liquid—liquid microextraction for simul-
taneous determination of five synthetic food colourants in different food samples by high-performance liquid chromatography. Food
Chem, 174, 380-386. https://doi.org/10.1016/j.foodchem.2014.11.068

10 Newsome, A.G., Culver, C.A., Van Breemen, R.B. (2014). Nature’s Palette: The Search for Natural Blue Colorants. J Agric
Food Chem, 62, 6498-6511. https://doi.org/10.1021/jf501419q

11 Axon, A., May, F.E.B., Gaughan, L.E., et al. (2012). Tartrazine and sunset yellow are xenoestrogens in a new screening as-
say to identify modulators of human oestrogen receptor transcriptional activity. Toxicology, 298, 40-51.
https://doi.org/10.1016/j.t0x.2012.04.014

12 Sarikaya, R., Selvi, M., Erkog, F. (2012). Evaluation of potential genotoxicity of five food dyes using the somatic mutation
and recombination test. Chemosphere, 88, 974-979. https://doi.org/10.1016/j.chemosphere.2012.03.032

13 Ma, J., Li, H., Chi, L., et al. (2017). Changes in activation energy and kinetics of heat-activated persulfate oxidation of phe-
nol in response to changes in pH and temperature. Chemosphere, 189, 86-93. https://doi.org/10.1016/j.chemosphere.2017.09.051

14 Wactawek, S., Lutze, H.V., Griibel, K., et al. (2017). Chemistry of persulfates in water and wastewater treatment: A review.
Chem Eng J, 330, 44-62. https://doi.org/10.1016/j.cej.2017.07.132

15 Ahmadi, S., Igwegbe, C.A., Rahdar, S. (2019). The application of thermally activated persulfate for degradation of Acid Blue
92 in aqueous solution. Int J Ind Chem, 10, 249-260. https://doi.org/10.1007/s40090-019-0188-1

16 Bing, W., Wei, W. (2019). Degradation Phenol Wastewater by Heating Activated Persulfate. Int J Environ Monit Anal, 7, 14.
https://doi.org/10.11648/j.ijema.20190701.12

17 Wang, Z., Qiu, W., Pang, S., et al. (2020). Relative contribution of ferryl ion species (Fe(IV)) and sulfate radical formed in
nanoscale zero valent iron activated peroxydisulfate and peroxymonosulfate processes. Water Res, 172, 115504.
https://doi.org/10.1016/j.watres.2020.115504

18 Dong, H., He, Q., Zeng, G., et al. (2017). Degradation of trichloroethene by nanoscale zero-valent iron (nZV1) and nZV1 ac-
tivated persulfate in the absence and presence of EDTA. Chem Eng J, 316, 410-418. https://doi.org/10.1016/j.cej.2017.01.118

19 Hou, S., Ling, L., Shang, C., et al. (2017). Degradation kinetics and pathways of haloacetonitriles by the UV/persulfate pro-
cess. Chem Eng J, 320, 478-484. https://doi.org/10.1016/j.cej.2017.03.042

20 Miao, D., Zhao, S., Zhu, K., et al. (2020). Activation of persulfate and removal of ethyl-parathion from soil: Effect of micro-
wave irradiation. Chemosphere, 253, 126679. https://doi.org/10.1016/j.chemosphere.2020.126679

21 Gao, Y., Gao, N., Wang, W., et al. (2018). Ultrasound-assisted heterogeneous activation of persulfate by nano zero-valent
iron (nZVI) for the propranolol degradation in water. Ultrason Sonochem, 49, 33—40. https://doi.org/10.1016/j.ultsonch.2018.07.001

22 Matzek, L.W., Tipton, M.J., Farmer, A.T., et al. (2018). Understanding Electrochemically Activated Persulfate and Its Appli-
cation to Ciprofloxacin Abatement. Environ Sci Technol, 52, 5875-5883. https://doi.org/10.1021/acs.est.8b00015

23 Bhatia, S.C. (2014). Solar thermal energy. In: Advanced Renewable Energy Systems. Elsevier, 94-143.

24 Jakubauskaite, V., Dikun, J., Jankunas, V., et al. (2015). Use of solar water heating system for oil contaminated soil treat-
ment. In: 2015 Tenth International Conference on Ecological Vehicles and Renewable Energies (EVER). IEEE, Monte Carlo, 1-10.

25 Liang, C., Su, H.-W. (2009). Identification of Sulfate and Hydroxyl Radicals in Thermally Activated Persulfate. Ind Eng
Chem Res, 48, 5558-5562. https://doi.org/10.1021/ie9002848

26 House, D.A. (1962). Kinetics and Mechanism of Oxidations by Peroxydisulfate. Chem Rev, 62, 185-203.
https://doi.org/10.1021/cr60217a001

27 Sun, S.-P., Li, C.-J., Sun, J.-H., et al. (2009). Decolorization of an azo dye Orange G in aqueous solution by Fenton oxidation
process:  Effect of system  parameters and  kinetic study. J Hazard Mater, 161,  1052-1057.
https://doi.org/10.1016/j.jhazmat.2008.04.080

28 Riga, A., Soutsas, K., Ntampegliotis, K., et al. (2007). Effect of system parameters and of inorganic salts on the
decolorization and degradation of Procion H-exl dyes. Comparison of H,O,/UV, Fenton, UV/Fenton, TiO,/UV and TiO,/UV/H,0,
processes. Desalination, 211, 72-86. https://doi.org/10.1016/j.desal.2006.04.082

29 Bennedsen, L.R., Muff, J., Segaard, E.G. (2012). Influence of chloride and carbonates on the reactivity of activated
persulfate. Chemosphere, 86, 1092—1097. https://doi.org/10.1016/j.chemosphere.2011.12.011

30 Liang, C.-J., Huang, S.-C. (2012). Kinetic model for sulfate/hydroxyl radical oxidation of methylene blue in a thermally-
activated persulfate system at various pH and temperatures. Sustain Env Res, 199-208.

31 Wei, L., Xia, X., Zhu, F., et al. (2020). Dewatering efficiency of sewage sludge during Fe?*-activated persulfate oxidation:
Effect of hydrophobic/hydrophilic properties of sludge EPS. Water Res, 181, 115903. https://doi.org/10.1016/j.watres.2020.115903

32 Baciocchi, R., D’Aprile, L., Innocenti, 1., et al. (2014). Development of technical guidelines for the application of in-situ
chemical oxidation to groundwater remediation. J Clean Prod, 77, 47-55. https://doi.org/10.1016/j.jclepro.2013.12.016

33 Matzek, L.W., Carter, K.E. (2016). Activated persulfate for organic chemical degradation: A review. Chemosphere, 151,
178-188. https://doi.org/10.1016/j.chemosphere.2016.02.055

34 Oranusi, N., Njoku, H. (2009). Biotransformation of Food Dyes by Human Intestinal Bacteria (Streptococcus faecalis,
Eschericia coli). J Appl Sci Environ Manag, 10. https://doi.org/10.4314/jasem.v10i2.43698

35 Abdel-Aziz, H.M., Abdel-Gawad, S.A. (2020). Removal of sunset YellowAzo dye using activated carbon entrapped in algi-
nate from aqueous solutions. Open Access J Sci, 4, 1-6. https://doi.org/10.15406/0ajs.2020.04.00142

32 Eurasian Journal of Chemistry. 2024, Vol. 29, No. 4(116)


https://doi.org/10.1016/j.foodchem.2014.11.068
https://doi.org/10.1021/jf501419q
https://doi.org/10.1016/j.tox.2012.04.014
https://doi.org/10.1016/j.chemosphere.2012.03.032
https://doi.org/10.1016/j.chemosphere.2017.09.051
https://doi.org/10.1016/j.cej.2017.07.132
https://doi.org/10.1007/s40090-019-0188-1
https://doi.org/10.11648/j.ijema.20190701.12
https://doi.org/10.1016/j.watres.2020.115504
https://doi.org/10.1016/j.cej.2017.01.118
https://doi.org/10.1016/j.cej.2017.03.042
https://doi.org/10.1016/j.chemosphere.2020.126679
https://doi.org/10.1016/j.ultsonch.2018.07.001
https://doi.org/10.1021/acs.est.8b00015
https://doi.org/10.1021/ie9002848
https://doi.org/10.1021/cr60217a001
https://doi.org/10.1016/j.jhazmat.2008.04.080
https://doi.org/10.1016/j.desal.2006.04.082
https://doi.org/10.1016/j.chemosphere.2011.12.011
https://doi.org/10.1016/j.watres.2020.115903
https://doi.org/10.1016/j.jclepro.2013.12.016
https://doi.org/10.1016/j.chemosphere.2016.02.055
https://doi.org/10.4314/jasem.v10i2.43698
https://doi.org/10.15406/oajs.2020.04.00142

Removal of E110 from Aqueous Solution Using Heat-Activated Persulfate

36 Feizi, R., Ahmad, M., Jorfi, S., Ghanbari, F. (2019). Sunset yellow degradation by ultrasound/peroxymonosulfate/CuFe,0,:
Influential factors and degradation processes. Korean J Chem Eng, 36, 886-893. https://doi.org/10.1007/s11814-019-0268-0

37 Shuchi, S.B., Suhan, Md.B.K., Humayun, S.B., et al. (2021). Heat-activated potassium persulfate treatment of Sudan Black B
dye: Degradation kinetic and thermodynamic studies. J Water Process Eng, 39, 101690. https://doi.org/10.1016/j.jwpe.2020.101690

38 Wang, S., Zhou, N. (2016). Removal of carbamazepine from aqueous solution using sono-activated persulfate process.
Ultrason Sonochem, 29, 156-162. https://doi.org/10.1016/j.ultsonch.2015.09.008

39 Fayoumi, L.M.A,, Ezzedine, M.A., Akel, H.H., Jamal, M.M. (2012). Kinetic Study of the Degradation of Crystal Violet by
K,S,0g. Comparison with Malachite Green: Port Electrochimica Acta, 30, 121-133. https://doi.org/10.4152/pea.201202121

40 Naser Elddine, H.A., Damaj, Z.K., Yazbeck, O.A., et al. (2015). Kinetic Study of the Discoloration of the Food Colorant
E131 by K,S,0g and KIO3: Port Electrochimica Acta, 33, 275-288. https://doi.org/10.4152/pea.201505275

41 Lian, L., Yao, B., Hou, S, et al. (2017). Kinetic Study of Hydroxyl and Sulfate Radical-Mediated Oxidation of Pharmaceuti-
cals in Wastewater Effluents. Environ Sci Technol, 51, 2954-2962. https://doi.org/10.1021/acs.est.6b05536

42 Ahmadi, M., Behin, J., Mahnam, A.R. (2016). Kinetics and thermodynamics of peroxydisulfate oxidation of Reactive Yellow
84. J Saudi Chem Soc, 20, 644-650. https://doi.org/10.1016/j.jscs.2013.07.004

43 Mora, V.C., Rosso, J.A., Carrillo Le Roux, G., et al. (2009). Thermally activated peroxydisulfate in the presence of additives:
A clean method for the degradation of pollutants. Chemosphere, 75, 1405-1409. https://doi.org/10.1016/j.chemosphere.2009.02.038

44 Chen, L., Xue, Y., Luo, T., et al. (2021). Electrolysis-assisted UV/sulfite oxidation for water treatment with automatic ad-
justments of solution pH and dissolved oxygen. Chem Eng J, 403, 126278. https://doi.org/10.1016/j.ce].2020.126278

45 Djehiche, M., Tomas, A., Fittschen, C., Coddeville, P. (2011). First Direct Detection of HONO in the Reaction of
Methylnitrite (CH;ONO) with OH Radicals. Environ Sci Technol, 45, 608-614. https://doi.org/10.1021/es103076e

46 Djehiche, M., Tomas, A., Fittschen, C., Coddeville, P. (2011). First Cavity Ring-Down Spectroscopy HO, Measurements in a
Large Photoreactor. Z Fiir Phys Chem, 225, 938-992. https://doi.org/10.1524/zpch.2011.0143

47 Johnson, R.L., Tratnyek, P.G., Johnson, R.O. (2008). Persulfate Persistence under Thermal Activation Conditions. Environ
Sci Technol, 42, 9350-9356. https://doi.org/10.1021/es8019462

48 Yu, X.-Y., Bao, Z.-C., Barker, J.R. (2004). Free Radical Reactions Involving CI’, Cl,”, and SO, in the 248 nm Photolysis of
Aqueous Solutions Containing S$,05> and CI". J Phys Chem A, 108, 295-308. https://doi.org/10.1021/jp036211i

49 Hayon, E., McGarvey, J.J. (1967). Flash photolysis in the vacuum ultraviolet region of sulfate, carbonate, and hydroxyl ions
in aqueous solutions. J Phys Chem, 71, 1472-1477. https://doi.org/10.1021/j100864a044

50 Wojnarovits, L., Takacs, E. (2019). Rate constants of sulfate radical anion reactions with organic molecules: A review.
Chemosphere, 220, 1014-1032. https://doi.org/10.1016/j.chemosphere.2018.12.156

51 Yang, B., Luo, Q., Li, Q., et al. (2021). Selective oxidation and direct decolorization of cationic dyes by persulfate without
activation. Water Sci Technol, 83, 2744-2752. https://doi.org/10.2166/wst.2021.177

52 Mcheik, A.H., Jamal, M.M.E. (2013). Kinetic Study of the Discoloration of Rhodamine B with Persulfate, Iron Activation. J
Chem Technol Metall, 357-365.

53 Ji, Y., Wang, L., Jiang, M., et al. (2017). The role of nitrite in sulfate radical-based degradation of phenolic compounds: An
unexpected nitration process relevant to groundwater remediation by in-situ chemical oxidation (ISCO). Water Res, 123, 249-257.
https://doi.org/10.1016/j.watres.2017.06.081

54 Yang, P., Ji, Y., Lu, J., Huang, Q. (2019). Formation of Nitrophenolic Byproducts during Heat-Activated Peroxydisulfate Ox-
idation in the Presence of Natural Organic Matter and Nitrite. Environ Sci Technol, 53, 4255-4264.
https://doi.org/10.1021/acs.est.8b06967

55 Shannon, R.D. (1976) Revised effective ionic radii and systematic studies of interatomic distances in halides and
chalcogenides. Acta Crystallogr Sect A, 32, 751-767. https://doi.org/10.1107/S0567739476001551

56 Zhangm, H.-C., Han, J.-J., Zhang, X., et al. (2021). Undiscovered Multiple Roles of Multivalent Cations in the Pollutant Re-
moval from Actual Water by Persulfate Activated by Carbon Materials. ACS EST Eng, 1, 1227-1235.
https://doi.org/10.1021/acsestengg.1c00121

57 Zhang, R., Wang, X., Zhou L, Crump D (2019). Quantum chemical investigations of the decomposition of the
peroxydisulfate ion to sulfate radicals. Chem Eng J, 361, 960-967. https://doi.org/10.1016/j.cej.2018.12.145

58 Xia, X., Zhu, F., Li, J., et al. (2020). A Review Study on Sulfate-Radical-Based Advanced Oxidation Processes for Domes-
tic/Industrial ~ Wastewater ~ Treatment:  Degradation,  Efficiency, and Mechanism. Front Chem, 8, 592056.
https://doi.org/10.3389/fchem.2020.592056

59 Park, S.-M., Lee, S.-W., Jeon, P.-Y., Baek, K. (2016). Iron Anode-Mediated Activation of Persulfate. Water Air Soil Pollut,
227, 462. https://doi.org/10.1007/s11270-016-3169-4

60 Anipsitakis, G.P., Dionysiou, D.D. (2004). Radical Generation by the Interaction of Transition Metals with Common Oxi-
dants. Environ Sci Technol, 38, 3705-3712. https://doi.org/10.1021/es0351210

61 Bing, W., Wei, W. (2019). Degradation Phenol Wastewater by Heating Activated Persulfate. Int J Environ Monit Anal, 7, 14.
https://doi.org/10.11648/j.ijema.20190701.12

62 Criquet, J., Leitner, N.K.V. (2009). Degradation of acetic acid with sulfate radical generated by persulfate ions photolysis.
Chemosphere, 77, 194-200. https://doi.org/10.1016/j.chemosphere.2009.07.040

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 33


https://doi.org/10.1007/s11814-019-0268-0
https://doi.org/10.1016/j.jwpe.2020.101690
https://doi.org/10.1016/j.ultsonch.2015.09.008
https://doi.org/10.4152/pea.201202121
https://doi.org/10.4152/pea.201505275
https://doi.org/10.1021/acs.est.6b05536
https://doi.org/10.1016/j.jscs.2013.07.004
https://doi.org/10.1016/j.chemosphere.2009.02.038
https://doi.org/10.1016/j.cej.2020.126278
https://doi.org/10.1021/es103076e
https://doi.org/10.1524/zpch.2011.0143
https://doi.org/10.1021/es8019462
https://doi.org/10.1021/jp036211i
https://doi.org/10.1021/j100864a044
https://doi.org/10.1016/j.chemosphere.2018.12.156
https://doi.org/10.2166/wst.2021.177
https://doi.org/10.1016/j.watres.2017.06.081
https://doi.org/10.1021/acs.est.8b06967
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1021/acsestengg.1c00121
https://doi.org/10.1016/j.cej.2018.12.145
https://doi.org/10.3389/fchem.2020.592056
https://doi.org/10.1007/s11270-016-3169-4
https://doi.org/10.1021/es035121o
https://doi.org/10.11648/j.ijema.20190701.12
https://doi.org/10.1016/j.chemosphere.2009.07.040

Lahmar, N., Djehiche, M., & Bachiri, M.

63 Thabet, M., EI-Zomrawy, A.A. (2016). Degradation of acid red 17 dye with ammonium persulphate in acidic solution using
photoelectrocatalytic methods. Arab J Chem, 9, S204-S208. https://doi.org/10.1016/j.arabjc.2011.03.001

64 Wang, C., Yang, Q., Li, Z., et al. (2019). A novel carbon-coated Fe-C/N composite as a highly active heterogeneous catalyst
for the degradation of Acid Red 73 by persulfate. Sep Purif Technol, 213, 447-455. https://doi.org/10.1016/j.seppur.2018.12.072

65 Ghauch, A., Tugan, A.M., Kibbi, N., Geryes, S. (2012). Methylene blue discoloration by heated persulfate in aqueous solu-
tion. Chem Eng J, 213, 259-271. https://doi.org/10.1016/j.cej.2012.09.122

66 Lee, Y.-C., Lo, S.-L., Kuo, J., Lin, Y.-L. (2012). Persulfate oxidation of perfluorooctanoic acid under the temperatures of 20—
40 °C. Chem Eng J, 198-199, 27-32. https://doi.org/10.1016/j.ce].2012.05.073

67 Furman, O.S,, Teel, A.L., Ahmad, M., et al. (2011). Effect of Basicity on Persulfate Reactivity. J Environ Eng, 137, 241-247.
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000323

68 Liang, C., Wang, Z.-S., Bruell, C.J. (2007). Influence of pH on persulfate oxidation of TCE at ambient temperatures. Chemo-
sphere, 66, 106-113. https://doi.org/10.1016/j.chemosphere.2006.05.026

69 Chmiel, H., Kaschek, M., Blocher, C., et al. (2003). Concepts for the treatment of spent process water in the food and bever-
age industries. Desalination, 152, 307-314. https://doi.org/10.1016/S0011-9164(02)01078-0

70 Suzuki, M., Suzuki, Y., Uzuka, K., Kawase, Y. (2020). Biological treatment of non-biodegradable azo-dye enhanced by zero-
valent iron (ZVI1) pre-treatment. Chemosphere, 259, 127470. https://doi.org/10.1016/j.chemosphere.2020.127470

71 Feuzer-Matos, A.J., Testolin, R.C., Pimentel-Almeida, W., et al. (2022). Treatment of Wastewater Containing New and Non-
biodegradable Textile Dyes: Efficacy of Combined Advanced Oxidation and Adsorption Processes. Water Air Soil Pollut, 233, 273.
https://doi.org/10.1007/s11270-022-05751-1

72 Rahmani, A.R., Rezaeivahidian, H., Almasi, M., et al. (2016). A comparative study on the removal of phenol from aqueous
solutions by electro—Fenton and electro—persulfate processes using iron electrodes. Res Chem Intermed, 42, 1441-1450.
https://doi.org/10.1007/s11164-015-2095-1

73 Luo, Q. (2014). Oxidative treatment of aqueous monochlorobenzene with thermally-activated persulfate. Front Environ Sci
Eng, 8, 188-194. https://doi.org/10.1007/s11783-013-0544-x

74 Fragoso, C.T., Battisti, R., Miranda, C., De Jesus, P.C. (2009). Kinetic of the degradation of C.I. Food Yellow 3 and
C.l. Food Yellow 4 azo dyes by the oxidation with hydrogen peroxide. J Mol Catal Chem, 301, 93-97.
https://doi.org/10.1016/j.molcata.2008.11.014

75 Xu, X.-R., Li, X.-Z. (2010). Degradation of azo dye Orange G in aqueous solutions by persulfate with ferrous ion. Sep Purif
Technol, 72, 105-111. https://doi.org/10.1016/].seppur.2010.01.012

76 Hu, E., Wu, X,, Shang, S., et al. (2016). Catalytic ozonation of simulated textile dyeing wastewater using mesoporous carbon
aerogel supported copper oxide catalyst. J Clean Prod, 112, 4710-4718. https://doi.org/10.1016/j.jclepro.2015.06.127

77 Wu, C.-H., Kuo, C.-Y., Chang, C.-L. (2008). Homogeneous catalytic ozonation of C.l. Reactive Red 2 by metallic ions in a
bubble column reactor. J Hazard Mater, 154, 748-755. https://doi.org/10.1016/].jhazmat.2007.10.087

78 Hori, H., Yamamoto, A., Hayakawa, E., et al. (2005). Efficient Decomposition of Environmentally Persistent
Perfluorocarboxylic Acids by Use of Persulfate as a Photochemical Oxidant. Environ Sci Technol, 39, 2383-2388.
https://doi.org/10.1021/es0484754

79 Anipsitakis, G.P., Dionysiou, D.D., Gonzalez, M.A. (2006). Cobalt-Mediated Activation of Peroxymonosulfate and Sulfate
Radical Attack on Phenolic Compounds. Implications of Chloride lons. Environ Sci Technol, 40, 1000-1007.
https://doi.org/10.1021/es050634b

80 Gokulakrishnan, S., Parakh, P., Prakash, H. (2012). Degradation of Malachite green by Potassium persulphate, its enhance-
ment by 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane nickel(ll) perchlorate complex, and removal of antibacterial activity. J
Hazard Mater, 213-214, 19-27. https://doi.org/10.1016/j.jhazmat.2012.01.031

34 Eurasian Journal of Chemistry. 2024, Vol. 29, No. 4(116)


https://doi.org/10.1016/j.arabjc.2011.03.001
https://doi.org/10.1016/j.seppur.2018.12.072
https://doi.org/10.1016/j.cej.2012.09.122
https://doi.org/10.1016/j.cej.2012.05.073
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000323
https://doi.org/10.1016/j.chemosphere.2006.05.026
https://doi.org/10.1016/S0011-9164(02)01078-0
https://doi.org/10.1016/j.chemosphere.2020.127470
https://doi.org/10.1007/s11270-022-05751-1
https://doi.org/10.1007/s11164-015-2095-1
https://doi.org/10.1007/s11783-013-0544-x
https://doi.org/10.1016/j.molcata.2008.11.014
https://doi.org/10.1016/j.seppur.2010.01.012
https://doi.org/10.1016/j.jclepro.2015.06.127
https://doi.org/10.1016/j.jhazmat.2007.10.087
https://doi.org/10.1021/es0484754
https://doi.org/10.1021/es050634b
https://doi.org/10.1016/j.jhazmat.2012.01.031

How to Cite: Abdulsattar, M.A. (2024). Effect of Acetylene Properties on its Gas Sensing by NiO Doped ZnO Clusters: A Transition
State Theory Model. Eurasian Journal of Chemistry, 29, 4(116), 35-43. https://doi.org/10.31489/2959-0663/4-24-8

Article Received: 29 July 2024 | Revised: 18 October 2024 |
Accepted: 31 October 2024 | Published online: 23 November 2024

UDC 544.4+544.18 https://doi.org/10.31489/2959-0663/4-24-8

Mudar A. Abdulsattar

Ministry of Science and Technology, Baghdad, Iraq
("Author’s e-mail: mudarahmed3@yahoo.com)

Effect of Acetylene Properties on its Gas Sensing by NiO Doped ZnO Clusters:
A Transition State Theory Model

The sensitivity of nickel oxide doped zinc oxide to industrial gas acetylene was calculated and compared to
available experimental data. The adsorption of C,H, on the NiO-doped ZnO surface and the activation transi-
tion states formed afterward were studied computationally. B3LYP version of density functional theory with
6-311G** basis set, including dispersion correction (GD3BJ) was performed for the calculations with the
help of Gaussian 09 software. Thermodynamic quantities of the reaction of C,H, with NiO-doped ZnO sur-
faces, such as Gibbs free energy, enthalpy, and entropy, were used to interpret the reaction at the temperature
range 25-325 °C. Response and response time variation with different NiO doping percentages were calculat-
ed. The calculations took into account the combustion of acetylene as it approached its autoignition tempera-
ture, which was not considered in previous works. The results show that the optimum response operating
temperature of the C,H, gas sensor is below the autoignition temperature of acetylene at 300 °C. A good
agreement of theoretical response and response time with variation of temperature and acetylene concentra-
tion was obtained with the experiment. This study was the first to take into account the autoignition of C,H,
in gas sensor calculations and noted that gases can be easily distinguished by their autoignition temperature.

Keywords: NiO-doping, ZnO cluster, acetylene gas sensor, Density Functional Theory, transition state.

Introduction

ZnO is in the hexagonal wurtzite structure [1], while NiO is in the NaCl cubic structure at ambient tem-
perature [2]. When ZnO is doped with NiO, the hexagonal structure is transformed into a cubic NaCl struc-
ture as the NiO doping concentration increases [3]. ZnO in the NaCl structure occurs at high pressure [4]. On
the other hand, the NiO in the hexagonal structure is also formed [5]. ZnO is an n-type semiconductor due to
oxygen vacancies [6]. NiO is a p-type semiconductor since Ni can have higher oxides such as Ni,O; (black
nickel oxide) [7]. The doping of ZnO with NiO can form a p-n junction. ZnO is a very practical choice for
gas sensors. ZnO is used to detect many gases, such as acetone [8], acetaldehyde [9], NO, [10], etc. NiO as
an oxide is also utilized as a gas sensor for different gases such as H,S [11], acetone [12], H, [13], etc. Small
ZnO clusters that reflect the wurtzite structure are called wurtzoids [14, 15]. These clusters simplify gas sen-
sor calculations within existing computing power while preserving the similarity of the electronic structure
with particles of larger size. The gas-sensing process happens on the surface of the sensor. Since oxygen lay-
ers are inevitable during surface preparation under atmospheric conditions, Ni atoms on the surface are oxi-
dized by the oxygen in the air or by oxygen already present in the ZnO.

Acetylene is an unsaturated hydrocarbon with the formula C,H,, widely used in industry [16]. Acety-
lene has a number of properties that differ from many other gases. C,H, is a sublimating gas at about -84 °C.
It also has an autoignition temperature of 300 °C. Autoignition temperature is the temperature at which a ma-
terial will spontaneously ignite in a normal atmosphere without the need for an external ignition source. This
temperature puts limits on the highest temperature at which the gas can be detected, since it quickly burns
out after reaching this temperature [17, 18]. The intrinsic properties of the detected gas are continuously ig-
nored when calculating gas detection in a sensor. In the present work the properties of acetylene will play an
important role in the detection of this gas, as we shall see later.

Transition state theory is one of the most used theories to simulate reactions that include gas sen-
sors [19]. The parameters of this theory can be calculated using density functional theory (DFT). These pa-
rameters include thermodynamic quantities such as Gibbs free energy of activation, enthalpy, and entropy.
These parameters usually depend on temperature.

The present work uses a NiO-doped ZnO cluster as a gas sensor to detect acetylene gas. The analysis is
carried out theoretically using transition state theory and compared with available experimental data. Gibbs
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free energy of transition or activation is calculated as a function of temperature. The calculated Gibbs energy
of transition is transformed to the values of the experimental NiO-doped ZnO ratio using the modified Ev-
ans—Polanyi principle. The change in the density of acetylene gas as acetylene approaches its autoignition
temperature is considered. Results show good agreement of theoretically calculated sensor response and re-
sponse time with available experimental data. The novelty and motivation of the present work are derived
from the fact that acetylene autoignition has never been considered in previous studies.

Computational Details

Gaussian 09 computational chemistry software was used in the present calculations [20]. B3LYP ver-
sion of density functional theory with 6-311G** basis set, including dispersion correction (GD3BJ), showed
satisfactory accuracy and execution time [21].

ZnO small clusters similar to the hexagonal wurtzite bulk structure are called wurtzoids [15, 22]. These
clusters have been used frequently to replace the time-consuming periodic representation of bulk ZnO, in-
cluding doping with different elements [14, 23]. Figure 1 shows the adsorption of C,H, on pristine and NiO-
doped ZnO clusters (Zn;3015 and NiZny,043).

29,

a) b)

Figure 1. a— The adsorption of C,H, on optimized pristine ZnO clusters (Zn,3013) designed as [Zn;3013 — C,H,]%;
b — optimized NiZn;,0,3 with adsorbed C,H, molecule designed as [NiZn;,03 — C,H,]?

The interaction between the cluster and acetylene diminishes as the number of neighbors increases.
Typically, a fourth neighbor interaction cutoff is used so that results are highly correct with negligible re-
maining interactions [24]. Adsorption is characterized by the attraction of hydrogen atoms in C,H, to oxygen
atoms on pristine or doped ZnO. On the other hand, carbon atoms in C,H, are attracted to Zn or Ni atoms.
This van der Waals attraction is due to the positive charges on H, Zn, and Ni atoms and negative charges on
C and O atoms. It can be noted that the Ni atom is connected to oxygen atoms (O—Ni-O angle), forming
nearly 90- or 180-degree angles with them, which reflects the NaCl structure characterization of NiO.

After adsorption, a transition state is formed before the interaction of C,H, with pristine and NiO-doped
ZnO clusters. The transition state is defined as the state of the highest potential energy along the reaction
path. The transition states developed from the adsorption states of Figure 1 are shown in Figure 2. The (TS)
option of Gaussian 09 program using the Berny algorithm is adopted.

Figure 2. a— The optimized transition state of adsorbed C,H, on pristine ZnO ([ZNn130:5 — C,H.]*);
b — The optimized transition state of NiZn;,01; with adsorbed C,H, molecule [NiZn;,045 — C,H,]*
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As can be seen from Fig. 2, the C,H, molecule encounters a rotation from the adsorption state of Fig. 1.
This rotation is more evident in the NiO-doped ZnO cluster in Fig. 2b.

The rate of a chemical reaction is influenced by several factors such as temperature, pressure, and con-
centration of the reacting materials. Many theories have been proposed to handle and calculate such rates,
including the Arrhenius equation, collision theory, and transition state theory and their variations. At con-
stant pressure, the general equation describing the reaction rate for the present reaction of ZnO with acety-
lene can be given as follows [25]:

d[ZnO] _

" —[ZnOl*[ C,H, L K(T), (1)

5
k(T)=AT" exp' ' (2)

In the above two equations, [ZnO] and [C,H,] are the zinc oxide and acetylene concentrations, respec-
tively. The exponents u and v in the concentrations are usually equal to 1 or %%. The subscript € in the acety-
lene concentration represents the effective concentration of acetylene due to autoignition as acetylene ap-
proaches its autoignition temperature. k(T) represents the effect of temperature on the reaction rate. The tem-
perature dependence k(T) reflects the type of gas and sensor, as well as the ability of the gas to diffuse into
the sensor surface and reach the inner layers. The value of m for the temperature exponent in Eq. (2) is high-
er for gases that can diffuse deep in the sensor’s layers. AG* is the Gibbs energy of transition, while kg is the
Boltzmann constant. The effect of material properties such as morphology, surface area, crystallinity, and
structure is inhibited in the pre-exponential parameter (A) in the k(T) equation (Eq. (2)).

Evaluating the Gibbs transition energy for NiO-doped ZnO can sometimes be difficult since the exact
doping percentage may involve many atoms, requiring a long computational time. However, a solution can
be proposed using the modified Evans—Polanyi principle as follows [25]:

AG' = AG] +BAG/, (3)
In the above equation, AG; and AG; are known Gibbs energy of transition of two structures that are
near the required AG* value using the interpolation parameter B. The values of AGy* and AG,* are that of
pristine and NiO-doped ZnO in Fig. 2a and Fig. 2b respectively. Their values are 0.1487 and 0.1377 eV (at
standard 25 °C and 1 bar conditions) respectively. The interpolation parameter B can be found using simple
linear interpolation formulas. The original Evans—Polanyi principle concerns the interpolation of enthalpy
AH*. The addition of the activation entropy (S%) transforms the relation to a Gibbs energy relation:
AG* = AH* —TAS*. 4)
As mentioned in the description of Eg. (1), the effective concentration of acetylene is used due to the
ignition of acetylene as its autoignition temperature of 300 °C approaches. A logistic function is used to de-
scribe the concentration of acetylene as it approaches the autoignition temperature [18]:

F(T)= ©)

1+

where ks is the steepness of the decrease in acetylene concentration, T, is the temperature at which acetylene
reaches half of its original concentration as it approaches autoignition temperature.

Eg. (5) is the critical equation that will shape the gas response curves that follow Eq. (1) for the reaction rate.

The detection of the acetylene gas is performed as a consequence of monitoring sensor resistance
changes due to the reaction of acetylene with the sensing material. The sensor's resistance in the air is denot-
ed R,, while the resistance in the presence of a gas is denoted R,. The ratio R./Ry is called the sensor's re-
sponse. This ratio is proportional to the reaction rate of Eq. (1), as in the following equation:

) d[ZnO]
Response(theoretical) =1+ C|—— (6)

The value (1) is added in Eq. (6) because the response is 1 in the absence of gas (R./Ry =1). C is the
correlation factor linking the resistivity to the reaction rate.

An important quantity that measures the fast response of the gas sensor is the response time (t.). This
guantity can be obtained by integrating Eq. (1) concerning time (t) with the exponent (u=1) in Eq. (1). The
response time, which corresponds to the time needed for the resistivity to reach 90 % of its final resistance, is
determined by the following formula [25]:
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In(10
tres(90 %) = ( ) _AGI] (7)

[C,H,]  AT" exp[ ke

Results and Discussion

Fig. 3 shows the variation of Gibbs free energy in the transition of pure and NiO-doped ZnO with tem-
perature.
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Figure 3. The Gibbs free energy of transition of the optimized transition state of adsorbed C,H,
on the four cases of pristine and 3, 5, 10 % NiO-doped ZnO as a function of temperature

As can be seen in Fig. 3, the Gibbs free energy of transition of pure and NiO doped ZnO are close and
intersect at a temperature of 210 °C. This temperature has the same highest response and lowest response
time, as seen in the corresponding figures.

Fig. 4 shows the change in theoretical response (R./Ry) for different NiO concentrations (3, 5, 10 % mo-
lar ratio) with temperature compared with experimental results [26] for 200 ppm C,H,. The autoignition
temperature of C,H, is indicated.

As can be seen in Fig. 4, using the present theory, good agreement was obtained between the theoretical
and experimental results. The maximum response is at 210 °C for all theoretical calculations in good agree-
ment with the two NiO doping percentages 3 and 5 %, while the experimental 10 % NiO percentage deviates
at 160 °C. Most available experimental data from other experiments agree with present theoretical results. As
an example, the maximum response of C,H, is at 206, 255, 200, 250, and 285 °C for the references [27-31],
respectively that are all below the autoignition temperature at 300 °C in agreement with present results. The
present calculations provide a unique method to distinguish gases. As an example, the H, autoignition tem-
perature is at 536 °C that is far from that of acetylene and its maximum response can be distinguished easily.
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Figure 4. Change in theoretical response (R./Rg) for different NiO concentrations (3, 5, 10 % molar ratio)
with temperature compared with experimental results [26] for 200 ppm C,H,.
The autoignition temperature of C,H, is indicated

Fig. 5 shows the change in theoretical response (R./Ry) for different NiO concentrations (3, 5, 10 % mo-
lar ratio) with C,H, concentration at 210 °C temperature compared with experimental results [26]. Good

agreement can be seen between the experimental and theoretical results. The highest response is for 5 % NiO
doping, as shown in Fig. 4.
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Figure 5. Change in theoretical response (R./Rg) for different NiO concentrations (3, 5, 10 % molar ratio)
with C,H, concentration at 210 °C compared to experimental results [26]

Table shows the parameters used in the simulation for the three different NiO doping percentages of
Zn0.
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Table

Parameters used to simulate the C,H, gas sensing reaction model for different NiO-doped ZnO
AG* values are at 25C and normal pressure

No. Reaction AG* (eV) A m|v] k(K | To(°C) | C(s)
[3 %NiO/ZnO — C,H,]*
1 ! 0.142 3510 st K® | 5| % | 0.025 200 | 165

[3 % NiO/ZnO — C,H,]*
[5 % NiO/ZnO — C,H,]?
2 ! 0.145 510 sTK® 5|%| 0.025 200 | 190
[5 % NiO/ZnO — C,H,]*
[10 % NiO/ZnO — C,H,J?
3 ! 0.152 2910 st K® | 5|%| 0.03 195 | 150
[10 % NiO/ZnO — C,H,]*

As can be seen in Table, the value of the Gibbs free energy of the transition rises as the doping percent-
age of NiO increases. However, at temperatures above 210 °C, the opposite trend was observed, as shown in
Fig. 3. Parameter A has the highest value for the 5 % NiO doping percentage, which is also typical for the
parameter C. This explains the highest sensitivity at 5 % NiO doping percentage. As the doping percentage
rises, the reaction rate and sensitivity increase because of the destruction of the lattice periodicity. A further
rise in the doping percentage (more than 5 %) will not lead to an increase in two parameters, A and C, since
the lattice is already developing a new NiO cubic phase at the spots of higher concentration of NiO.

The value of the temperature exponent (m = 5) is the same for all doping percentages. This exponent re-
flects the reactivity and diffusivity of the C,H, gas. In the original transition state theory, which did not take
diffusivity into account, the value of m was equal to 1. The exponent v's value is Y2, which was also typical in
many doping cases [32].

The remaining parameters, ks and Ty, have the same value for 3% and 5 % NiO doping and slightly
change for the 10 % NiO doping. These two parameters represent the decay in the concentration of C,H, gas
as it reaches its autoignition temperature. The almost equal values of ks and T, show that the autoignition
temperature depends only slightly on the type of sensitive material.

Fig. 6 shows the response time of the three different doping percentages of NiO as described by Eq. (7)
compared to the experiment. Fig. 6 shows the reverse to Fig. 4 trend in response time. The response time is
at its lowest value when the response is at its highest value. Good agreement is obtained between theory and
experiment.

Fig. 7 explains the effect of doping ZnO by NiO. The energy gap is defined as the difference between
the Lowest Unoccupied Molecular Orbital (LUMO) and the Highest Occupied Molecular Orbital (HOMO)
energies. The experimental energy gap of ZnO is 3.3 eV [33]. This value is close to the present calculated
value of 3.117 eV as in Fig. 7. As ZnO is doped with NiO (Fig. 1b), the energy gap decreases to 2.412 eV
due to the entrance of NiO energy levels into the energy gap of ZnO and the destruction of the original hex-
agonal structure. The gap value for NiO is around 3 eV [34]. As the NiO doping increases, the energy gap
increases to 3 eV when the cubic NiO structure becomes the dominant constituent.

Theoretical 3% Ni0/Zn0 Theoretical 5% NiO/ZnO
+—Experimental 3% NiO/ZnO =] #-Experimental 5% NiO/ZnO i b

Autoignition temperature -~ Autoignition temperature
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Figure 6. Experimental [26] and theoretical response time for the three cases of 3, 5, and 10 % NiO doped ZnO
sensor as a function of temperature. The autoignition temperature of C,H, is shown
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Figure 7. Calculated HOMO and LUMO energy levels for ZnO and NiO/ZnO.
The NiO/ZnO corresponds to the optimized NiZn;,0,3 in Fig. 1b

Conclusions

NiO-doped ZnO gas sensor cluster was studied theoretically to detect C,H, gas as a function of temper-
ature and compared with available experimental data. The transition state theory with a modified Evans—
Polanyi principle was used to estimate the Gibbs free transition energy for three different doping cases. The
theoretical investigation was carried out using mainly two equations, namely Eq. (1) and Eqg. (5). As the tem-
perature increases, the C,H, gas burns using the oxygen available in the air, and the concentration of the
C,H, gas decreases as described by Eq. (5). At the same time, C,H, gas reacts with the sensing material NiO
doped ZnO as described by Eq. (1). The result shows a maximum of sensing temperature, which is below the
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autoignition temperature of acetylene of 300 °C. The above described model is in good agreement with the
experiment presented in Figs (4-6) for the three different NiO doping concentrations. Figs (4-6) show the
theoretical and experimental response results taking into account temperature, concentration, and response
time. The motivation for the present study is that the autoignition of C,H, has never been taken into account
in gas sensor calculations, and gases can be easily distinguished by their autoignition temperature.
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A Series of Novel Integrastatins Analogues:
In silico Study of Physicochemical and Bioactivity Parameters

Integrastatins are naturally occurring heterotetracyclic compounds with a broad spectrum of biological activi-
ty. A number of new structural analogues of integrastatins 2a-u have been synthesized using a novel one-step
method [1], but a systematic theoretical study of their structural features and biological activity has not been
realized. This study aimed to in silico investigate physicochemical and bioactivity properties for a series of 21
new synthetic analogues of natural integrastatins. Global chemical reactivity descriptors was assessed using
DFT B3LYP 6-311++G(d, p) CPCM (solvent — water) calculations. High ionization potential IP in the range
from 5.9 to 7.1 eV and electron affinity EA at the level of 2.1 to 3.2 eV were shown, which together with a
sufficiently large energy gap AEg,, from 3.8 to 4.6 eV indicates the hard nature of the compounds 2a-u. Anti-
viral activity and inhibitory potential as CYP2C19 inducers were identified using the PASSOnline resource.
According to the results of molecular docking studies Human immunodeficiency virus HIV-1 reverse tran-
scriptase protein (PDB ID: 3V81) and protein of the RNA-dependent RNA polymerase of the SARS-CoV-2
(PDB ID: 7TAAP) can serve as a likely biological target for the compounds 2a-u. Potentially high oral efficacy
and a promising safety profile for the therapeutic use were showed using ADMETIab 3.0 online portal. Fur-
ther experimental in vitro and in vivo studies of the pharmaceutical potential of compounds 2a-u is need for
more accurate evaluation the assumptions made on the basis of in silico approach.

Keywords: integrastatins, in silico, molecular docking, computational study, biological activity, ADMET,
quantum chemical calculations, DFT, B3LYP, antiviral activity, global chemical reactivity descriptors,
HIV-1, SARS-CoV-2.

1 Introduction

Integrastatins A, B are organic heterotetracyclic compounds containing a novel four-6’-ring system with
an epoxybenzooxocine moiety (Fig. 1). They have a natural origin and are aromatic ethers, bridged com-
pounds, cyclic ethers, a cyclic ketones, organic heterotetracyclic compounds, polyphenols and primary alco-
hols with a wide range of biological activity, including antiviral, antioxidant, antitumor, antifungal and anti-
microbial properties [2].

Integrastatin A Integrastatin B
Figure 1 Structural formulas of integrastatins

Integrastatin A and integrastatin B were first isolated in 2002 from the ATCC74478 and Cytospora sp.
fungus, also their inhibitory activity at micromolar concentrations in the strand transfer reaction of recombi-
nant HIV-1 integrase was shown [3]. These compounds immediately emerged as attractive targets for medic-
inal chemistry due to their antiviral potential, which integrase inhibitors have for the development of HIV
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therapy. However, the use of integrastatins obtained by fungal fermentations was limited due to their low
content in natural sources and the high cost of the resulting product. Therefore, chemical synthesis as a
method that allows obtaining integrastatins in any quantities and with a high degree of purity has received its
development. Several research groups have reported different methods of synthesis of the tetracyclic core of
integrastatins in the subsequent decades [4-7]. Each of these methods has its own characteristics and ad-
vantages, and it should be noted that interest in this type of compounds encourages many chemists to further
develop approaches to the synthesis of integrastatins [8-11].

Recent years, the research group of Professor 1.V. Kulakov in University of Tyumen (Tyumen, Russia)
has developed and repeatedly tested a new method for the one-stage synthesis of structural analogues of the
integrastatin tetracyclic core [12-14] (Fig. 2).

0 0 R4
)j% HO Ra TFA 10% mol.
\ *o
7 \S
N Rs Method A: 80-117°C, 2-PrOH
1 Ry

(or n-BuOH), reflux, 5-18 h

Method D: 120°C, 2-PrOH, 30-40 h, 2a-u, 25-89% 2a
sealed glass ampoule
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% ,0 ~ L0 . 0 - 0 % 0
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Figure 2. Scheme of synthesis of novel integrastatins analogues 2a-u [1]

Thus, more than 20 new derivatives of oxocinopyridine 2a-u with a basic oxocine pharmacophore ring
were obtained on the base of 3,5-diacetyl-2,6-dimethylpyridine 1 as a precursor [1]. However, a systematic
theoretical and practical study of the features of their structure, physicochemical properties and biological
activity has not been implemented.

In silico studies are now widely used in modern chemistry, as they allow one to evaluate the physico-
chemical properties and pharmaceutical potential of a chemical compound based on knowledge of its struc-
tural formula [15]. The term “in silico” derives from the analogy with “in vitro” and “in vivo” experiments
and today refers to simulations or analyses performed using computational models or digital tools, typically
on a computer [16-18]. In silico computational tools cover a wide range of software and platforms designed
to model, analyze, and predict biological, chemical, and physical processes, including techniques such as
guantum chemical calculations, molecular docking and dynamics simulations, virtual screening, quantitative
structure-activity relationship (QSAR) studies, machine learning, and artificial intelligence tools. In silico
approaches are very valuable for saving time and resources by narrowing hypotheses before performing
physical or biological experiments.

The aim of this study was to systematically in silico characterize the physicochemical and bioactive pa-
rameters of a series of 21 new synthetic analogues of natural integrastatins using quantum chemical calcula-
tions, PASS predictions, molecular docking and ADMETlIab 3.0 computational tools. This will allow us to
better understand the features of their structure and useful properties, as well as assess their pharmaceutical
potential.
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2 Experimental

2.1. Quantum-Chemical Calculations

Initially, the molecular structures of 21 studied compounds 2a-u [1] were exported to the 2D
ChemDraw editor [19], where they were assigned IUPAC names (Table S1). After that, each molecule was
transformed into a 3D model using Chem3D program, its geometry was optimized according to the principle
of energy minimization using the MM2 method [20] and saved in a *.mol format. Further calculations were
performed using the Gaussian 16 program [21], visualization of input and output data was done using the
GaussView 6.0.16 program [22].

To study the structural features and molecular properties of the studied compounds 2a—u, DFT calcula-
tions with full geometry optimization were performed. To ensure a high level of accuracy in combination with
optimal calculation time, the B3LYP exchange correlation functional and the 6-311++G(d, p) basis set [23-25]
were used. A similar DFT basis set was tested by us earlier and it showed good agreement with the crystallo-
graphic data of compound 2a [13]. Although the studied compounds are not very soluble in water, we used
the macroscopic polarizable continuum model CPCM [26] to take into account the effect of the solvent (wa-
ter) for better evaluation of their biologically active properties in aqueous solutions. In addition, the FREQ
keyword was used to verify the truth of the obtained most stable conformation with the minimum energy and
the absence of an imaginary frequency characteristic of an unstable transition state.

After optimization, analytical methods were used to construct the HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) orbitals and estimate their values. Based on the
calculated data, the reactivity of the studied compounds was assessed by calculating global chemical reactivi-
ty descriptors [27]. Parameters such as ionization potential (IP), electron affinity (EA), energy gap AEg,, ab-
solute electronegativity (y), molecular hardness (n) and softness (o), chemical potential (u), index of
electrophilicity (o) and nucleophilicity (€) were calculated using the following equations:

IP=—E om0 » 1) x=(IP+EA)/2, (4) o=p’/2n, )
EA=—E 0, @) u=—(IP+EA)/2=—, (5) s=1/2n, (8)
AE,, = (E.ymo — Enomo)» () n=(IP-EA)/2, (6) e=1llo, 9)

Also, based on the performed DFT calculations, a molecular electrostatic potential (MEP) map was
constructed and analyzed to study the electrophilic and nucleophilic regions in molecules 2a-u.

2.2. PASS Predictions

The predictive results of the PASS analysis were assessed for the test compounds 2a-u via the PASS
online platform available at http://way2drug.com/PassOnline/predict.php. This platform was developed by
scientists from the Institute of Biomedical Chemistry (Moscow, Russia) and is based on a comprehensive
analysis of a large data set covering chemical structures and their corresponding biological activity [28]. Pre-
dictive outputs from PASS were reported as Pa and Pi probability scores. The Pa or “activity probability”
score takes values between 0 and 1 and estimates the probability that the compound under study belongs to
the subclass of active compounds (resembling the molecular structures most typical of the “active” subclass
of compounds in the PASS training set). The Pi score, or “inactive probability”, ranges from 0 to 1 and esti-
mates the probability that the compound under study belongs to the inactive subclass of compounds (resem-
bling the structures of molecules most typical of the “inactive” subclass in the PASS training set). In the con-
text of drug discovery or virtual screening, researchers may set a threshold, such as 0.5 or higher, and con-
sider compounds with a probability score equal to or greater than this threshold as potentially active [29-30].
However, it is important to emphasize that this threshold is not rigid and can be adapted according to the
specific objectives of the study, reflecting the risk tolerance and scientific objectives of researchers.

2.3. Molecular Docking

Taking into account the PASS Predictions data, a molecular docking study was performed to evaluate
the antiviral inhibitory potential of test compounds 2a-u against HIV-1 and COVID-19 virus proteins, as
well as the effect on the CYP2C19 enzyme. The docking procedure was carried out using AutoDock Vina
and AutoDock MGL Tools 1.5.7 [31, 32]. Protein targets were downloaded from the Protein Data Bank
(https://www.rcsh.org) [33]. The human immunodeficiency virus HIV-1 reverse transcriptase protein (PDB
ID: 3V81) [34], the RNA-dependent RNA polymerase protein of the severe acute respiratory syndrome virus
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SARS-CoV-2 (PDB ID: 7AAP) [35], and the Human Microsomal Cytochrome P450 protein (PDB ID:
4GQS) [36] as a CYP2C19 inducer were taken as targets. The preparation of the molecular structures of the
proteins included the steps of removing native ligands and water molecules, protonation, and creating a bind-
ing site. The position of the binding site was determined based on PDB data, and the following grid coordi-
nates of the receptor active site were used: (x = 40.622, y = 54.348, z = 48.272) for the structure of HIV-1
reverse transcriptase (PDB ID: 3v81), (x = 98.598, y = 95.084, z = 104.491) for the structure of SARS-CoV-
2 RNA-dependent RNA polymerase (PDB ID: 7AAP) and (x = —76.892, y = 17.61, z = —45.518) for the Hu-
man Microsomal Cytochrome P450 protein (PDB ID: 4GQS).

MM2 optimized geometry of the compounds 2a-u was used as the initial geometry of the ligands.
Based on the docking results, a comparative analysis of the binding affinity and intermolecular interactions
between the studied compounds 2a-u and the proteins was performed. The study of non-covalent interactions
between proteins and ligands was performed using the BIOVIA Discovery Studio Visualizer 2017 pro-
gram [37].

2.4. ADMET Properties

ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) properties of chemical com-
pounds are key pharmacokinetic and pharmacodynamic characteristics of drugs that influence their therapeu-
tic potential. These properties play an important role in the drug development and safety evaluation process
as they allow one to study how potential drug candidates will behave in the human body, assessing their ab-
sorption into the bloodstream, distribution to target tissues, metabolism by enzymes, elimination from the
body and any potential toxicity issues [38, 39]. The ADMET criteria are based on the understanding that
compounds that do not meet established thresholds may exhibit problems with membrane permeability, oral
absorption, and pharmacokinetic characteristics. Thus, ADMET studies allow testing of the interaction of a
compound with biological systems and guide decision-making in the drug development process.

ADMET profiles of the compounds 2a, 2r and 2u were assessed using the ADMETIlab 3.0 comprehen-
sive online tool (https://admetlab3.scbdd.com/) [40]. The drug-likeness of these compounds was assessed
using Lipinski's rule of 5 [41], which predicts that molecules exceeding thresholds of five hydrogen bond
donors, ten hydrogen bond acceptors, a molecular weight greater than 500 Da, and an estimated LogP greater
than five are likely to exhibit poor absorption or penetration [42]. As a result, compounds that do not meet
these requirements are generally considered unsuitable for oral bioavailability as pharmaceuticals [43].

3 Results and Discussion

3.1. Quantum — Chemical Calculations

The geometry optimization procedure of the studied compounds 2a-u and evaluation of their calculated
quantum-chemical parameters was carried out by the DFT B3LYP 6-311++G(d, p) CPCM (solvent — water)
method using the Gaussian 16 program.

Quantum chemical geometry optimization procedure involves the automatic search for the most stable
and energetically favorable conformation of a molecule by minimizing its potential energy. The resulting
geometry of the molecule corresponds to its most energetically stable stationary state, which plays an im-
portant role in determining its physicochemical and biological properties, as well as its reactivity. Figure S2
shows the obtained optimized geometries of the studied molecules 2a-u, which have a complex structure due
to the presence of an oxocine ring in the center of the molecule, conjugated on one side with a benzene ring,
and on the other side with a heterocyclic nitrogen-containing pyridine ring. The inclusion of various substit-
uents (-OH, —Br, —-NO,, —-OCHs;, -CHO, —-CH,CHCH,, —C¢H,-) into various positions of the side benzene
ring allows modeling the physicochemical and biologically active properties of the molecules under study.
The non-planar structure of the studied compounds is due, first of all, to the chair-shaped structure of the
central epoxybenzo[7,8]oxocine fragment. The main “kink” of the molecules under study occurs in the
oxocinic ring, which, due to its structural features, orients the two parts of the molecule almost perpendicular
to each other (Fig. 3).
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a) front view” b) side view"

Note: "Gray spheres represent carbon atoms (C), white spheres represent hydrogen atoms (H), red spheres represent oxygen atoms
(0), blue spheres represent nitrogen atoms (N).

Figure 3. Optimized geometry of 2a molecule

The analysis of the frontier orbitals of the studied molecules was performed (Table S3, Figure 4) in or-
der to assess global chemical reactivity descriptors of compounds 2a-u.

HOMO

LUMO

2a 2b

Figure 4. HOMO-LUMO diagrams for 2a and 2b molecules

As can be seen from the diagrams in Figure 4, the HOMO and LUMO orbitals are separated in space
and localized in different parts of the molecules 2a-u. The HOMO is mainly distributed over the
epoxybenzo[7,8]oxocine fragment and the side substituent of the benzene ring, whereas the LUMO is delo-
calized over the acetylpyridine fragment. This separation in the space of HOMO and LUMO orbitals indi-
cates the separation of nucleophilic and electrophilic centers of the studied molecules 2a-u.

Based on the characteristics of HOMO and LUMO orbitals, global chemical reactivity descriptors were
estimated, such as: ionization potential (IP), electron affinity (EA), energy gap AEg,,, molecular hardness (1)
and softness (o), absolute electronegativity (x) and chemical potential (p), electrophilicity (®) and
nucleophilicity (g) indexes (Table 1).
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Table 1
Global chemical reactivity descriptors of the studied compounds
Com- Parameter
pound IP EA AEqep n c % n ® €

2a 6.533185 | 2.138272 | 4.394913214 | 2.197457 | 0.227536 | 4.335728 | —4.33573 | 4.277341 | 0.23379
2b 6.499987 | 2.180994 | 4.318993408 | 2.159497 | 0.231535 | 4.34049 | —4.34049 | 4.362094 | 0.229248
2C 7.06925 | 3.003866 | 4.06538316 | 2.032692 | 0.245979 | 5.036558 | —5.03656 | 6.239736 | 0.160263
2d 6.066782 | 2.158408 | 3.908373382 | 1.954187 | 0.255861 | 4.112595 | —4.11259 | 4.327488 | 0.231081
2e 5.988957 | 2.138 |3.850957328 | 1.925479 | 0.259676 | 4.063478 | —4.06348 | 4.287728 | 0.233224
2f 6.835504 | 2.201402 | 4.63410142 | 2.317051 | 0.215792 | 4.518453 | —4.51845 | 4.405691 | 0.226979
29 6.328555 | 2.135279 | 4.19327674 | 2.096638 | 0.238477 | 4.231917 | —4.23192 | 4.270913 | 0.234142
2h 6.362842 | 2.146163 | 4.216678544 | 2.108339 | 0.237153 | 4.254502 | —4.2545 | 4.292666 | 0.232955
2i 6.956594 | 2.860734 | 4.095859928 | 2.04793 | 0.244149 | 4.908664 | —4.90866 | 5.882766 | 0.169988
2j 6.041747 | 2.135006 | 3.906740698 | 1.95337 | 0.255968 | 4.088377 | —4.08838 | 4.278458 | 0.233729
2k 6.142974 | 2.155959 | 3.987014328 | 1.993507 | 0.250814 | 4.149466 | —4.14947 | 4.318538 | 0.23156
21 6.612642 | 2.178 |4.434641858 | 2.217321 | 0.225497 | 4.395321 | —4.39532 | 4.35635 | 0.22955
2m 6.919859 | 2.272152 | 4.64770712 | 2.323854 | 0.21516 | 4.596005 | —4.59601 | 4.544879 | 0.220028
2n 7.106257 | 3.108902 | 3.99735466 | 1.998677 | 0.250165 | 5.10758 | —5.10758 | 6.526159 | 0.153229
20 6.451823 | 2.971485 | 3.48033806 | 1.740169 | 0.287328 | 4.711654 | —4.71165 | 6.378599 | 0.156774
2p 7.210205 | 3.067813 | 4.142391422 | 2.071196 | 0.241406 | 5.139009 | —5.13901 | 6.375403 | 0.156853
2q 6.904076 | 3.077881 | 3.826194954 | 1.913097 | 0.261356 | 4.990979 | —4.99098 | 6.510351 | 0.153602
2r 7.309254 | 3.244415 | 4.064838932 | 2.032419 | 0.246012 | 5.276835 | —5.27683 | 6.850206 | 0.145981
2s 6.511416 | 2.169293 | 4.342123098 | 2.171062 | 0.230302 | 4.340354 | —4.34035 | 4.338586 | 0.23049
2t 7.071699 | 2.944001 | 4.127697266 | 2.063849 | 0.242266 | 5.00785 | —5.00785 | 6.075679 | 0.164591
2u 6.136987 | 2.144258 | 3.992728722 | 1.996364 | 0.250455 | 4.140623 | —4.14062 | 4.293995 | 0.232883
Note: IP—ionization potential (eV); EA — electron affinity (eV); AEg,, — frontier molecular orbitals energy gap (eV); n — chemi-
cal hardness (eV); o — chemical softness (eV'); y — electronegativity (eV); p — chemical potential (eV); o — electrophilicity
(eV); e — nucleophilicity (eV ™).

The global descriptors presented in Table 1 define the chemical reactivity of molecules 2a-u as a whole.
Thus, the ionization potential IP characterizes the ability of a molecule to give up an electron, and the lower
it is, the easier the molecule gives up an electron, exhibiting reducing properties. All the studied molecules
2a-u have a fairly high ionization potential, from 5.9 to 7.1 eV, which indicates their low reducing proper-
ties. Electron affinity characterizes the oxidative properties of molecules, and the higher it is, the higher the
oxidation potential of the compound. The electron affinity EA varies from 2.1 to 3.2 eV for the studied com-
pounds 2a-u, which indicates their low oxidizing ability. Large energy gap AEg, between HOMO and
LUMO orbitals characterizes the high chemical stability of the compound. The energy gap AEg,, ranges from
3.8'10 4.6 eV for 2a-u molecules, which indicates their chemical stability. The chemical hardness n of a mol-
ecule is determined by its resistance to deformation under the influence of an external electric field and the
effect of chemical reactions. An increase in molecular hardness is associated with an increase in stability and
a decrease in reactivity. A hardness compound has a large HOMO — LUMO gap, so the molecule with the
smallest HOMO gap and LUMO has the highest reactivity. A high value of chemical softness o indicates
high polarizability of the molecule. A chemical compound is considered hard if the energy gap between
HOMO and LUMO exceeds 1 eV. From the data presented in Table 3 it is evident that the hardness of the
studied molecules 2a-u varies from 1.7 to 2.3 eV, which, together with a fairly large energy gap from 3.8 to
4.6 eV indicates the hardness nature of the compounds. At the same time, the low softness value of about
0.2 eV indicates the average hardness of the compounds 2a-u. Absolute electronegativity y is defined by
Mulliken as the half-sum of the first ionization potential and the electron affinity y = 0.5(IP + EA). The elec-
tronegativity for molecules 2a-u lies in the range of 4.0-5.1 eV. The electron chemical potential is electro-
negativity with the opposite sign, for the studied compounds 2a-u the chemical potential p has negative val-
ues in the range from —4.1 to —5.2 eV. The value of the electrophilicity index ® lies in the range of 4.1-
6.8 eV, which indicates the tendency of the molecules 2a-u to accept electrons. This is also confirmed by the
low values of the nucleophilicity index & in the range of 0.1-0.2 eV ™.

Molecular electrostatic potential (MEP) analysis was applied to investigate the electrophilic and
nucleophilic sites in the molecules 2a-u (Figure S4). On the MEP surface, the most favorable nucleophilic
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center, as expected, is located on the carbonyl oxygen atom, while other negative electrostatic potential sites
are located on the remaining oxygen and nitrogen atoms. The hydrogen atom of pyridine is one of the most
electrophilic regions of 2a-u (Fig. 5).

s.cs7e-2 | D s o572 6542 (D

2e

Figure 5 Map of electrostatic potentials for 7e and 7u molecules

Thus, the applied complex quantum-chemical approach contributed to a deeper understanding of the
electronic structure and molecular properties of the studied compounds 2a-u, as well as to the identification
of their reaction centers and the assessment of the chemical potential for subsequent in silico studies of bio-
logical activity.

3.2. PASS (Prediction of Activity Spectra for Substances) Predictions

The PASS Online Internet resource (https://www.way2drug.com/passonline/) was used to assess the po-
tential biological activity of the studied compounds 2a-u. This online tool allows predicting more than 4000
types of biological activity in the form of Pa (the probability of being active) and Pi (the probability of being
inactive) values based on the structural formula of a chemical compounds. Thus, a high probability of antivi-
ral and antibacterial activity of the studied compounds 2a-u was established, and it was also shown that all
the studied molecules can be CYP2C19 inducers and proton pump inhibitors, and most are histidine kinase
inhibitors. The corresponding Pa and Pi values for the studied compounds 2a-u are presented in Table 2.

Table 2
PASS prediction data

Antiviral CYP2C19 inducer Ge_nergl_pump Hlspldlpe_klnase Antibacterial
Compound inhibitor inhibitor

Pa Pi Pa Pi Pa Pi Pa Pi Pa Pi
2a 0.543 0,013 0,610 0.005 0.563 | 0.035 0.528 0.024 0.278 0.068
2b 0.492 0.027 0.555 0,008 0.410 | 0.127 0.425 0.045 0.293 0.063
2c 0.483 0.031 0.547 0,008 0.540 | 0.043 0.411 0.049 0.322 0.052
2d 0,520 0,018 0.564 0,007 0.616 | 0,021 0.658 0,011 0.328 0,050
2e 0.529 0,016 0,560 0,008 0.594 | 0.026 0.469 0.034 0.251 0.082
2f 0.499 0.025 0,570 0,007 0.435 | 0.103 0.489 0,030 0.376 0.036
29 0.531 0,016 0.575 0,007 0.592 | 0.027 0.684 0,009 0.344 0.045
2h 0.491 0.028 0.540 0,009 0.441 | 0.099 0.559 0,020 0.378 0.036
2i 0.482 0.031 0.532 0,009 0.514 | 0.053 0.545 0.022 0.399 0,030
2j 0.492 0.027 0.528 0,009 0.477 | 0.073 0.260 0.139 0.337 0.047
2k 0.463 0,041 0.535 0,009 0.405 | 0.132 0.299 0.103 0.227 0.097
2l 0.457 0.044 0.555 0,008 - - 0.312 0.094 0.347 0.044
2m 0.427 0.065 0.541 0,009 - - 0.338 0.078 0.387 0.033
2n 0.417 0.074 0.521 0,010 0.344 | 0.207 0.270 0.127 0.307 0.057
20 0.454 0.046 0.527 0,010 0.475 | 0.074 0.288 0,111 0.205 0.113
2p 0.417 0.074 0.533 0,009 - - 0.327 0.085 0.339 0.046
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Continuation of Table 2
General pump Histidine kinase

Compound Antiviral CYP2C19 inducer inhibitor inhibitor Antibacterial
Pa Pi Pa Pi Pa Pi Pa Pi Pa Pi
29 0.417 0.074 0.521 0,010 — — 0.270 0.127 0.231 0.094
2r 0.447 0,050 0.547 0,008 0.410 | 0.127 0.301 0.102 0.242 0.087
2s 0.452 0.047 0,540 0,009 0.353 | 0.195 0.416 0.047 0.346 0.044
2t 0.416 0.075 0.508 0,011 0.372 | 0,170 0.368 0.064 0.278 0.068
2u 0.523 0,018 0.593 0.006 0.598 | 0.025 0.532 0.024 0.249 0.084
Note: Pa is the probability of being active; Pi is the probability of being inactive.

The data presented in Table 2 show that the highest Pa values of compound 2a-u were in the region of
antiviral activity (Pa~0.416-0.523). Antiviral activity refers to the ability of a substance or compound to in-
hibit the reproduction of viruses or destroy viral particles. Today there are many viruses that are dangerous to
humans, including the human immunodeficiency virus (HIV-1), which destroys the immune system and
makes a person vulnerable to various infections and diseases, and the coronavirus, which causes COVID-19
and can lead to serious complications and death, especially in people predisposed to this disease. These
HIV-1 and COVID-19 viruses pose a significant threat to human health and require special attention and
precautions to prevent their spread.

Also, compounds 2a-u have demonstrated relatively high Pa values as CYP2C19 inducers (Pa~0.508—
0.610). CYP2C19 inducers are substances that increase the activity of the CYP2C19 enzyme, which belongs
to the cytochrome P4501 family. This enzyme plays an important role in the metabolism of many drugs, in-
cluding some proton pump inhibitors, antiepileptic drugs, and anticoagulants. Examples of drugs that induce
CYP2C19 include: rifampin, an antibiotic used to treat tuberculosis; phenobarbital, an anticonvulsant used to
treat various types of epilepsy; carbamazepine, an anticonvulsant used to treat various types of epilepsy and
pain associated with trigeminal neuralgia; primidone, an anticonvulsant used to treat generalized, psychomo-
tor, and focal epileptic seizures. Induction of CYP2C19 may affect drug metabolism, which may require
dose adjustment or selection of alternative drugs.

Most compounds 2a-u with a probability of Pa~0.344-0.598 can exhibit biological activity as Proton
Pump Inhibitors (PPIs), a class of drugs that reduce the production of gastric acid. They act by irreversibly
blocking the enzyme H*/K*-ATPase (Hydrogen/Potassium ATPase), which controls acid production in the
parietal cells of the stomach wall. This enzyme is also known as the proton pump. PNIs are widely used to
treat conditions such as: chronic gastroesophageal reflux disease (CGER), duodenal and gastric ulcers, ero-
sive esophagitis, malignant necrotizing pancreatitis, Zollinger-Ellison syndrome. Examples of PNI drugs in-
clude omeprazole (Prolon), lansoprazole (Prevacard), esomeprazole (Nexium) and pantoprazole (Protonix).

All studied compounds 2a-u may also exhibit biological activity with Pa~0.270-0.684 as histidine ki-
nase inhibitors (HKIs), a class of drugs that block the activity of histidine kinases. Histidine kinases are en-
zymes that play an important role in cell signaling, especially in bacteria. They are involved in so-called two-
component signaling systems that help bacteria adapt to different environmental conditions. HKIs can be
used to develop new antibacterial drugs, as they can block multiple regulatory networks associated with
pathogenicity and antibiotic resistance. These inhibitors may be useful in the fight against microbial infec-
tions, especially in conditions where bacteria are becoming resistant to traditional antibiotics.

Compounds 2a-u are predicted to also exhibit weak antibacterial activity with Pa~0.205-0.399, which
refers to the ability of a substance to inhibit the growth of or kill bacteria. Substances with antibacterial activ-
ity are used to treat and prevent bacterial infections. Some of the most common and dangerous bacterial in-
fections in humans are: tuberculosis — caused by the bacterium Mycobacterium tuberculosis (Koch's bacil-
lus) and can affect the lungs and other organs; anthrax — caused by the gram-positive bacterium Bacillus
anthracis and can lead to serious infections of the skin, lungs, and intestines; salmonellosis — caused by the
bacterium Salmonella and is often associated with contaminated food; sepsis — a serious blood infection
caused by various bacteria, such as Staphylococcus aureus and Escherichia coli; meningitis — an inflamma-
tion of the meninges caused by bacteria such as Neisseria meningitidis and Streptococcus pneumoniae;
cholerae — caused by the bacterium Vibrio cholerae and results in severe dehydration and diarrhea; pneu-
monia — inflammation of the lungs caused by various bacteria such as Streptococcus pneumoniae and My-
coplasma pneumoniae; gonorrhea — a sexually transmitted infection caused by the bacterium Neisseria
gonorrhoeae; syphilis — a chronic disease caused by the bacterium Treponema pallidum. These infections
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can be very serious and require treatment with antibacterial drugs. Antibacterial substances can work in a
variety of ways, including inhibiting bacterial cell wall synthesis, suppressing protein synthesis, disrupting
the cell membrane, or inhibiting DNA synthesis. Some plants and natural compounds, such as honey and
garlic extracts, also have antibacterial activity. Antibacterial substances are widely used to treat infections
caused by bacteria, such as pneumonia, urinary tract and skin infections. Antibacterial activity plays an im-
portant role in medicine and helps prevent and treat infectious diseases.

In summary, the evaluation of the potential biological activity of the studied compounds 2a-u using the
PASS Online resource revealed their antiviral and inhibitory potential as CYP2C19 inducers. These types of
biological activities of compounds 2a-u were further investigated using molecular docking method. Antiviral
activity was assessed against such relevant diseases as human immunodeficiency virus (HIV-1) and COVID-
19, caused by infection with severe acute respiratory syndrome coronavirus 2, also called SARS-CoV-2.

3.3. Molecular Docking

The molecular docking method using the AutoDock Vina program was applied for a more thorough as-
sessment of the antiviral and inhibitory potential as CYP2C19 inducers of the studied molecules 2a-u. The
protein structure of human immunodeficiency virus HIV-1 reverse transcriptase protein (PDB ID: 3V81),
SARS-CoV-2 RNA-dependent RNA polymerase (PDB ID: 7AAP) and the Human Microsomal Cytochrome
P450 protein (PDB ID: 4GQS) [36] as a CYP2C19 inducer were chosen as the target proteins. Well-known
drugs were taken as reference drugs. Nevirapine was taken as an antiretroviral drug used to treat and prevent
HIV-1 infection, Favipiravir was taken as an antiviral drug that inhibits RNA-dependent RNA polymerase of
viruses (including COVID-19), preventing their replication, and Rifampin was taken as an antibacterial
drug — CYP2C19 inducer used to treat tuberculosis and other bacterial infections. Table 3 presents the bind-
ing affinity of the studied compounds 2a-u with target proteins obtained as a result of molecular docking
procedure.

Table 3

Results of Molecular Docking of 2a-u compounds with targets proteins

Binding affinity, kcal/mol
No. Compound HIV-1 protein SARS-CoV-2 protein CYP2C19 inducer
(3v81) (TAAP) (4GQS)
Reference drug
1 Nevirapine -9.0
2 Favipiravir -7.0
3 Rifampin -7.8
Ligand
1 2a 9.7 7.3 -8.9
2 2b -9.0 -7.3 7.1
3 2c -9.8 -7.3 -7.9
4 2d -9.3 7.6 -9.3
5 2e -8.9 1.7 —6.9
6 7f -9.3 1.7 -8.5
7 79 9.1 7.6 7.4
8 2h -9.0 7.6 7.1
9 2i —9.6 7.6 1.7
10 2j -8.9 -7.9 6.9
11 2k -8.8 7.6 7.1
12 2 -9.0 7.3 -7.3
13 2m -9.0 7.6 -7.6
14 2n -9.0 -7.8 7.4
15 20 -9.0 7.1 —-6.8
16 2p -9.1 1.7 -7.0
17 2q 9.1 -7.5 6.8
18 2r -9.2 -7.8 -9.4
19 2s -9.2 6.7 7.2
20 2t -9.2 1.7 7.3
21 2u -10.2 -9.3 -8.0
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As can be seen in Table 3, all tested compounds 2a-u demonstrated high binding affinity, even com-
pared to the reference drugs. Compound 2u showed the highest antiviral potential against the HIV-1 virus
(Binding Affinity = —10.2 kcal/mol) and against the SARS-CoV-2 virus (Binding Affinity = —-9.3 kcal/mol).
The binding affinity of 2u compound to 3V81 and 7AAP receptors is higher than that of the reference drugs
Nevirapine (Binding affinity = 9.0 kcal/mol) and Favipiravir (Binding Affinity = —7.0 kcal/mol), respective-
ly. Ligand 2r was found to be the best CYP2C19 inducer with a binding affinity of —9.4 kcal/mol compared
to —7.8 kcal/mol for the reference drug Rifampicin.

Intermolecular interactions predominantly determine the binding efficiency of the top compounds 2u
and 2r to the 3V81, 7AAP and 4GQS receptors, so their analysis was performed (Figures 6-8, Table 4).
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Figure 6. Visualization of 3V81 protein — 2u ligand interactions
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Figure 7. Visualization of 7AAP protein — 2u ligand interactions
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Figure 8. Visualization of 4GQS protein— 2r ligand interactions
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Table 4
Protein-Ligand Interactions
. . Conventional R Pi-Pi .
Ligand | Protein Hydrogen Bond Pi-Anion T-shaped Alkyl Pi-Alkyl
2u 3vel — DG811 — TYR501 ILE505, PRO420, ALA508
2u 7TAAP ASN39 LYS50, ILE37| PHE35 — ASP221
2r 4GQS |LEU359, CYS418, ARG80| SER348 SER412 |VAL96, ALA280 PHE411

As can be seen in Figures 6-8 and Table 4, the most common types of intermolecular protein-ligand in-
teractions are hydrogen and m-bonds. In particular, the ligand 2u in complex with the protein 3V81 has
demonstrated a distinct Pi-Anion interaction with DG811, which was facilitated by the conjugated benzene
group on the ligand, indicating a unique binding orientation. Ligand 2u also demonstrated Pi-Alkyl interac-
tions with ILE505, PRO420, and ALA508 amino acids, but through different functional groups, suggesting
alternative binding modes that may affect its potency and specificity (Table S5). Ligand 2u in the complex
with the second viral protein 7AAP showed hydrogen bonding with ASN39, as well as Pi-Anion binding
with LYS50 and ILE37, Pi-Pi T-shaped binding with PHE35 and Pi-alkyl binding with ASP221 amino acids
(Table S6).

Also ligand 2r in the complex with the CYP2C19 inducer protein 4GQS showed formation of three hy-
drogen bonds with LEU359, CYS418 and ARG80 amino acids, as well as Pi-Anion bonding with SER348,
Pi-Pi T-shaped binding to SER412, Pi-Alkyl binding to PHE411, and Alkyl binding to VAL96 and ALA280
amino acids (Table S7). In general, hydrogen bonds and pi-bonds predominate in intermolecular interactions
of the top 2r and 2u compounds with the target proteins, which directly affect the stability and specificity of
the resulting ligand-protein complexes, influencing the overall docking score and potential biological activity
of the compounds.

Thus, the molecular docking study showed the high antiviral potential of all 21 studied compounds against
the HIV-1 and SARS-CoV-2 viruses. Ligand 2u showed the best binding to both viral proteins. Human immu-
nodeficiency virus HIV-1 reverse transcriptase protein (PDB ID: 3Vv81) and protein of the RNA-dependent
RNA polymerase of the SARS-CoV-2 (PDB ID: 7AAP) can serve as a likely biological target for the com-
pounds 2a-u. The inhibitory potential of compounds 2a-u as CYP2C19 inducers was also assessed using mo-
lecular docking procedure, and ligand 7r showing the highest binding affinity with the 4GQS protein.

3.4. ADMET Properties

At the final stage of the study, three representatives of the studied compounds — compounds 2a, 2r and
2u — were subjected to in silico evaluation of ADMET properties using the ADMETIab 3.0 online portal.
First of all, the physicochemical properties of the compounds were estimated, such as molecular weight
(MW), number of hydrogen bond donors (nHA) and acceptors (nHD), number of freely rotating bonds
(nRot), number of rings (nRing) and heteroatoms (nHet), topological polar surface area (TPSA), logarithm of
water solubility (logS), logarithm of n-octanol/water partition coefficients at pH = 7.4 (logP), logarithm of
n-octanol/water partition coefficient (logD), as well as their compliance with the Lipinski's Rule of Five (Ta-
ble 5, Figure 9).

Table 5
Physicochemical properties of the studied compounds and Lipinski's Rule
pcoour;l(-j MW, Da |nHA |nHD |nRot | nRing | MaxRing | nHet | nRig ' TPSA, A2 logS | logP | logD L'%‘Efgls
2a 295.12 4 0 1 4 16 4 21 | 48.42 |-3.147|2.347|2.395 Yes
2r 385.09 10 0 3 4 16 10 | 23 134.7 |[-4.308| 2.0 |2.363 Yes
2u 345.14 4 0 1 5 20 4 26 | 48.42 |-4.552|3.506| 3.17 Yes

Note: MW— molecular weight of the molecule (Optimal: <500 Da), nHA — Number of hydrogen bond acceptors (Optimal:0~12),
nHD — Number of hydrogen bond donors (Optimal:0~7), nRot — Number of rotatable bonds (Optimal: 0~11), nRing — Number
of rings (Optimal:0~6), MaxRing — Number of atoms in the biggest ring (Optimal: 0~18), nHet — Number of heteroatoms (Opti-
mal: 1~15), nRig — Number of rigid bonds (Optimal: 0~30), TPSA — Topological Polar Surface Area (Optimal: 0~140 A2),
logS — logarithm of aqueous solubility value, logP — logarithm of the n-octanol/water distribution coefficients at pH = 7.4,
logD — logarithm of the n-octanol/water distribution coefficient, Lipinski Rule — MW < 500; logP < 5; nHA <10; nHD < 5. If two
properties are out of range, a poor absorption or permeability is possible, one is acceptable.
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Figure 9. Radar view of the physicochemical properties of the studied compounds 7a, 7r and 7u

As can be seen in Table 5, all the studied compounds with MM = 295.12—-385.09 Da fall within the ac-
ceptable molecular weight range for drug-like molecules. Higher molecular weights can sometimes indicate
complexity of synthesis and potential cell permeability problems, but all values here are within the accepta-
ble range of <500 Da. The number of hydrogen bond acceptors nHA varies from 4 to 10, indicating the pres-
ence in 2a, 2r and 2u molecules of oxygen and nitrogen atoms, which have unpaired electrons and can form
hydrogen bonds with other molecules. At the same time, the 2a, 2r and 2u molecules do not contain atoms
that can donate hydrogen bonds (nHD = 0). These are usually hydrogen atoms bonded to oxygen or nitrogen
atoms that can form hydrogen bonds with hydrogen bond acceptors. Both of these properties are important in
chemistry and pharmaceuticals because they affect the interaction of molecules with biological targets and
their solubility in water.

The number of rotatable bonds (nRot) for all compounds is moderate (from 1 to 3), indicating some
flexibility without excessive molecular complexity that could hinder oral bioavailability. The number of ring
structures (nRing) in the 2a, 2r and 2u molecules varies from 4 to 5, which corresponds to the optimal range
(from O to 6) ring structures for pharmaceutical compounds. These rings can be both aromatic and non-
aromatic. The number of atoms in the largest ring MaxRing is 16 for 7a and 7r molecules, and 20 for 2u.
This property shows the size of the largest ring structure in the molecule, which is important for assessing its
stability and interaction with biological targets.

Heteroatoms play an important role in the chemical and biological properties of molecules, as they can
participate in hydrogen bonds, affect the polarity and reactivity of compounds. The optimal range for phar-
maceutical compounds is usually from 1 to 15 heteroatoms. The number of heteroatoms (nHet) in the studied
compounds 2a, 2r and 2u varies from 4 to 10, which is within the recommended range.

The number of rigid bonds (nRig) in the studied molecules ranged from 21 to 26, which is within the
optimal range of 0 to 30 rigid bonds for pharmaceutical compounds. Rigid bonds cannot rotate due to their
structure, but their presence is important because they affect the three-dimensional structure of the molecule
and its interaction with biological targets. The more rigid bonds reduce the flexibility of the molecule, which
can be both an advantage and a disadvantage depending on the context.

The optimal range of TPSA (Topological Polar Surface Area) for pharmaceutical compounds is usually
from 0 to 140 A The total area of all polar surfaces of a molecule is calculated based on its topological
structure and for the studied compounds it was 48.42 A2 for molecules 2a and 2u, and 134.7 A2 for 2r mole-
cules. In this range, molecules have good absorption and penetration through biological membranes, which is
important for their bioavailability.

The correct ratio of solubility coefficients in water and non-polar media is important for molecules that
are potential medicinal substances, since it affects the behavior of the substance in various biological envi-
ronments. Thus, within the framework of in silico evaluation of ADMET properties of the studied com-
pounds 2a, 2r and 2u, the following parameters were considered: logS — the logarithm of the solubility of a
substance in water (compounds in the range up to 0.5 can be considered soluble), logP — the logarithm of
the distribution coefficient of a substance between n-octanol and water at pH 7.4 (compounds in the range
from 0 to 3 can be considered suitable), and logD — logarithm of the partition coefficient of a substance be-
tween n-octanol and water at a certain pH (compounds in the range from 1 to 3 can be considered suitable).
As can be seen in Table 5 that substances 2a, 2r and 2u have negative logS values, which indicates their poor
solubility in water. At the same time, logP values in the range from 2.0 to 3.506 indicates their high
lipophilicity, which is also confirmed by high positive log D values in the range from 2.363 to 3.17.
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Overall, all three studied compounds comply with Lipinski's Rule of Five, which states that they have a
molecular weight of less than 500 Da, a log P value less than 5, a number of hydrogen bond donors (nHD)
no more than 5, a number of hydrogen bond acceptors (nHA) no more than 10, and a topological polar sur-
face area (TPSA) less than 140 A2,

In conclusion ADMET properties of the compounds 2a, 2r and 2u were in silico assessed (Table 6).

Table 6
In silico ADMET properties of the studied compounds
Absorption Distribution Metabolism Excretion Toxicity
2 2
g . o 5 .8
o = = c < x
g S i 2 — 3 3 @ o = o @ o L
Sl % ¥§ E & |QF QE <EB SE ¢ g s
° g5 Qt 8E o | £2 %Z g2 gE ;| & E ZE
S8 S 3 o & & OCE | &2 OE | 63 © s T x E
2a | -4.778 -4.62 1.0 96.383 | 0.847 | 0.039 | 0.674 | 0.009 | 7.302 | 0.862 | 0.534 | 0.223
2r | -4.809 | -4.396 0.837 | 98.564 | 0.998 | 0.989 1.0 0.0 | 4682 | 0.894 | 0.78 | 0.227
2u | —4.746 -4.61 0.999 | 97.458 | 0.999 | 0.486 | 0.545 0.0 | 5.388 | 0.588 | 0.409 | 0.21

Note: Caco2 Permeability (Optimal: higher than —5.15 Log unit); BBB Penetration — Blood-Brain Barrier Penetration (Category 1:
BBB+; Category 0: BBB-); PPB — Plasma Protein Binding (Optimal: < 90 %); CYP2CX inhibitor — Category 1: Inhibitor; Cate-
gory 0: Non-inhibitor, CYP2CX substrate — Category 1: Substrate; Category 0: Non-substrate, CLplasma — unit of predicted
CLpiasma PeNetration is ml/min/kg: >15 ml/min/kg: high clearance; 5-15 ml/min/kg: moderate clearance; < 5 ml/min/kg: low clear-
ance, Ty, — unit of predicted Ty, is hours: ultra-short half-life drugs: 1/2 < 1 hour; short half-life drugs: T, between 1-4 hours;
intermediate short half-life drugs: T/, between 4-8 hours; long half-life drugs: T, > 8 hours, Hematotoxicity — Category 0: non-
hematotoxicity (-); Category 1: hematotoxicity (+), RPMI-8226 Immunotoxicity — Category 0: non-cytotoxicity (-); Category 1:
cytotoxicity (+).

As can be seen in Table 6, the studied compounds 2a, 2r and 2u are characterized by good Caco?2 per-
meability (> —5.15 Log unit), which indicates a potentially high oral efficacy of the drug. The MDCK per-
meability assessment also predicts good absorption of the studied compounds in the human gastrointestinal
tract. BBB (blood-brain barrier) penetration is the penetration of drugs acting on the central nervous system
through the blood-brain barrier. These values were in the range of 0.837-1.0 for the studied compounds 2a,
2r and 2u, which indicates their low potential for the blood-brain barrier penetrating.

The CYP2C19 inhibitor, CYP2C19 substrate, CYP2C9 inhibitor and CYP2C9 substrate values were
analyzed to evaluate the metabolic potential of the compounds 2a, 2r and 2u, which is important for under-
standing drug interactions and their side effects. The analysis showed that compounds 2a, 2r and 2u have the
potential to inhibit the CYP2C19 enzyme, slowing its ability to catalytically metabolize other compounds.

The CLysma and Ty, parameters were analyzed to assess the excretion potential of the 2a, 2r and 2u
compounds. CLy.sma indicator characterizes the rate of removal of a substance from blood plasma and T,
parameter characterizes the time during which the concentration of a substance in the body decreases by half.
As can be seen in Table 6, compounds 2a, 2r and 2u have a moderate clearance of 4.682—7.302 in CLpjasma,
i.e. they are excreted from the body with an average T, rate of about 1 hour.

The toxicity of the studied compounds was assessed using hematotoxicity and immunotoxicity parame-
ters. These parameters for the compounds 2a, 2r and 2u fell within the ranges of 0.409-0.78 and 0.21-0.227,
respectively, suggesting a promising safety profile for therapeutic use.

In summary, comprehensive assessment of ADMET properties of the compounds 2a, 2r and 2u has
provided insight into their safety and potential use in pharmaceutical research. However, further experi-
mental studies are needed to better understand the underlying mechanisms of toxicity and to optimize the
compound design to improve their efficacy and safety.

4 Conclusions

Structural analogs of natural integrastatins with an epoxydibenzoxocine fragment are of great interest to
researchers and pharmacists worldwide due to their broad spectrum of biological activity, including antiviral,
antioxidant, antimicrobial, antifungal and antitumor activity. At the same time, in silico studies can be suc-
cessfully used to predict numerous physicochemical and pharmacological properties of natural and synthetic
biologically active molecules. In the present study, an in silico approach was used to comparatively evaluate
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the pharmaceutical potential of a series of 21 novel integrastatin derivatives, previously synthesized but not
characterized in terms of physicochemical and bioactive parameters.

Initially, the molecular structures of 21 studied compounds 2a-u were subjected to the procedure of
guantum-chemical geometry optimization and evaluation of the calculated parameters using DFT RB3LYP
6-311++G(d, p) CPCM (solvent — water) method with the help of the Gaussian 16 program. It was shown
that all the studied compounds have a non-planar structure due to the presence of a chair-shaped structure of
the central epoxybenzo[7,8]oxocine fragment. The global chemical reactivity descriptors of the compounds
2a-u were estimated based on the HOMO and LUMO frontier orbitals characteristics. It was shown that
compounds 2a-u are characterized by a sufficiently large energy gap AEy,, from 3.8 to 4.6 eV, have a high
ionization potential IP from 5.9 to 7.1 eV and an electron affinity EA value at a level of 2.1 to 3.2 eV. The
molecular hardness 1 of the studied molecules 2a-u varies from 1.7 to 2.3 eV, which, together with a fairly
large energy gap, indicates the hard nature of the compounds. Analysis of the molecular electrostatic poten-
tial (MEP) of compounds 2a-u showed that the nucleophilic center is located on the oxygen atom of the car-
bonyl, while the hydrogen atom of the pyridine is one of the most electrophilic centers. The applied complex
guantum-chemical approach contributed to a deeper understanding of the electronic structure and molecular
properties of the studied compounds 2a-u, as well as the identification of their reaction centers and an as-
sessment of the chemical potential for subsequent in silico studies of biological activity.

PASS Online resource was used for the assessment of potential biological activity of the studied com-
pounds 2a-u, which allowed to identify their antiviral potential and inhibitory potential as CYP2C19 induc-
ers. These types of biological activity of compounds 2a-u were further investigated using the molecular
docking method for the efficiency of binding with HIV-1 (PDB ID: 3V81), SARS-CoV-2 (PDB ID: 7AAP)
and CYP2C19 inducer (PDB ID: 4GQS) proteins using AutoDock Vina tool. All 21 tested compounds
showed high antiviral potential against Human immunodeficiency virus HIV-1 reverse transcriptase protein
(PDB ID: 3Vv81) and protein of the RNA-dependent RNA polymerase of the SARS-CoV-2 (PDB ID:
7AAP), and ligand 2u demonstrated the best binding to both viral proteins. The inhibitory potential of com-
pounds 2a-u as CYP2C19 inducers was also assessed by docking, and ligand 2r demonstrated the highest
binding affinity with 4GQS protein.

At the final stage of the study, three representatives of the studied series of compounds — compounds
2a, 2r and 2u were subjected to in silico assessment of ADMET properties using ADMETIab 3.0 online por-
tal. It was noted that all three studied compounds comply with Lipinski's Rule of Five, according to which
they have a molecular weight less than 500 Da, a logP value less than 5, a number of hydrogen bond donors
(nHD) no more than 5, a number of hydrogen bond acceptors (nHA) no more than 10, a topological polar
surface area (TPSA) value less than 140 A2. The studied compounds 2a, 2r and 2u showed potentially good
Caco2 permeability and good absorption in the human gastrointestinal tract, which indicates a potentially
high oral efficiency. At the same time, compounds 2a, 2r and 2u demonstrated low potential for penetration
through the blood-brain barrier and high potential for inhibition of the CYP2C19 enzyme. Evaluation of
hematotoxicity and immunotoxicity of the studied compounds showed a promising safety profile for their
therapeutic use.

In general, the complex in silico study of the properties of 21 new integrastatin derivatives showed their
high potential as CYP2C19 inducers and high antiviral potential against HIVV-1 and COVID-19 viruses, po-
tentially high oral efficacy of pharmaceuticals based on them and a promising safety profile for their thera-
peutic use. However, further experimental in vitro and in vivo studies is need for more accurate evaluation
the assumptions made on the basis of in silico approach, for better understanding of the underlying mecha-
nisms of toxicity, pharmacokinetics, pharmacodynamics and side effects.
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Chemometric Approach for the Determination of Vanadium by the LIBS Method

Laser-Induced Breakdown Spectroscopy (LIBS) has proven to be a versatile analytical technique for the de-
tection of trace elements in various sample matrices, including hydrocarbon materials. This study focuses on
optimizing LIBS parameters to enhance the accuracy and sensitivity of vanadium (V) detection in coal and
hydrocarbon-based samples. A probabilistic-deterministic design of experiments (PDDoE) was employed to
fine-tune key factors such as lamp energy, delay, and the number of laser impulses. Optimal settings (lamp
energy: 20 J, Q-SW1: 111 ps, AQ-SW: 3 us, delay: 1 us, and 100 impulses) significantly improved the inten-
sity of vanadium spectral lines, particularly in samples with low concentrations, achieving a limit of detection
(LoD) of 0.03 % for vanadium. Calibration models were developed using Partial Least Squares Regression
(PLS-R) and Multiple Linear Regression (MLR) methods. These models achieved an accuracy of 95-98 %
for vanadium quantification in coal ash and hydrocarbon samples. Validation of the developed method was
performed using Atomic Absorption Spectroscopy (AAS), demonstrating good correlation between predicted
and experimental values. Although the method requires sample preparation and shows lower accuracy than
traditional AAS, it offers a practical solution for cases where sample dissolution is difficult, such as the anal-
ysis of glasses, enamels, and geological materials. Furthermore, the method demonstrated satisfactory results
in field applications, where rapid on-site analysis with portable LIBS devices was required.

Keywords: Laser-induced breakdown spectroscopy, PLS-R, MLR, Vanadium identification, Vanadium quan-
tification, Coal, Coal ash, Design of Experiment, Chemometrics

Introduction

Laser-induced breakdown spectroscopy (LIBS) is a versatile analytical technique that has received con-
siderable attention in recent studies. It is capable of analyzing a wide variety of sample types, including sol-
ids [1-3], gases [4], and liquids [5-7]. While LIBS offers reasonable sensitivity and selectivity, it faces limi-
tations, particularly when dealing with complex samples. This challenge is especially evident in spectra con-
taining elements at low concentrations, where noise and matrix interferences can reduce experimental accu-
racy [8]. Consequently, optimizing LIBS experiments to minimize the limit of detection (LoD) and enhance
the reliability and repeatability of results has become a key focus in contemporary analytical chemistry re-
search.

A critical aspect of ensuring the reliability and efficiency of experimental studies is the design of exper-
iments (DoE). This systematic approach allows researchers to effectively plan, conduct, and analyze experi-
ments, thereby optimizing the use of resource. The primary importance of DoE lies in its ability to control
variables, minimize errors, and establish cause-and-effect relationships. By carefully designing experiments,
researchers can reduce variability, identify significant factors, and improve the accuracy of their conclu-
sions [9].
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Building upon this framework, the probabilistic-deterministic design of experiment (PDDoE), devel-
oped by V.P. Malyshev [10-11], emerges as a novel approach for factorial analysis. PDDoE's capability to
assess both individual and combined factor effects is particularly valuable for analyzing complex samples.
Unlike traditional single-factor optimization, which considers the influence of one variable at a time, PDDoE
enables a more comprehensive evaluation by accounting for interactions among variables. This multifaceted
approach allows researchers to identify significant interactions that may not be evident with simpler meth-
ods, ultimately leading to more accurate models and interpretations of sample behavior. Such capabilities are
crucial in fields such as cultural heritage [12] and material science [13—-15]. The integration of probabilistic
and deterministic components helps to balance randomness and predictability in analyses, thereby enhancing
result precision and optimizing experimental resources.

To complement these techniques, chemometric methods apply mathematical and statistical approaches
to extract meaningful information from complex chemical data. Techniques such as principal component
analysis (PCA) [16], partial least squares regression (PLS-R) [17], and artificial neural networks [18, 19] aid
in reducing dimensionality, recognizing patterns, and improving data interpretation. Chemometrics is widely
employed across various fields, including spectroscopy, chromatography, and environmental science, to
model relationships between variables, classify data, and predict outcomes [20, 21]. This field significantly
improves the accuracy of both quantitative and qualitative chemical analyses, making it particularly applica-
ble in spectral analysis and LIBS [22, 23].

In addition to its broader applications, LIBS has proven effective for the analysis of trace elements in
hydrocarbon raw materials. It has been recognized as a promising technique for the analyses of hydrocarbons
such as coal, oil, and tar [24, 25]. This method has been successfully applied to quantify carbon content in
coal, demonstrating LIBS's applicability in evaluating coal quality and its energy properties [26]. Further-
more, the technique has been employed for compositional analysis of coal samples, facilitating the detection
of heavy metals and both major and trace elements, thus providing a comprehensive understanding of hydro-
carbon materials [27, 28].

Although there are numerous methods for analyzing petroleum materials, coal, and its ash, the applica-
tion of LIBS for identification and quantification of vanadium has remained limited. This is primarily due to
the low concentration of vanadium and the sensitivity challenges associated with the technique. Identifying
vanadium in different samples is essential given its significant industrial and environmental relevance. Va-
nadium is widely utilized in steel production to increase the strength of alloys, in chemical catalysts, and in
emerging energy storage technologies such as vanadium redox-flow batteries. Its presence in materials such
as coal and crude oil can affect processing and quality. Additionally, vanadium pollution from industrial
sources poses environmental risks, and its accumulation in ecosystems can be toxic to both wildlife and hu-
mans. Therefore, monitoring and analyzing vanadium content in various materials is crucial for resource
management, pollution control, and advancing energy technologies.

LIBS has demonstrated its applicability for vanadium identification in general, such as in the analysis of
medicinal plants [29]. The method employs a classification model with a high accuracy rate (up to 95 % us-
ing SNV preprocessing). A study conducted on vanadium and strontium in soils using LIBS reported the use
of both univariate and multivariate data analysis methods, including Partial Least Squares Regression (PLS)
and Least Squares Support Vector Regression (LS-SVR). Vanadium was successfully analyzed, achieving a
correlation coefficient of 0.983 and an average relative prediction error below 2.88 %, demonstrating the
high accuracy of LIBS in complex matrices for example soil [30]. However, few articles have focused on
vanadium identification in hydrocarbon materials [31, 32]. Notably, research has demonstrated the use of a
LIBS prototype analyzer for liquid petroleum sample analysis. This study showed detection limits for vana-
dium in oil and solvents as low as 0.01-0.04 ppm, indicating that LIBS can be more sensitive than other
standard methods, such as ICP-OES. The method also exhibited good repeatability for vanadium, with a rela-
tive standard deviation of 1.5 % at a concentration of 100 ppm [33].

The aim of this study is to combine DoE and chemometric techniques to enhance instrument sensitivity
and to develop a methodology for the identification and quantification of vanadium in coal, and coal ash
samples. The integration of LIBS, PDDoE, and multiple linear regression calibration can help to improve
sensitivity, spectral data quality, and greater accuracy of results.

Experimental
The sample selected for the quantitative analysis of vanadium was the “Kuznetsk coal sample. Initial-
ly, the coal was completely ashed in a muffle furnace at 700 °C for two hours. The resulting ash was homog-
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enized in a mechanical mortar and used to prepare sodium tetraborate-based glasses. A series of calibration
glasses was made using mixtures of vanadium(V) oxide and anhydrous sodium tetraborate. In total, five mix-
tures were prepared with V(V) concentrations of 1 %, 0.75 %, 0.5 %, 0.25 %, and 0.1 %. A mixture for glass
without any added vanadium was also prepared. Although this concentration significantly exceeds the levels
of vanadium found in real samples, this range was deliberately chosen to gradually reduce the limit of detec-
tion and increase sensitivity. A preliminary determination of the acid-neutralizing capacity of the ash was
carried out using acid-base titration to estimate the amount of tetraborate absorbed by the ash. Additionally,
2 % sodium nitrate was added to the mixture to ensure complete combustion of the coal particles. The melt-
ing of the glasses was carried out in a muffle furnace for one hour at a temperature of 1100 °C.

The concentration of vanadium in the glasses was determined by atomic absorption spectroscopy using
the “Variant A140” instrument (Table 1). The analysis was repeated five times.

Table 1

V(V) concentration in the calibration glasses set

Sample | V(V) concentration, %

1 0.4607+0.012
0.3505+0.023
0.2406+0.018
0.131+0.009
0.0737+0.0042
0.0306+0.0026

OO WIN

The registration of the spectra of calibration samples was conducted using a two-pulse spectrometer
“LAES Matrix Continuum” (SJISC Spectroscopic Systems, 2016, Russia) featuring a double Paschen-Runge
optical scheme with optical path lengths of 250 mm and 125 mm, equipped with diffraction gratings of
2400 grooves/mm and 1200 grooves/mm, along with 7 CCD detectors from Toshiba, covering a wavelength
range from 190 to 800 nm. Probabilistic-Deterministic Design of Experiments (PDDoE) using a matrix
design was used to optimize the registration conditions. The matrix included six factors with five levels of
variation (Table 2). The positions for the first factor — concentration — and the sixth factor — exposure time —
were left vacant. These factors were chosen to simplify the construction of the overall dependence equation,
as the concentration of vanadium in the sample remained constant throughout all 25 experiments, and the
influence of exposure time on the analysis results is minimal.

Table 2
Factors and levels
Factor Type Level 1 Level 2 Level 3 Level 4 Level 5
C(V), % \ 1 2 3 4 5
Lamp Energy, J N 15 16 17 18 19
QSW4, ps N 100 105 110 120 140
AQSW, ps N 1 3 5 10 15
Delay, us N 1 2 3 4 5
Exposure, ms \Y 1 2 3 4 5

Results and Discussion

The subject of optimization was the intensity of the vanadium V/(11)310.224 line. The primary factor in-
fluencing the intensity of the line was the lamp energy value (Fig. 1). The other factors had no significant
impact on the results of the experiment.
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Figure 1. Partial dependencies of the V(I1)310.204 line intensity on the devise settings:
Lamp Energy (a), QSW; (b), AQSW (c), Delay (d)

Overall, the optimal settings for the intensity of the V(I1)310224 line were as follows: Lamp energy —
19J, QSW; — 100 ps, AQSW — 1 ps, Delay — 1 us, Vacant factor — exposure time — 3 ms. Spectra of 5
calibration glasses were recorded at the calculated optimal instrument settings.

The spectral data of the calibration glasses obtained after the optimization was analyzed in the R envi-
ronment. A model based on PLS was chosen to predict the concentration of vanadium in coal ash samples.
The model was applied to determine the concentration of vanadium in the glass without addition of V,0s.
The concentration predicted by the model (0.06 %) differed significantly from that determined by AAS
(0.03 %). Furthermore, the variation in predicted results was considerable, exceeding 20 %, which can be
attributed to the wider range of vanadium concentrations in the calibration glasses. This is related to the wid-
er range of vanadium addition in the calibration glasses, as the concentration of V(V) in the initial ash was,
as expected, significantly lower than the range of the calibration curve.

A second set of calibration samples was prepared with the V,0s addition corresponding to the approxi-
mate concentration of vanadium in the ash. The method remained identical and the initial composition of the
glasses in the new calibration set is reflected in Table 3. The final concentrations of vanadium in the second
set of calibration glasses were also checked using AAS, as shown in Table 4. The appearance of the new cal-
ibration set is depicted in Figure 2.

Table 3

Composition of the second calibration set

Sodium tetraborate Calculated concentration
with V,0s addition, g of the V(V) in the resulting glass, %
0.05
0.04
0.64 0.03 2
0.02
0.01

Ne | Ash, g Lithium nitrate, %

QR IWIN|F-
[EY

Table 4

Final concentration of the vanadium in the glasses

Ne V(V), %

0.0836+0.012
0.0727+0.0023
0.0615+0.0018
0.05070.009
0.0398+0.0042

AW INF-
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e
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Figure 2. Second calibration set

The experimental design matrix was also modified by replacing the second vacant factor with the num-
ber of laser impulses (20-100). Additionally, the range of variation of the lamp energy value was increased
to 20J. For the optimization experiment, glass with a concentration of V(V) = 0.03 % was used.

The main influence on the intensity of the V(I1)s10.24 line was also due to the lamp energy, as well as the

value of QSW; (Fig. 3).

b 'y
201 Rel. Int.
Rel. Int.
ol ]
16
) . Ymean
Y mes 121
124
8
8 . EJ . . . ) QSWips
15 17 19 il 100 120 * 140 >

Figure 3. Partial dependence of the V(I1)310.204 line on Lamp Energy (a) and (b) value

Optimal values of factors for the analysis of the glasses with lower concentration were as follows:
Lamp energy — 20 J, QSW; — 111 ps, AQSW — 3 us, Delay — 1 us, Number of impulses — 100. The
spectra of the second set of glasses were recorded at the calculated optimal settings. The PLS-R model was
retrained based on new data. The training of the model was conducted on 25 spectra (5 spectra for each cali-
bration sample). The visualization of the resulting model characteristics is shown in Figures 4-5. The result-
ing model was used to determine the concentration of vanadium in the glass without V,0s addition.

X 01
o
g 009 o
S 0.08 y=09528x+00029 . 5
g R?=0.9528
[a'd B

0.07 L '

. .

0.06 —- 8

0.05 ‘
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Figure 4. Predicted by PLS model and reference concentration of (V) in calibration set
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Figure 5. X and Y-loadings of the PLS model

Factor-1

The average V(V) concentration calculated by the model was 0.0299+0.0022 %. New set of calibration
samples with lower vanadium concentration increased model accuracy and yielded a refined concentration of
vanadium in the glass without the V,Os addition. Additionally, Multiple Linear Regression (MLR) model
was trained on the same set of data. The visualization of the model training results is shown in Figure 6. This
model was also applied to predict the concentration of vanadium in the glass without any addition.

Figure 6. Predicted by MLR model and reference concentration of V(V) in calibration set
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The concentration calculated by the model was 0.0297+0.0027 %. The obtained models were addition-
ally applied to samples with unknown vanadium content. Validation of the developed methodology was car-
ried out using atomic emission spectroscopy to analyze samples with unknown vanadium content. The final
values of vanadium concentration are reflected in Table 5.

Table 5
Validation of the method

Sample % V(V)inglass,| % V(V)inthe| % V(V)in |%V(V)inthe| % V(V)in | % V(V) inthe

PLS-R ash, PLS-R, % | glass, MLR | ash, MLR, % | glass, AAS | ash, AAS, %
Coal ash #1 0.0299 0.0441 0.0297 0.0436 0.0299 0.0423
+0.0022 +0.003 +0.0027 +0.004 +0.0016 +0.0023
Coal ash #2 0.0523 0.0769 0.0532 0.0758 0.0521 0.0774
+0.0094 +0.014 +0.0083 +0.0118 +0.0014 +0.0021
Smelter slag 0.0341 0.0502 0.0338 0.0474 0.0352 0.0524
+0.0026 +0.0038 +0.0032 +0.0045 +0.0011 +0.0016
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An attempt was also made to determine the vanadium (V) content in rock samples collected from the
Soviet-era mines without additional sample preparation or glass production (Fig. 7). Collection point is indi-

cated in Figure 8. The results of the model calculations and their comparison with the AAS results are pre-
sented in Table 6.

Figure 7. Burned-rock samples

Figure 8. Burned-rock sampling point (49°53'28.60"N, 73°5'15.10"E)

Table 6
Vanadium content in the samples analyzed without glass preparation
Sample % V(V), PLS-R % V(V), MLR % V(V), AAS
1 0.0444+0.0078 0.0451+0.0071 0.0405+0.0012
2 0.0354+0.0028 0.0351+0.0032 0.0361+0.0014

An increase in experimental errors and a decrease in the reliability of the model results can be observed.
This may be explained by the fact that samples such as rocks, minerals, and ores are heterogeneous; there-
fore, proper preparation and experimental setup are necessary for determining vanadium in objects of un-
known composition. The model could be directly applied in cases where the accuracy of quantitative vanadi-

um determination is not critical, such as in cases of rapid determination of vanadium in samples for quick
quality control of raw materials and products in situ.
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Conclusions

The developed method demonstrates strong performance in quantifying vanadium in coal ash-based
samples. The settings were optimized using a probabilistic-deterministic design of experiment resulting in
increase of accuracy in vanadium determination in hydrocarbon-based samples. To achieve the highest inten-
sity of vanadium spectral lines in samples with low content, the optimal instrument settings are as follows:
Lamp Energy — 20 J, Q-SW; — 111 ps, AQ-SW — 3 us, Delay — 1 ps, number of laser impulses — 100.

Multidimensional calibrations for vanadium quantification were built using PLS-R and MLR methods.
The accuracy of the models, calculated on the basis of spectral data from samples of known composition,
was 95-98 %.

An analysis of samples with unknown vanadium content was conducted using a combination of the
LIBS and chemometrics, followed by validation of the methodology by atomic absorption spectroscopy. Alt-
hough the accuracy of this method is lower than of classical AAS analysis, and sample preparation is also
time and resource consuming, this methodology can be effectively applied to samples where dissolution for
subsequent analysis presents certain difficulties. The method can be directly applied to glass and enamel
samples — whether from production or archaeological finds. Additionally, satisfactory accuracy was
achieved on samples without preliminary preparation, which can be applied for rapid on-site analysis with
portable LIBS devices.
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Sol-gel Synthesized ZnO-SrMn,0,4 Nanocomposite and Its Antibacterial Properties

This paper presents the synthesis of new binary oxide nanoparticles (NPs), ZnO—SrMn,0,4, with a spinel
structure. The sol-gel technique was used to synthesize ZnO-SrMn,0, spinel-type oxides, which were subse-
quently investigated for their antibacterial properties. The NPs were characterized by a range of methods,
namely Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron micros-
copy (SEM), and energy dispersive X-ray analysis (EDX). The FTIR analysis revealed the presence of peaks
characteristic of SrMn,0, and ZnO/SrMn,0,. These peaks confirm the presence of metal-oxygen bonds,
namely Zn-O, Mn-0, and Sr-O. SEM was used to analyze the morphology, chemical composition, and size
of the nanocrystals. The morphology of the particles is observed to be more irregular in shape, with a wide
range of nanoparticle sizes, from 54 to 250 nm. The synthesized nanoparticles, ZnO-SrMn,0,, were used to
assess their antibacterial properties against Bacillus cereus, Bacillus subtilis, Staphylococcus aureus, as well
as Escherichia coli and demonstrated pronounced antibacterial efficacy. The highest antibacterial activity was
recorded against Escherichia Coli, with a diameter range of 16-23 mm, followed by the strain Staphylococ-
cus aureus with a diameter range of 13.5-27.5 mm. The next most active strain was Bacillus subtilis, with a
diameter range of 12.5-22 mm, and Bacillus cerus, with a diameter range of 13.5-19 mm. Further use of the
obtained ZnO-SrMn,0, powder is recommended for application in photocatalysis of dye degradation.

Keywords: Nanocomposite, antibacterial activity, spinel, zinc oxide, Sol-gel, SEM, XRD, binary oxide.

Introduction

This paper presents the synthesis of binary oxide nanoparticles ZnO (30 %) SrMn,O, with a spinel
structure. In recent years, there has been a considerable increase in interest in hanocomposites, driven by
their prospective applications in a range of fields, including public health and environmental remediation. In
particular, the combination of photocatalytic and antibacterial properties offers a powerful strategy for elimi-
nating contaminants and infections from water, air, and a range of other environments. These nanocompo-
sites have shown promising antibacterial efficacy against both Gram-positive and Gram-negative bacterial
strains, as well as strains with multidrug resistance. Thus, ZnO-based nanomaterials have been reported to be
synthesized with improved antibacterial properties, especially when Au NPs are incorporated [1-5]. More-
over, researchers attributed the various trends observed for the interactions between the diverse components
of the nanocomposite and the bacterial cells to the enhanced antimicrobial performance of ZnO NPs in the
presence of GO or RGO [6]. The synthesis and desigh of MnO and ZnO nanoparticles have resulted in the
preparation of new MnO/ZnO nanocomposites with marked antibacterial efficacy. These nanocomposites
have demonstrated high inhibition rates against E. coli and other pathogenic bacteria, indicating that they
play a vital role in overcoming bacterial resistance [7]. Further research is required to synthesize the
ZnMn,0,/ZnO nanocomposite for antibacterial purposes, as the existing research base for new materials
claiming improved antimicrobial efficiency is insufficient. Previous research indicates that the synthesis of
nanocomposites comprising zinc oxide nanoparticles and manganese (I1) oxide enhances the antibacterial
properties of the nanoparticles [8]. Moreover, numerous other nanocomposites, including Fe;0,/ZnO-based
materials, have demonstrated noteworthy antibacterial properties, suggesting potential applications in the
management of bacterial infections [9]. Previous research established candidature-level reactions in ZnO and
MnWOQ,, and both of these nanoparticles show potent antibacterial results. The synthesis of ZnO nanoparti-
cles has been optimized for antibacterial properties, considering synthesis parameters [10]. The nanostruc-
tures of ZnO surfaces possess great antibacterial activity, which causes bacterial cell lysis in microfluidic
devices [11]. In contrast, MnO, nanoparticles have been demonstrated to exhibit antibacterial and anti-
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biofilm properties against quinolone-resistant gram-positive and negative pathogenic bacteria, including
S.aureus and E. coli [12]. It is conceivable that a synergistic effect may be observed between ZnO and
MnWO,, which could result in an enhanced antibacterial activity of the composite material. Further research
into the antibacterial efficacy of a composite material comprising ZnO doped with SrMn,O, could facilitate
the modification and enhancement of the efficiency of the antibacterial agents employed in the medical field,
as well as other professional contexts. ZnO nanoparticles have demonstrated high antibacterial efficacy due
to a number of mechanisms, including the liberation of Zn*? the generation of reactive oxygen species
(ROS), and the intercalation of microbial cell membranes [13]. Furthermore, the antibacterial efficacy of
ZnO nanomaterials can be enhanced through the formation of composites with other materials, such as
SrMn,0,, which has the potential to markedly inhibit the recombination of electrons and holes [14]. The lit-
erature indicates that ZnO and Mn-doped ZnO nanoparticles, when immobilized on titanium implants, are
effective against the majority of bacterial profiles. Furthermore, the Zn,Mn  O@Ti hybrids have been
shown to outperform ZnO@Ti [15]. The results of this research study allow us to hypothesise that the addi-
tion of ZnO with other materials, such as SrMn,0,, and the introduction of metal ions, including Mn, will
enhance the creation of more effective antibiotics with the potential to combat microbial antibiotic resistance.

Experimental

Materials used

Strontium nitrate (Sr(NOs),), manganese (Il) nitrate hydrate (Mn(NOs),-4H,0), zinc acetate
(Zn(0,CCHa),:2H,0), sodium hydroxide (NaOH), ethanol and Acid citric were purchased from Sigma Al-
drich. Fourier transform infrared (FT-IR) spectra were recorded using an FTIR-8400 type SHIMADZU spec-
trometer. The measurement of X-ray diffraction patterns was carried out using a Rigaku MINIFLEX 600
diffractometer. The products morphology was determined using scanning electron microscopy (SEM) tech-
niques on the SEM-QUANTA 650 FEI.

Synthesis of ZnO nanoparticles

In order to synthesize ZnO nanoparticles, a solution of Zn(NO;),-6H,0 (250 mL, 0.2 M) and a solution
of NaOH (250 mL, 0.5 M) were prepared with deionized water. The sodium hydroxide solution was added
dropwise using a burette to the zinc acetate solution at room temperature. This was achieved by stirring vig-
orously until a pH of 12 was reached. This resulted in the formation of a white precipitate of zinc hydroxide
(Zn(OH),), which was separated by centrifugation for 30 min and washed three times with distilled water
and then ethanol. The resulting product was dried at 60 °C in an air atmosphere for 24 hours to convert
Zn(OH), into ZnO NPs.

Synthesis of SrMn,0O, nanoparticles

The synthesis of SrMn,0O, NPs involved the dissolution of 1.571 g of (Sr(NOs3),) in 40 ml of ethanol.
Conversely, 4.713 g of manganese nitrate (1) hydrate (Mn(NOs),-4H,0) was dissolved in 110 ml of ethanol.
The two solutions previously obtained were added, in a dropwise manner, to a solution of citric acid, which
was prepared by dissolving 5.106 g of CsHgO7 in 100 ml of demineralized water. Subsequently, the solution
was heated to 80 °C for a period of three hours, with stirring using a magnetic stirrer.

The solution underwent evaporation, forming a gel that was subsequently subjected to drying at 60 °C
and calcination at 700 °C for four hours. This process resulted in the formation of SrMn,0, nanocomposites,
as illustrated in Figure 1.

The powder after
After heating for The powder formed calcination at 650°C

3 hours at 80°C

Mixture of precursors Formation of a gel

Figure 1. Preparation of ZnO (30 %) SrMn,0O, using the sol gel method.
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Synthesis of ZnO (30 %) SrMn,0O4 hanocomposites

In order to develop ZnO (30 %) SrMn,O, nanocomposite powders, the same synthesis protocol for
SrMn,0, must be followed, with the exception that the previous solutions are mixed with the incorporation
of ZnO 30 % (molar percentage).

Results and Discussion

To explain the phase structure and the degree of crystallinity of the synthesized products X-ray diffrac-
tion was used. The XRD pattern of the prepared samples is presented in Figure 2. The reflection peaks ob-
served at values of 25°, 60.63°, 33.39°, 36.73°, 45.06°, 50.48°, 59.61°, and 61.45° correspond to the data of
JCPDS n°96-400-1312 and card n°® JCPDS 96-9007521. The prepared sample of ZnO NPs corresponds to the
JCPDS card n°96.101-1259. XRD data confirm formation of ZnO.

*ZnO:JCPDSN-96-101-1259
*SrO:JCPDSNP° :96-400-1312
* * Mn,03;JCPDSN°® :96-900-7521
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Figure 2. XRD pattern of SrMn,0, with Reference number
In the case of ZnO (30 %) SrMn,0,, the reflected peaks were observed at 25°, 60.63°, 33.39°, 36.73°,

45. 06°, 50. 48°, 59. 61°, and 61. 45°, corresponding to plans (101), (112), (103), (202), (220), (204), (321),
and (224) (Fig. 3).
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Figure 3. XRD pattern of ZnO, SrMn,0, and ZnO (30 %) SrMn,0,

The Scherrer equation [16], which is Dc = KA/B cos6, was used for the calculation of crystallites. In this
formula, P represents the width of the observed diffraction peak at half of its maximum height, also known as
FWHM, which stands for full width at half maximum. K is the shape factor, its value varies and it is ap-
proximately equal to 0.9 and A is the X-ray wavelength (CuK, radiation, which is equal to 0.154 nm). From
the Scherrer equation, the average crystalline sizes were found to be 42 nm for ZnO, 13 nm for SrMn,0,, and
20 nm for the ZnO (30 %) SrMn,0, composite, respectively.

The FTIR spectra for ZnO, SrMn,0,4, and ZnO (30 %) SrMn,0, are presented in (Fig. 4) below. In the
case of ZnO, the stretching vibration of the Zn—O bond is related to the peak at 498.75 cm™. In the case of
SrMn,0,, the large peak observed at approximately 512.85 cm™ is due to the vibration of the Mn-O func-
tional group, which is associated with the tetrahedral coordination of MnO, ions. Bands at approximately
611.52 cm* correspond to stretching vibrations of Sr—O [17]. The presence of peaks for SrMn,O, and
Zn0O/SrMn,0O,4 confirm the existence of metal-oxygen bonds (Zn-O, Mn-0, and Sr—O). A less intense band
appears approximately at 3500 cm ™, which can be attributed to the stretching vibration of the O—H group
originating from H,O molecules adsorbed on the surface of the material. Another peak was identified at
1600 cm ™, which is attributed to O—H bending vibrations.

In the case of ZnO (30 %) SrMn,0, (Fig. 4), a shift in the FTIR peaks was observed, which is fre-
guently associated with alterations in the bond lengths and bond angles within the crystal structure. ZnO can
cause a change in the vibrational frequencies of Sr-O bonds, a phenomenon that is frequently observed by
FTIR. This shift is a consequence of the substitution of Zn** ions within the structure, which results in altera-
tions to the intermediate distances and bond strengths.
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Figure 4. FTIR spectra of ZnO nanoparticles, SrMn,04 and ZnO (30 %) SrMn,0,.
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Figure 5 illustrates the morphology of the particles, which exhibit a more irregular shape and a wide
range of nanoparticle sizes, spanning from 54 to 250 nm.

30 pm
LPEN/ USDB/

HV  [det [mag OO [spot| vacMode 1 pm ——
30.00 kV|LFD [60 000 x| 3.0 | Low vacuum | 8.0 mm LPEN/ USDB/

Figure 5. SEM micrograph of ZnO (30 %) SrMn,0, NPs
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Energy dispersive X-ray (EDX) analysis was used to examine the chemical components of the produced
nanoparticles, which revealed the presence of zinc, oxygen, Sr and Mn atoms (Fig. 6). Table 1 presents the
atomic percentages of each element. These results demonstrate that the ZnO sample (30 %) SrMn,O, con-
tains amounts of Sr, Zn, Mn, and O. Additionally, carbon was detected, originating from the support where
the material used during the EDX manipulation was deposited.

cps/eV
35
T Spectrum: Sr30In
b Element Series Net unn. C norm. C Atom. C Error (3 Sigma)
30' [wt.%] [wt.%] [at.%] [wt.%]
. zinc K-series 83155 18.97 24.18 16.15 1.4¢8
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Figure 6. EDX images of synthesized ZnO (30 %) SrMn,O4 NPs

Antibacterial activity

The antibacterial activity of ZnO (30 %) SrMn,O, nanoparticles was determined using the well diffu-
sion method [18, 19]. An 18-hour culture of Gram-positive (Bacillus cereus (ATCC10876), Bacillus subtilis
(ATCC 6633), and Staphylococcus aureus (ATCC 25925)) and Gram-negative (Escherichia coli (ATCC
25922)) strains was adjusted to 0.5 McFarland. Freshly prepared Mueller-Hinton agar plates were inoculated
with 100 pl of bacterial suspension. Four wells of 8 mm in diameter were created on the agar plates. Subse-
guently, 100 ul of ZnO (30 %) SrMn,0O,4 nanoparticles of different concentration were added to each well.
Then, the Petri dishes were left at 4 °C for 30 min for good diffusion of the nanoparticles. The plates were
incubated at 37 °C for 24 hours. Inhibition zones were measured in millimetres.

The antibacterial activity of the ZnO (30 %) SrMn,QO,4 nanoparticles was confirmed by the appearance of
clear zones around the wells (Fig. 7).

B. subtilis

S. aureus

E. co_l'i

Figure 7. Results of the antibacterial activity of ZnO (30 %) SrMn,0,
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The diameters of the inhibition zones of the nanoparticles against Gram-positive and Gram-negative
bacteria are presented in Figure 8 and Table 1. These results demonstrate the effective inhibitory effect of the
synthesized nanoparticles. Furthermore, the highest antibacterial activity was observed against Escherichia
Coli, with a diameter ranging between 16 and 23 mm, followed by the strain Staphylococcus aureus, with a
diameter ranging from 13.5 to 27.5 mm, Bacillus subtilis with a diameter ranging from 12.5 to 22 mm and
Bacillus cereus with a diameter ranging from 13.5 to 19 mm. These data affirm that the increase in the con-
centration of SrMn,0, 30 %ZnO nanoparticles is accompanied by the increase in inhibition of the growth of
these bacteria. Furthermore, this variation in activity can be attributed to the structural variations in the cell
walls of the pathogenic strains selected and also to the size, morphology and composition of the nanoparti-
cles under consideration.

Additionally, the mechanism of antimicrobial action of nanoparticles is generally described as adhering
to one of three models: induction of oxidative stress [20], the release of metal ions [21] or non-oxidative
mechanisms [22]. It is possible for all three types of mechanisms to occur simultaneously.

The findings of our research indicate that SrMn,0,30 %ZnO nanoparticles exhibit considerable effi-
cacy in combating pathogens. The nanoparticles function in a manner analogous to other compounds, includ-
ing ZnO/SrZn0O, and ZnMn,0,-chitosan. The synthesis of these nanoparticles was carried oud using sol-gel
methods. [23-26]. These compounds have been demonstrated to be highly effective in the killing of bacteria,
including E. coli, S. aureus, and P. aeruginosa. The E. coli demonstrated greater susceptibility to the
Zn0/SrZn0O, composite than either oxide individually, as it relies on pure ZnO or SrZnO, oxide for normal
cellular activity.

Zn0O-Sn0O, nanoparticles demonstrated pronounced antibacterial activity against Staphylococcus
aureus, Streptococcus mutans, and Escherichia coli. The efficacy of the nanoparticles was demonstrated at
both high and low concentrations. The ZnO-CuO composite particles were also observed to exhibit antibac-
terial activity against both gram-positive and gram-negative bacteria. The nanoparticles were tested against a
range of bacteria, including Staphylococcus aureus, E. coli, and Pseudomonas aeruginosa.

Table 1
Zone of inhibition of SrMn,0,4-Zn0O against bacterial strains
Microoraanisms Zn0 (30 %) SrMn,O4 NPs
g 2(mg/ml) 5(mg/ml) 8(mg/ml) 10(mg/ml)
Staphylococcus aureus 13.5 14 15 27.5
Bacillus subtilis 12.5 14 15 22
Escherichia coli 16 18 22 23
Bacillus cerus 13.5 16 18 19
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Figure 8. Antimicrobial activity of ZnO (30 %) SrMn,O,4 nanoparticles
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Table 2
Comparison of results with published data nanoparticles
Nanocomposite | Antimicrobial |Effective Bacteria/Fungi Mechanism Average Stability Ref.
Activity particle sizes
Zn0O 99.99 % E. coli ROS, Disruption of | 20-40 nm |Size and Surface| 27
S. aureus Cell Membrane Area Effects and
99.63 % B. cinerea Integrity Role of Plant
Extracts
Zn0O significant E.coli and Physical and chemi- | nanoporous | Surface Area | 28
S. aureus cal interactions like Effects
A. nige Electrostatic Effects:
Membrane Abrasion
and ROS
Zn0-Ag higher against E. coli Membrane Disrup- 14.8nm | pHrange of 7-8 | 29
compared to S. aureus |tion and ROS, Inhibi- increasing Ag
tion of Cellular Func- concentrations
tions and Multitarget ameliore stabil-
Mechanism ity in various
environments
Zn—CuO superior S.aureusand E. coli | ROS and Cell Mem-| 8nmto Stabilization by | 30,
brane Disruption 25.58 nm | Vaccinium arc- | 31
tostaphylos L.
fruit extract
Zingiber
officinale Rhi-
zome Extract
ZnOITiO, significant Staphylococcus aureus | The antimicrobial |30 to 100 nm / 32
and Gram-negative bac- |mechanism is primar-
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B. subtilis metal ions, non- | more irregu- citric acid
E. coli oxidative mecha- lar shape
B. cerus nisms with a wide
(54-250)
Conclusions

In conclusion, the sol-gel process for the synthesis of ZnO, SrMn,0,4, and ZnO (30 %) SrMn,O,4 nanos-
tructures has been described in detail above. The characterization of the developed samples was carried out
using FTIR, SEM, EDX, and XRD. The synthesised nanostructures were employed to assess their antibacte-
rial characteristics, and the results demonstrated that the SrMn,0,30 %ZnO NPs exhibited a pronounced
pathogen-suppressing capacity. It is recommended that the ZnO-SrMn,0O, powder be employed further for
the photocatalytic degradation of dyes. The ZnO/SrZnO, material demonstrated a notable photocatalytic ef-
fect for the degradation of Congo red dye after 80 minutes of UV/vis irradiation [23], and as an electrode
material in supercapacitors, as evidenced by the NiO/ZnMn,0O, materials, which exhibited a specific capacity

[34].
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Investigation of Vapor Pressure and Infrared Spectroscopic Analysis
of Phosphoric Acid Extract Evaporation after Desulfation with SrCO5

Ammophos-Maxam JSC is renowned for the production highly concentrated phosphorus fertilizers such as
ammophos, ammonium sulfate phosphate, and suprephos, using thermally concentrated phosphorites sourced
from the Central Kyzylkums. The production process heavily relies on wet-process phosphoric acid (WPA),
which typically contains 16-18 % phosphorus pentoxide (P,Os). However, converting low P,0s WPA into
these high-phosphorus fertilizers during the stages of evaporation, drying, and granulation stages significant-
ly increases the heat and energy consumption per unit of the final product. To address these challenges, ex-
tensive initiatives are currently underway in the republic. These efforts are aimed at improving the production
of various phosphorus fertilizers, including ammophos, suprephos-NS, ammonium sulfate phosphate, PS-
Agro, enriched superphosphate, and feed ammonium phosphates. These products are derived from the pro-
cessing of washed burnt phosphoconcentrate (WBP-26) obtained from Kyzylkum phosphorites. This paper
describes the results of recent studies on the evaporation process of WPA at Ammophos-Maxam JSC. The re-
search focuses on examining the boiling point of WPA solutions, vapor pressure, and the composition of the
resulting precipitates. Additionally, infrared (IR) spectroscopy was conducted to provide deeper insights into
the material properties. These investigations are crucial for optimizing production processes and reduce ener-
gy costs.

Keywords: phosphorus, wet process phosphoric acid (WPA), Central Kyzylkums, ammophos, superphos-
phate, fertilizers, feed phosphates, IR spectroscopy.

Introduction

Simultaneously, the field of animal husbandry has long sought innovative solutions, particularly in the
realm of feed additives for farm animals. This pursuit reflects the adaptability of the agricultural sector to the
changing demands and challenges of modern practices. One notable example is the exploration and incorpo-
ration of advanced nutritional supplements for farm animals to optimize their health, productivity, and over-
all welfare. This concerted effort underscores the commitment of farmers to embrace new technologies and
practices, contributing to the resilience and sustainability of global agriculture amid the complexities of con-
temporary agro-industrial dynamics.

The global demand for Mono and Diammonium Phosphates (MAP and DAP) [1, 2], as well as Nitro-
gen-Phosphorus (NP) and Nitrogen-Phosphorus-Potassium (NPK) fertilizers, underscores their pivotal role in
modern agriculture. The production of these fertilizers relies exclusively on concentrated phosphoric acid.
Consequently, the imperative task at hand is the advancement of technology for the concentration of WPA,
aiming to achieve the production of high-quality phosphorus-containing fertilizers. At the same time, the Re-
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public is actively engaged in the development of functional feed additives for animal husbandry, where do-
mestic products are progressively competing with their foreign counterparts. In order to meet these challeng-
es, it becomes essential to substantiate pertinent scientific solutions in several key areas. Firstly, the identifi-
cation optimal conditions for desulfurizing weak WPA is a foundational step. Subsequently, the concentra-
tion of desulfurized WPA through evaporation must be refined to ensure efficiency. Concurrently, efforts are
directed towards enhancing the rheological characteristics of evaporated WPA, a critical aspect of the pro-
duction process. Lastly, the development of technology for various grades of ammonium phosphates, com-
plex fertilizers, and feed additives derived from concentrated WPA requires meticulous attention. This multi-
faceted approach not only meets the urgency of the task at hand but also positions the domestic industry on a
competitive front against foreign counterparts in the dynamic landscape of fertilizer and feed additive pro-
duction.

In the production processes of double superphosphate, ammophos, nitroammophos, and liquid fertiliz-
ers at chemical plants, a concentrated phosphoric acid solution, referred to as WPA, plays a crucial role. The
concentration of this solution is carefully adjusted according to the specific fertilizer being produced. For
double superphosphate and ammophos, the WPA concentration falls within the range of 45-55 % P,Os,
while a higher concentration of 72-83 % P,Os is utilized for ammonium polyphosphates and liquid fertiliz-
ers [3-5]. To achieve higher concentrations, the WPA is evaporated, reducing its water content and thereby
increasing the concentration of phosphorus pentoxide (P,Os). The evaporation process theoretically allows
for the production of solutions with exceptionally high P,Os concentrations, as the steam produced from pure
HsPO, consists entirely of water. This highlights the advanced technological processes involved in crafting
various phosphorus-based fertilizers, enabling the synthesis of products with diverse P,Os concentrations to
meet the specific needs of agricultural practices [6].

The scientific and technical literature provides valuable insights [7-11] into the prospect of producing
evaporated WPA from the thermal concentrate derived from Kyzylkum phosphorite, and the subsequent
formulation of liquid complex fertilizers. However, it must be recognized that the composition of WPA orig-
inating from thermal concentrate diverges from that produced at JSC Ammophos-Maxam, where washed
burnt phosphoconcentrate (WBP-26) serves as the primary source. The distinctive chemical composition of
WPA, particularly in terms of impurities such as MgO, Fe,0s, Al,O3, Ca0O and SOs, is of considerable signif-
icance. These impurities possess the potential to exert a notable influence on both the evaporation process
and the rheological characteristics of the resulting evaporated phosphoric acids. Consequently, a nuanced
understanding of these variations becomes pivotal in optimizing the production processes and ensuring the
desired rheological attributes of the evaporated phosphoric acids in the context of diverse phosphorite
sources and processing techniques.

As sulfate ions constitute the primary impurity in WPA, the pivotal purification step should focus on
desulfurization.

In a previous study by the authors [12], desulfurization of WPA with a composition as described above
was conducted using Ca(OH), and CaCOs, employing WBP-26, containing up to 20 % CaOg;,. Subsequent-
ly, for further purification of the desulfurized WPA, a treatment with acetone (99.5 % C3;H;O) was employed
with a three-fold excess. However, despite the utilization of calcium-based substances and WBP-26, com-
plete removal of sulfate ions was not achieved, with the removal rate not exceeding 85 %.

To overcome this limitation, the authors propose a more effective method involving the use of stronti-
um salts [13] for the deepest desulfurization. The main technological advantage associated with strontium
salts is their ability to significantly reduce the residual SO,* content in the WPA solution, achieving a re-
markable reduction by 30-40 times. This approach represents a promising avenue for enhanced desulfuriza-
tion, addressing the challenges encountered with conventional calcium-based substances and offering a more
comprehensive solution for sulfate ion removal in the processing of WPA.

The article describes the key applications of infrared (IR) spectroscopy in the examination of sediments
derived from the initial desulfurized and the precipitation of evaporated WPA. Recognized as one of the
most efficient spectroscopic techniques for chemical analysis, IR spectroscopy boasts exceptional capabili-
ties in providing valuable qualitative insights into the composition of substances. However, it is acknowl-
edged that its precision in quantitatively determining compounds is comparatively modest. In chemistry, IR
spectroscopy is mainly used for the qualitative determination of compounds. Regardless of molecular struc-
ture, functional groups within molecules exhibit absorption lines at specific wavenumber values, known as
characteristic wave frequencies. These characteristic frequencies serve as informative markers, providing
valuable insights into the nature of the analyzed substance. The vibrational spectrum, with its high-quality

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 83



Khoshimov, I.E., Turdialieva, Sh.l. et al.

information, is considered a unique physical property of a substance. Consequently, infrared (IR) spectra are
widely used to identify chemical compounds and mixtures within individual compounds. Additionally, the
technique proves invaluable in studying the mechanisms of chemical reactions, further cementing its signifi-
cance in the comprehensive understanding of chemical phenomena [14].

Experimental

The evaporation process of WPA from the current production at Ammophos-Maxam was systematically
investigated in the laboratory. The WPA under examination exhibited the following composition by weight:
P,05 18.95; CaO 0.27; MgO 0.26; Fe,0; 0.41; Al,0;0.56; F 0.45; SOgy 2.96 and SOzqiq 0.15. A notable
deviation from conventional practices was introduced in the desulfurization step, where strontium salt re-
placed calcium minerals. The desulfurization process involved the utilization of strontium carbonate, specifi-
cally the “chemically pure” grade (minimum 98 % SrCOs,). This substitution was made owing to the stronti-
um salt's proven efficacy in purifying phosphoric acid from sulfate ions. Furthermore, during the subsequent
evaporation process of desulfurized phosphoric acid, achieving concentrations of 45-60 % phosphorus ox-
ide (V), an additional purification step was observed, effectively eliminating other impurities from the acid.
These distinctive features, namely the utilization of strontium salt during desulfurization and the consequen-
tial evaporation process, highlight the experiment's unique qualities. The incorporation of these innovative
steps in the laboratory study showcases a deliberate approach to enhance the purity and quality of phosphoric
acid, thereby contributing to the advancement of the production processes at Ammophos-Maxam. Experi-
ments on the purification of WPA using SrCO; were conducted three times, and the average mean was calcu-
lated. A long with this standard deviation (SD), confidential interval (CI) and p-level of significance was
noted to be 0.05. Based on them corresponding Student coefficient was used. The calculation was performed
using MS Excel (Windows 10) with a 95 % confidence level (P = 95 %) and preliminary standard deviation
(S) estimation based on a sample size of n = 34 [15].

Concentrated solutions were obtained through the evaporation of desulfated acid, and their chemical
composition was meticulously assessed using various analytical techniques. The determination of P,Os con-
tent was conducted through photocolorimetric methods, while SO; levels were quantified gravimetrically,
and F-content was assessed potentiometrically. Calcium and magnesium content were ascertained via the
complexometric method, where the change in color of the indicator (fluorexone for calcium and dark blue
acid chromium for magnesium) induced by Trilon B played a crucial role. Sulfate content was determined
gravimetrically by inducing sulfate precipitation through the addition of barium chloride in an acidic envi-
ronment, followed by measuring the weight of the resulting sediment. The complexometric method was ap-
plied to determine iron and aluminum oxide levels. Specifically, 0.0125 M iron was titrated with Trilon B
solution in the presence of sulfosalicylic acid, followed by the back titration of excess Trilon B using a
0.0125 M zinc sulfate solution. This complex procedure allowed the determination of aluminum content in
the presence of a xylene orange indicator. Furthermore, the density of solutions was also determined using
pycnometric methods, and the kinematic viscosity was ascertained using viscometric techniques. These ana-
Iytical methods collectively contribute to a comprehensive understanding of the chemical composition and
properties of the concentrated solutions obtained from the evaporation of desulfated acid.

The relationship between temperature and saturated vapor pressure is expressed by the equation:

lgP=A-B/T.

In Table 1, there are data with Vapor pressure (kPa) at temperature (K), approximation equation and
coefficients of determination (R?).

As shown that vapor pressure increases as temperature rising but vapor pressure decreases with increas-
ing WPA concentration. Approximation equation and Coefficients of determination (R®) were calculated ac-
cording to calculation Excel 2019. The confidence interval was 95 %.

According to their respective concentrations, the relationships between temperature (T) and saturated
vapor pressure (P) for WPA are expressed by the following equations given in Table 1.

The reported values of the coefficient of determination R? are in the range of 0.9746-0.9995 meaning
that the approximation equations fit the actual data quite well. Significantly higher R? values nearer to 1 as
WPA (50.01 %, 55.25 %, and 60.34 %) show better fitness of the model that is able to predict almost all the
fluctuations in vapor pressure data.

These equations provide a mathematical description of the temperature-dependent behavior of saturated
vapor pressure for varying concentrations of phosphoric acid solutions. They play a crucial role in under-
standing the thermodynamic characteristics of the evaporation process for different WPA compositions.
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Table 1
Vapor pressure of desulfated evaporated phosphoric acid
WPA Vapor pressure (kPa) -
concen- _ at temperature (K) Approximation Coeff|C|e_nts MSE | RMSE
tration lgP=A-BIT equation |0 determina- (kPa?) | (kPa)
P,0s % 293 | 303 | 313 | 323 | 333 g tion (R%)

4562 | lgp=5.1838 —979.5/T | 7.56 [11.98|15.09(18.98|23.37 |y = 8E-21x*>*"°|  0.9746 |11483.45| 107.16
50.01 |lgP =5.5457 — 1150.6/T| 5.63 | 7.59 | 9.78 | 12.9 [16.24|y = 2E-20x>**|  0.9993 | 5230.13 | 72.32
55.25 |IgP =5.6590 — 1210.5/T| 4.5 | 6.22 | 8.39 [10.81]13.93|y = 9E-22x>""| 0.9985 | 3744.12 | 61.19
60.34 |lgP =5.6399 — 1263.5/T| 2.85 | 3.93 | 543 | 7.16 | 9.44 |y = 2E-23x>®™| 0.9995 | 1603.53 | 40.04

IR spectroscopic analysis was conducted using a Perkin-Elmer FT-IR Spectrum 3 spectrophotome-
ter [16], covering a frequency range of 4000400 cm™. The acquired spectral data were validated by careful
comparison with specific and authenticated reference sources. This rigorous authentication process ensures
the reliability and accuracy of the obtained IR spectroscopic results, underscoring the integrity of the analyti-
cal methodology employed in this study

Results and Discussion

The optimum dosage of strontium carbonate for the formation of strontium sulfate was determined to be
100 % of the stoichiometry. In the procedure, the initial WPA was introduced into a reactor equipped with a
screw stirrer and gradually heated up to 75 °C within a water thermostat. Subsequently, a calculated quantity
of strontium carbonate powder was gradually added to the WPA over a 30-minute period, with continuous
stirring. Following this dosing phase, the reactor contents were allowed to settle for 60 minutes at 60-65 °C.
After settling, the desulfurized WPA was separated from the sediment through filtration, dried, and then
weighed. The clarified portion, comprising the desulfurized WPA and its sediment, underwent analysis for
the total content of SO; and P,Os using established methods [17]. Based on the acquired data, the degree of
desulfurization of WPA was calculated, and the results are presented in Table 2. This methodical approach
ensures a systematic and comprehensive evaluation of the desulfurization efficiency in the context of varying
strontium carbonate dosages.

Table 2

The degree of desulfurization of extraction phosphoric acid depending on the rate of strontium carbonate*

f WPAdesquattidx % q loh
+ Confidence interval with Student’s P,Os content in dr Desulphurization
The SrCO; norm, % ( distribution in a = 0.05) sediment, % g degree, %
P,Og SO;
95 20.86+0.41 0.15+0.16 0.71+0.80 96.17+0.20
97.5 20.86+ 0.41 0.13+0.06 0.73+0.75 96.48+0.21
100 20.53+0.30 0.10+0.03 0.79+0.72 97.34+0.23
102.5 21.04+0.19 0.10+0.03 0.82+0.74 97.36+0.30
105 21.39+0.20 0.10+0.03 0.91+0.77 97.37+0.41
SD 0.3136 0.0230 0.0795 0.5757
Conf/inter with p < 0.05 0.3894 0.0286 0.0987 0.7148
*Note: Each value is expressed as the mean + SD (n = 3). Means with different letters within a column are significantly different
(p <0.05).

The desulfurized WPA, characterized by a composition of 20.53 % P,0s, 0.28 % CaO, 0.27 % MgO,
0.45 % Fe,03, 0.62 % Al,O3 and 0.10 % SOs, underwent controlled evaporation to achieve a predetermined
P,Os content. This evaporation process was conducted under atmospheric pressure within a tubular quartz
reactor, featuring a bladed quartz stirrer and heated externally by a specialized electric furnace. The resulting
evaporated phosphoric acids exhibited concentrations ranging from 45.62 % to 60.34 % P,Os. Notably, visu-
al observation indicated that as the concentration of P,Os increased during the evaporation of WPA, the fluid
state of the solution was maintained without thickening. However, an increase in P,Os concentration corre-
sponded to a noticeable increase in sediment volume. This phenomenon suggests that, as the initial WPA
undergoes concentration, phosphates of cationic impurities, including strontium, calcium, sodium, and potas-
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sium sulfate, crystallize due to a reduction in their solubility. The composition of the resulting evaporated
phosphoric acids is depicted in Figure 1, providing a visual representation of the evolving chemical composi-
tion during the controlled evaporation process.
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Figure 1. The content of impurity components in the evaporated acid
depends on the concentration of phosphorus pentoxide

In order to regulate the evaporation process of WPA and, consequently, produce concentrated fertilizers
and feed phosphates with acceptable transport and storage conditions, a thorough examination of the physical
and chemical properties was conducted. This included a study of the boiling point at varying concentrations
of WPA (ranging from 45.62 % to 60.34 %) without the clarification stage. The investigation considered the
P,Os content and residual pressure values in the system, which ranged from 743 to 443 mm Hg. Additional-
ly, the elasticity of vapors above these acids was explored, contingent on the concentration of WPA (45.62—
60.34 % P,0Os) and temperatures ranging from 293 to 333 K. The constants A and B were determined by ap-
plying of the Claesus-Clapeyron equation, utilizing the least squares method. Subsequently, empirical equa-
tions were derived to predict the pressure of saturated vapors over solutions at different temperatures. The
relationship between saturated vapor pressure and temperature follows a specific equation, as depicted in
Figure 2. These findings contribute crucial insights into the thermodynamic characteristics of WPA solutions
during the evaporation process, facilitating the optimization of conditions for the production of concentrated
fertilizers and feed phosphates with desirable transport and storage attributes.
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Figure 2. Elasticity of saturated vapors over desulfurized evaporated phosphoric acid
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Figure 2 illustrates the concentration-dependent characteristics of WPA with P,Os concentrations rang-
ing from 45.62 % to 60.34 %. The constants A and B, within this range, span 5.1838-979.5 and 5.6399—
1263.5, respectively. Across the temperature range of 293-333 K, an inverse relationship is observed be-
tween vapor pressure and WPA concentration. Higher temperatures correspond to increased saturated vapor
pressure above the acid. Specifically, at 293-313 K, the measured pressure of saturated vapors over evapo-
rated WPA samples ranges from 2.85-23.37 kPa, indicating low volatility in the arid climate of Central Asia.
This low volatility suggests prolonged storage stability without significant changes in physico-chemical
properties.

The boiling points of the evaporated WPA samples are depicted in Figure 3.
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Figure 3. Boiling point of desulfurized evaporated phosphoric acid

The data in Figure 3 establish a direct relationship between the concentration of WPA and the boiling
point of its solutions. An increase in the concentration of WPA corresponds to a higher boiling point. For
instance, at a concentration of 45.62 % P,Os and a pressure of 743 mm Hg, the boiling point is recorded at
424 K or 131 °C. Similarly, at a concentration of 50.01 %, the boiling point elevates to 137 °C, further rising
to 165 °C for a concentration of 55.25 % P,Os and reaching 184 °C at a concentration of 60.34 % P,0s. No-
tably, a reduction in pressure significantly decreases the boiling point of WPA solutions.

As P,Os concentration in WPA exceeds 45.62 %, visible precipitation of insoluble particles and salts
becomes evident, intensifying with higher P,Os concentrations, particularly reaching prominence at 60.34 %.
This escalating P,Os concentration leads to reduced solubility of elements such as Fe, Al, Ca, Mg, resulting
in heightened crystallization. Analytical methods were employed to quantify P,Os and associated impurities.
The observed precipitate, rich in iron and aluminum phosphates, serves as a phosphorus component in phos-
phorus fertilizers. Those with P,Os content between 17.94 % and 21.42 % are returned to ammonium phos-
phate production for amalgamation with ammonium phosphate pulp (Table 3).

Table 3

The composition of precipitation formed during the evaporation of desulfurized WPA washed with acetone

Concentration The contenF of the componeqts, % '
P.O- % (£ Confidence interval with Student’s distribution in a. = 0.05)
2 CaO MgO Fe,05 AlL,O; SO,
21.42+0.50 9.25+0.60 2.77+0.4 4.68+0.15 | 2.35+0.30 5.74+0.50
28.54+0.52 6.49+0.70 1.39+0.35 6.51+0.90 | 3.17+0.25 4.88+0.40
17.25+0.40 7.43+0.65 0.39+0.30 7.51+0.80 | 3.03%0.15 5.02+.030
17.94+0.43 18.38+0.55 0.39+0.20 1.39+0.70 | 4.21+0.20 18.3+0.90
SD 5.7089 1.4032 1.1950 1.4351 0.4386 0.4614
Conf/inter with p<0,05 9.0841 2.2328 1.9016 2.2836 0.6980 0.7343
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In this investigation, the precipitated SrSO, resulting from the desulfurization process of the initial
WPA, along with precipitates obtained during the evaporation of the clarified portion of desulfurized WPA
to distinct concentrations (45.62 %, 50.01 %, 55.25 % and 60.34 % P,0s), underwent a thorough washing
with acetone to attain a neutral state. Following the drying of these samples, infrared (IR) spectroscopic
analyses were conducted. The analyses were carried out using a Perkin-Elmer FT-IR Spectrum 3 spectropho-
tometer [18], operating within a frequency range of 4000-400 cm™. The accuracy of the results obtained was
ensured through verification against specific references [19, 20]. Figures 4-8 depict the outcomes of the IR
spectroscopic analysis. Two important concepts are discussed here: transmittance (% T) and wave-
number (cm™).

50 000 2500 2000 1500 1000 0 400
om-1

Figure 4. IR spectroscopic analysis of the precipitate of desulfurized evaporated WPA jnitia)

Figure 4 reveals the results of the IR spectroscopic analysis of the precipitate obtained through the
desulfurization process with SrCO; of the initial extracted phosphoric acid. Wavelengths of 604.95 and
640.56 cm* are identified, corresponding to the SO,* ion, while the wavelength of 993.31 cm™ corresponds
to the PO,* ion. Additional features are noted at 1064.68 cm* for the (S=0) bond, 1204.23 cm* for (C-O),
and 3263.95 cm™ for (O—H), as suggested by certain sources.

Figure 5 shows the IR spectroscopic analysis of the precipitate obtained after the evaporation of desul-
furized WPA with SrCO; to a concentration of 45.62 % P,Os is presented. Wavelengths of 474.86, 492.00,
580.02, 919.30, 967.80 and 1061.53 cm™ are indicative of the PO,* ion, while the wavelength of
712.23 cm ™ suggests the presence of the (POH) bond. Moreover, sources propose the existence of the (C=C)
bond at a wavelength of 1631.08 cm ™ and the (O—H) bond at 3039.38 cm™. Confidence interval was main-
tained at 95 %.

an B0 B 50 2000
-1

Figure 5. IR spectroscopic analysis of the precipitate of desulfurized evaporated WPA
with a content of 45.62 % P,0s

In Figure 6, the IR spectroscopic analysis of the precipitate obtained after the evaporation of desulfu-
rized WPA with SrCO; to 50.01% P,0Os reveals wavelengths of 493.23, 578.67, 920.61, 966.96 and
1051.04 cm™ corresponding to the PO,*" ion. Additionally, the wavelength of 720.15 cm™ indicates the pres-
ence of the (POH) bond. Some sources suggest the existence of the (C—0) bond at 1273.57 cm™, the (C=0)
bond at 1634.84 cm ™, and the (O—H) bond at 3039.86 cm .
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Figure 6. IR spectroscopic analysis of the precipitate of desulfurized evaporated WPA containing 50.01 % P,0Os

Moving to Figure 7, the IR spectroscopic analysis of the precipitate obtained after the evaporation of
desulfurized WPA with SrCO; to 55.25 % P,Os indicates wavelengths of 430.93, 493.74, 579.48, 919.83,
967.37 and 1053.36 cm* corresponding to the PO,* ion, with a wavelength of 715.05 cm* indicating the
presence of the (POH) bond. Sources also indicate the presence of the (C=0) bond at 1598.97 cm™ and the
(O-H) bond at 2977.29 cm™.
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Figure 7. IR spectroscopic analysis of the precipitate of desulfurized evaporated WPA containing 55.25 % P,0s

Figure 8 illustrates the IR spectroscopic analysis of the precipitate obtained after the evaporation of
WPA desulfurized with SrCO; to 60.34 % P,0s. Wavelengths of 494.85, 606.22, 651.84, 992.78, 1066.08
and 1111.16 cm™* correspond to the PO,* ion, while the wavelength of 724.55 cm™ indicates the presence of
the (POH) bond. Additionally, sources [18, 19] suggest the existence of the (C=0) bond at 1635.67 cm* and
the (O—H) bond at 3117.42 cm ™.

0 000 0 200 1500 1000 0 a0
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Figure 8. IR spectroscopic analysis of the precipitate of desulfurized evaporated WPA containing 60.34 % P,0s

Conclusion

In conclusion, this investigation elucidates the proficient desulfurization of weak WPA sourced from
Washed Burnt Phosphoconcentrate-26 (WBP-26) via strategic application of strontium carbonate, culminat-
ing in the attainment of a substantial concentration, specifically 60 % P,Os, through a meticulously executed
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process of evaporation. The empirical analysis substantiates the salient attribute of low volatility exhibited by
the resultant concentrated WPA, a characteristic particularly germane in regions characterized by heightened
thermal conditions, as underscored by the delineated range of saturated vapor pressures.

Furthermore, the concentrated phosphoric acid exhibits notable versatility, affirming its aptitude for the
synthesis of premium-grade fertilizers, including Monoammonium Phosphate (MAP) and Diammonium
Phosphate (DAP), alongside its applicability in the production of feed phosphates. Significantly, this re-
search augments scholarly discourse by shedding light on the compound's nuanced involvement in the for-
mulation of liquid complex fertilizers, featuring ammonium polyphosphates characterized by specific N:P,Os
ratios. As a scholarly endeavor, this inquiry advances our comprehension of phosphorus-rich fertilizer pro-
duction paradigms, contributing to the refinement of agro-industrial methodologies with tangible implica-
tions for optimized agricultural practices.
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Obtaining Cellulose Nanocrystals in a Medium of Primary Monohydric Alcohols

The lack of a universal method for isolating cellulose nanocrystals (CNCs) has encouraged researchers to
look for new methods and approaches as alternatives to traditional sulfuric acid hydrolysis. Acid alcoholysis
has long been actively used in cellulose depolymerization processes to obtain a variety of alkyl glycosides
and further alcoholysis products. In the present article, the authors continue their earlier research on the syn-
thesis of CNCs in the presence of a sulfuric acid catalyst in an alcoholic environment. In this work, CNCs
were obtained from sulfate-bleached pulp in a medium of primary monohydric alcohols (C,H..1OH,
n =5-8). A maximum CNC yield of 60 % was achieved with pentanol-1 at a sulfuric acid concentration of
50 %. The work revealed that the alcohols studied can be ranked in descending order based on both the acid
concentration corresponding to the maximum CNC yield and the vyield itself, as follows: pentanol-1,
hexanol-1, heptanol-1, and octanol-1. For octanol-1 the maximum CNC yield was 20 % at an acid concentra-
tion of 40 %. The physicochemical properties of the isolated CNCs were studied. No surface alkylation of the
synthesized CNCs was found to occur during cellulose treatment in the media of the alcohols studied, as the
properties of the CNCs, in general, were similar to those of CNCs obtained by standard sulfuric acid hydroly-
sis. This study broadens the scope of alternative methods to traditional sulfuric acid hydrolysis, and is likely
to appeal to researchers engaged in developing novel approaches for CNC extraction.

Keywords: cellulose, alcohols, cellulose nanocrystals, synthesis, hydrolysis, alcoholysis, yield, properties.

Introduction

Cellulose is the most accessible renewable natural resource. As a low-cost biopolymer, cellulose plays
an important role in the production of environmentally friendly biocompatible and biodegradable functional
materials [1]. Almost defect-free crystalline rod-shaped particles of nanocrystalline cellulose, i.e., cellulose
nanocrystals (CNCs), can be isolated from cellulose fibres by acid or enzymatic hydrolysis [2]. Currently,
CNCs are of great interest to materials scientists due to their unique combination of physical and chemical
properties, including biocompatibility, biodegradability, large specific surface area and high elastic modu-
lus [3]. The scope of CNC application is extensive. CNCs can be used to produce thermal insulation materi-
als, create selective membranes, and deliver systems for medicinal and biologically active compounds. These
new materials offer vast opportunities for scientific research and practical applications [4—6].

One of the obstacles to the commercialization of promising materials based on CNCs is that CNC isola-
tion is a rather costly process (associated with the high consumption of energy and reagents, problems with
equipment corrosion, environmental risks, and low final product yield). The lack of a universal method for
obtaining CNCs has encouraged researchers to search for new methods and approaches (using metal salts,
heteropolyacids, ionic liquids, and deep eutectic solvents), as well as to exploit a variety of physical and
combined effects (ultrasound, steam explosion, electron beam, supercritical conditions, plasma chemistry,
etc.) [7, 8].

The classical method of CNC production is sulfuric acid hydrolysis of cellulose under controlled condi-
tions [9]. Treatment with an acid causes selective hydrolysis of the amorphous regions of cellulose, whereas
the presence of glycosidic bonds between the elementary units of cellulose macromolecule is responsible for
the relatively low resistance of cellulose to aqueous acid solutions. The generally recognized mechanism of
acid hydrolysis of cellulose involves protonation of glycosidic oxygen, followed by cleavage of the
glycosidic bond and addition of water molecules [10, 11]. The glycosidic bond cleavage of a cellulose mac-
romolecule in the presence of mineral acids can also be carried out in nonaqueous media. The best studied
process from this point of view is alcoholysis, which is the action of solutions of mineral acids in alcohols on
the process of cellulose depolymerization [12—14]. Cellulose alcoholysis is similar to hydrolysis, however,
the cleavage of glycosidic bonds is accompanied by the acetalization of the resulting free hydroxyl group
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[15]. In contrast to complete cellulose hydrolysis, complete alcoholysis produces an alkyl glycoside rather
than glucose. It is considered proven that alcoholysis is more effective than hydrolysis and proceeds at a
much higher rate, although researchers explain this fact in different ways, and there is no single point of view
on this issue [16-19]. However, an analysis of the literature data allows us to conclude that the activation
energy for glycosidic bond cleavage during cellulose depolymerization in alcoholic media is lower than that
in an aqueous medium, which is responsible for the higher efficiency of cellulose alcoholysis compared to
hydrolysis [20]. Currently, cellulose alcoholysis in the presence of an acid catalyst is being actively studied
to obtain alkyl glycosides as well as products of further alcoholysis [21-27].

Consequently, it is reasonable to assume that an alcohol medium can be used to obtain CNCs. In one of
the recent works [28], we confirmed this hypothesis and showed that cellulose treatment with sulfuric acid in
a medium of primary monohydric alcohols makes it possible to obtain CNCs in a higher yield and under
milder conditions (at a reduced acid concentration) than hydrolysis in water. We obtained CNCs through sul-
furic acid treatment of sulfate-bleached pulp in methanol, ethanol, propanol, and butanol-1 and studied their
physicochemical properties. The alcohol media were shown to increase the yield of CNCs and reduce the
optimal acid concentration. The properties of the CNCs obtained in the alcohols sudied were similar to those
of the CNCs obtained by hydrolysis in water, i.e., no functionalization of the surface of the CNC particles
with the alkyl groups of the respective alcohols was observed. However, there was an increase in the content
of surface sulfate groups and in the surface charge. Under certain synthesis conditions (0.025 g mL ™ concen-
tration of the pulp suspension, 55 % H,SO, concentration, 50 °C temperature, 2-hour duration), the use of
butanol-1 medium enables us to obtain a maximum possible CNC yield of 60 %.

In this work, we continued to investigate acid cellulose treatment for obtaining CNCs, expanding the
range of alcohols used. Namely, in this work, we studied the optimal conditions for CNC synthesis in the media
of pentanol-1, hexanol-1, heptanol-1, and octanol-1 and explored the properties of the synthesized CNCs.

Experimental

To obtain CNCs, dried sulfate-bleached pulp of coniferous wood (State Standard 9571-89, Arkhangelsk
Pulp and Paper Mill, Russia) (Table 1), sulfuric acid (98 %, chemically pure, State Standard 4204-77,
Chimmed, Russia), pentanol-1 (Chimmed, Russia), hexanol-1, heptanol-1, and octanol-1 (Sigma—Aldrich,
USA) were used. All the alcohols used were chemically pure or extra pure and were used without further
purification.

Table 1

Chemical composition of the sulfate-bleached pulp of coniferous wood (State Standard 9571-89)

Component Content, %
Cellulose 93-96
Hemicellulose 3-6
Lignin 0.1-0.4
Qils, resins, waxes 0.1-0.2
Ash 0.1-0.15

The process of preparing CNCs was similar to the procedure described earlier [28]. In brief, the pulp
ground in a blender was subjected to treatment in sulfuric acid solutions of various concentrations
(20-55 wt%) in an appropriate alcohol at 50 °C for 2 hours with vigorous stirring. The concentration of the
pulp suspension was 0.025 g mL . The reaction was carried out in a water bath using a flask equipped with a
reflux condenser. After completing the treatment, the heating was stopped, and the reaction mixture was di-
luted 10-fold with ice-cold deionized water. The CNC suspension was left to settle overnight, followed by
decantation of the supernatant. The suspension was then washed in successive cycles of centrifugation
(3-5 times for 10 minutes at 8000 rpm) and removal of the supernatant, first with distilled water and then
with the appropriate alcohol. The final washing step involved treatment with water. Subsequently, the CNC
aqueous suspension was treated with ultrasound (Sonorex DT100, Bandelin, Germany) for 15-30 min, fol-
lowed by purification with ion exchange resin (TOKEM MB-50(R)) and a dialysis membrane (cut-off of
14 kDa, Roth, Germany) until a constant pH was reached.

The CNC yield was determined by the gravimetric method described elsewhere [29]. The CNC aqueous
suspension was left to stand at a temperature of 4 °C for one month, during which large particle aggregates
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with a small surface charge precipitated. The CNC suspension was separated from the sediment, and its vol-
ume was determined. Three parallel samples of a precisely measured volume were taken, poured into pre-
weighed Petri dishes and air-dried until the weight was constant. Having thus determined the concentration
of the suspension and knowing its volume, the total yield of the CNCs was calculated taking into account the
initial pulp mass (under the assumption that all the water-soluble products had been removed at the stage of
washing and dialysis). The relative error in determining the CNC vyield in the three parallel samples did not
exceed 3 %.

For some further recordings, CNC film samples were obtained by free evaporation of water at room
temperature from aqueous CNC suspensions at a concentration of 10 gL .

A JEOL JEM-1011 transmission electron microscope (TEM) (Japan) with an 8.5 megapixel ORIUS
SC1000 W digital camera, an acceleration voltage up to 100 kV, and an image resolution up to 0.3 nm was
used to examine the shape and size of the CNC particles. A diluted CNC suspension (approximately 0.01 gL ™)
was sonicated and then coated onto a copper TEM grid with a 200-mesh size. After complete drying, the
samples were treated by shadowing with tungsten oxide WO;3; on a JEOL JEE-4C vacuum evaporator.

The elemental composition of the CNC films was determined by X-ray energy dispersive analysis using
an X-Max 6 spectrometer (Oxford Instruments NanoAnalysis) with an x-ACT detector included in a VEGA
3 TESCAN scanning electron microscope (SEM). Range of the analyzed elements: ,Be—y4Pu. The equipment
was synchronized with the SEM electron gun, allowing detailed surface elemental mapping and providing a
highly accurate analysis.

The FTIR spectra were obtained on a VERTEX 80v spectrophotometer (Bruker, Germany) in the fre-
quency range of 4000400 cm . The samples were pressed into tablets containing 1 mg of the analyte and
100 mg of potassium bromide.

The Raman spectra of the CNC samples were recorded on a Confotec NR 500 instrument (Sol Instru-
ments, Belarus). The spectral range for recording the Raman signals ranged from 30 cm™ to approximately
6000 cm ™ and a spectral resolution of 0.25 cm™ was achieved by simultaneous use of 3 lasers (785 nm,
633 nm, 488 nm) through automatic switching of the necessary components within the system.

The sizes of the CNC particles in the aqueous suspensions were measured by the dynamic light scatter-
ing method (DLS) (emission wavelength of 633 nm) on a Zetasizer Nano ZS device (Malvern Instruments
Ltd., UK) operating in the range of 0.3 nm — 6 um. The measurements were carried out in disposable poly-
styrene cuvettes at a 0.1 gL suspension concentration. During the measurements, the cuvette with the test
sample was thermostated at a temperature of 20 °C. The obtained particle size values are the results of aver-
aging over five successive measurement cycles. The value obtained in each cycle is, in turn, the result of au-
tomatic processing of 10-15 measurements. The sizes of the CNC particles obtained by the DLS method are
averaged values for the hydrodynamic diameters of equivalent spheres and do not reflect the real physical
sizes of anisotropic rod-shaped CNC particles; rather, they are used for comparative analysis [30].

The surface charge of the CNC particles in an aqueous suspension was evaluated by the (-potential
(Zetasizer Nano ZS). The obtained (-potential values were the results of averaging over five successive
measurement cycles.

X-ray diffraction (XRD) analysis was carried out on a Bruker D8 Advance diffractometer according to
the Bregg-Brentano scheme using Cu-K, radiation (A = 0.1542 nm). The angular scanning range was 2—45°
with a 0.01° step. A Vantec-1 high-speed meter was used. The pulse acquisition time at each scanning point
was 0.5 s. The CNC crystallinity index according to Segal [31] was determined as

IC = (l200 — 1)/l 200,
where 1, is the intensity of the reflection corresponding to the crystallographic plane (200) and I, is the in-
tensity of the amorphous halo (the minimum between the peaks corresponding to crystallographic planes
(200) and (110)).
The sizes of the CNC crystallites (L) were calculated using the Scherrer formula [32]:

L=0.91/BcosO ,

where A is the X-ray wavelength, nm; [ is the full width of the diffraction peak, measured at its half-
maximum, rad.; 0 is the diffraction angle of the peak, degrees.

Thermogravimetric analysis was performed on a TG 209 F1 Iris thermomicrobalance (Netzsch, Germa-
ny) using rl)latinum crucibles in an atmosphere of dry argon at a flow rate of 30 ml min™ and a heating rate of
10 Kmin™.
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The degree of polymerization of the CNC samples was determined by the viscosity of the solutions in
cadoxene, as described earlier [33].

Results and Discussion

Pulp treatment was carried out at a temperature of 50 °C for two hours with intense stirring, changing
sulfuric acid concentration (from 20 to 55 wt%). Figure 1 shows the CNC vyield in the media of alcohols
studied: pentanol-1, hexanol-1, heptanol-1, and octanol-1. Each of the alcohols is characterized by its own
sulfuric acid concentration range in which CNCs can be isolated. This range is limited by the minimum sul-
furic acid concentration, at which virtually no depolymerization of cellulose occurs (the CNC yield is low),
or the maximum concentration, at which cellulose is depolymerized to low-molecular-weight oligomers, glu-
cose and other soluble products (the CNC yield is also low). The maximum CNC yield and the proper opti-
mal acid concentration depend on the alcohol used. Both the acid concentration corresponding to the maxi-
mum CNC vyield and the yield itself decreased in the pentanol-1, hexanol-1, heptanol-1, and octanol-1 series
(Table 2).
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Figure 1. CNC yield during pulp treatment in pentanol-1 (1), hexanol-1 (2), heptanol-1 (3), and octanol-1 (4).
For comparison, the curve for hydrolysis in water is shown (5) [28]

Table 2

The concentration of sulfuric acid corresponding to the maximum CNC yield in the alcohols studied.
For comparison, data for hydrolysis in water is shown [28]

Medium H,SO, con(_:entrqtion range | H,SO, concgntration corr_esponding Maxi_mum
for CNC isolation, wt% | to the maximum CNC vyield, wt% CNC yield, %
Pentanol-1 35-55 50 60+2
Hexanol-1 35-50 45 45+1
Heptanol-1 30-45 40 23+1
Octanol-1 20-50 40 20+1
Water 53-70 62 41+1

It should be taken into account that a certain amount of acid is spent on interactions with alcohols to
form the respective alkyl sulfates and dialkyl ethers [10, 20]. As a result of interactions with sulfuric acid,
alcohols become darker, from light yellow for pentanol-1 to dark brown for octanol-1. Titration of the reac-
tion medium with sodium hydroxide after alcoholysis was completed showed that the sulfuric acid consump-
tion in esterification reactions was approximately 30 % of the initial acid amount (determined for the sulfuric
acid-alcohol systems, in which the maximum CNC yield was registered). For this reason, the acid concentra-
tions in Table 2 and Figure 1 are somewhat overestimated because the initial concentrations are given with-
out considering acid consumption for interactions with alcohols.

The transmission electron microscopy (TEM) images show that the CNC particles have an anisotropic
rod-like shape (Fig. 2). The length of the particles ranges from approximately 200 to 400 nm, and the diame-
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ter is approximately 10-20 nm, although aggregates of the particles formed due to their lateral interaction are
observed.

e)

Figure 2. TEM images of CNC particles obtained in pentanol-1 (a), hexanol-1 (b), heptanol-1 (c), and octanol-1 (d).
For comparison, an image of CNC particles obtained through hydrolysis in water is shown (e) [28].
The scales are 1 um (a—d), and 200 nm (e)

The data obtained by DLS were in good agreement with the TEM images of the CNC particles. The DLS
experimental data (Fig. 3) for aqueous suspensions show polydispersity of the size distribution of the CNC par-
ticles. Two groups of particles can be distinguished at approximately 100-300 and 10-40 nm in size.

96 Eurasian Journal of Chemistry. 2024, Vol. 29, No. 4(116)



Obtaining Cellulose Nanocrystals in a Medium of Primary Monohydric Alcohols

Intensity,%

T T T L T T L
10 100 1000
Hydrodynamic diameter, nm

Figure 3. Hydrodynamic diameters of the CNC particles obtained in pentanol-1 (1), hexanol-1 (2), heptanol-1 (3),
and octanol-1 (4). For comparison, data for CNC particles obtained through hydrolysis in water are shown (5) [28]

Notably, the results shown in Figures 2 and 3 and further discussed in the article refer to the CNCs ob-
tained with the maximum yield.

Aqueous suspensions of CNCs exhibit high colloidal stability for a long time (a month or longer),
which is due to the significant charge of sulfate groups grafted onto the surface of the CNC particles during
sulfuric acid treatment. The {-potential values of the aqueous CNC suspensions and the sulfur content (as
part of the surface sulfate groups) of the samples are given in Table 3.

Table 3

Particle charge and elemental composition of the CNC samples obtained in the alcohols studied.
For comparison, the data for hydrolysis in water are shown [28]

“Elemental composition, %

Medium C-potential, mV S C 0 O/C ratio
Pentanol-1 —47+43 1.2+0.1 54.5+0.1 45.940.1 0.84
Hexanol-1 —46+3 1.0+£0.1 54.1+0.1 44.9+0.1 0.83
Heptanol-1 —45+2 0.9+0.1 52.9+0.1 45.5+0.1 0.86
Octanol-1 —41+2 0.8+0.1 53.5+0.1 46.6%0.1 0.87
Water —38+2 0.7£0.1 47.6+0.1 39.6+0.1 0.83

* Determined by X-ray energy dispersive analysis

The oxygen-to-carbon ratios for all the CNC samples are close to the theoretical value of 0.83 for a pure
cellulose surface [34, 35].

The thermal stability of CNCs largely depends on the content of surface sulfate groups. The sulfate
groups catalyze the thermal decomposition of CNC samples, decreasing their thermal stability [36]. The high
sulfur content in the samples is confirmed by the lower decomposition temperatures than those of CNCs with
surface carboxyl groups or microcrystalline cellulose (MCC) [37]. The TG curves of the CNC samples under
study are characterized by three main mass loss regions (Fig. 4). The first region (approximately 100 °C) is
associated with water evaporation, the second region (from approximately 200 to 400 °C) is associated with
CNC pyrolysis and the formation of gaseous products, and the third region (above 400 °C) is associated with
the thermal decomposition of carbonaceous matter [38].

The X-ray diffraction patterns of the CNC films shown in Figure 5 indicate that the resulting CNCs are
cellulose 1. Despite the relatively low intensity of the diffraction patterns, there is a clearly visible peak at a
Bragg angle of 20 = 22.9°, an implicit double peak in the region 26 = 15-17°, and a diffraction peak of low
intensity at approximately 20 = 34.5°, which corresponds to the crystallographic planes (200), (1-10), (110),
and (004) of cellulose IB, respectively [39]. The CNC films are characterized by a high crystallinity index
(approximately 90 %) and a crystallite size of approximately 4 nm (perpendicular to the (200) crystallo-
graphic plane) (Table 4).
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Figure 4. TG (a) and DTG (b) curves of the CNC samples obtained in pentanol-1 (1), hexanol-1 (2), heptanol-1 (3),
and octanol-1 (4). For comparison, curves for the CNC sample obtained by hydrolysis in water (5) [28] are shown
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Figure 5. X-ray diffraction patterns for CNC films obtained in pentanol-1 (1), hexanol-1 (2),
heptanol-1 (3), and octanol-1 (4). For comparison, diffraction patterns for the CNC sample
obtained by hydrolysis in water (5) [28] are shown

Table 4
Properties of the CNC samples obtained in the alcohols studied and in water [28]

Medium C(ystallinity Crystallite size perpendicular
index, % to the (200) plane, nm
Pentanol-1 87+4 3.9+0.2
Hexanol-1 86+4 4.1+£0.2
Heptanol-1 84+4 3.6+0.1
Octanol-1 86+4 4.0+0.2
Water 80+4 3.3+0.1

The degree of polymerization of the CNC samples ranges from approximately 90 to 110, which is char-
acteristic of the leveling off degree of polymerization of nanocrystalline cellulose; i.e., CNCs were formed,
and the crystallites were left intact [40, 41].

Figure 6 shows the FTIR spectra of the CNC samples obtained in pentanol-1, hexanol-1, heptanol-1,
and octanol-1. The spectra are typical of cellulose and are characterized by intense absorption bands in the
wavenumber regions of 3500-3300 cm ™ and 3000-2750 cm*, which correspond to the stretching vibrations
of the OH and C—H bonds of the cellulose macromolecule. In the range of 1500-1200 cm*, bending vibra-
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tions of the OH, CH and CH, groups appear. The absorption region at 1200-950 cm* refers to the stretching
vibrations of the C-O and C-C bonds of the pyranose ring. The bands in the frequency range of 950-
400 cm ™ are caused by the vibrations of large fragments of the cellulose macromolecule, as well as out-of-
plane vibrations of the hydroxyl groups. The fairly intense band at approximately 1640 cm™ is due to the
stretching vibrations of the adsorbed water. In general, the FTIR spectra of the CNC samples obtained in the
alcohols studied are identical to those obtained by standard sulfuric acid hydrolysis [28].
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Figure 6. FTIR spectra of the CNC samples obtained in pentanol-1 (1), hexanol-1 (2), heptanol-1 (3),
and octanol-1 (4) in the wavenumber ranges of 4000400 cm™ (a) and 2000400 cm™ (b). For comparison,
the FTIR spectrum of the CNC sample obtained by hydrolysis in water (5) [28] is shown

The Raman spectra of the studied CNC samples generally correspond to MCC spectra [42]. The intense
peak at a frequency of 1096 cm is attributed to the stretching vibrations of the C—O and C—C bonds of the
pyranose ring (Fig. 7). The intense peak at 1380 cm ™ in the “fingerprint” region characterizes the ring bend-
ing vibrations. The intense bands in the spectral regions of 2800-3000 cm ™ and 1430-1480 cm* describe
the stretching and bending vibrations of the CH groups, respectively. The less intense band in the range of
3100-3600 cm ™ is ascribed to the stretching vibrations of the OH groups [43, 44].

The CNCs samples obtained in the alcohols studied were cellulose |, as evidenced by the presence of
the characteristic peak at 1480 cm™ (CH, bending vibrations of the hydroxymethyl group in the tg confor-
mation) and 380 cm™ (out-of-plane vibrations of the pyranose ring). In addition, the high intensity of the
peak at 380 cm ' proves the high crystallinity of the samples [43]. Another peak at 93 cm™ (twisting defor-
mations along the polymer chain), also used to characterize the crystallinity of cellulose samples [45, 46],
has a lower intensity and is much less pronounced.

In the spectra of the CNC samples under study, the bands at 1060 and 1274 cm™ are attributed to the
symmetric and asymmetric O=S=0 stretching vibrations of sulfate esters, respectively [47]. For the CNCs
under study, there are surface sulfate groups on the surface of the nanoparticles as a result of esterification of
the hydroxyl groups (mainly the primary hydroxyl groups at the carbon atom C6). The intensity and width of
the bands at 1060 and 1274 cm™ increase as the substitution degree increases, i.e., as the content of the sur-
face sulfate groups increases. The sulfate groups grafted onto the surface of the CNC particles also affect the
vibrational modes of the entire pyranose. Therefore, for the CNC samples under study, the ratio of the inten-
sities of the bands at 2896 and 2969 cm™ changes (these bands reflect the CH and CH, stretching vibrations,
respectively). The intensity of the CH, stretching vibrations increases when going from octanol-1 to
pentanol-1, and that of the CH vibrations decreases. In comparison, for the CNC sample obtained by hydrol-
ysis in water, the peak at 2896 cm™ (CH vibrations) is much greater than that of the other materials, and the
band at 2969 cm™ (CH, vibrations) appears only as a shoulder. However, the replacement of protons with
sulfate groups as a result of esterification does not reduce the intensity of the bands in the range of 3100-
3600 cm ™ (stretching vibrations of the OH groups) compared to that of MCC [42] since the substitution de-
gree is low.
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Figure 7. Raman spectra of the CNC samples obtained in pentanol-1 (4), hexanol-1 (3), heptanol-1 (2), octanol-1 (1),
and by hydrolysis in water (5) [28] in the wavenumber ranges of 0-500 cm™ (a), 1000-1600 cm™ (b),
2600-3200 cm™ (c), and 3100-3700 cm™ (d), respectively. The spectra are normalized to the band at 1096 cm™

The formation of ester bonds at C6 may be responsible for the appearance of rotamers of the
unsubstituted surface CH,OH groups, while in the crystalline phase, they are in the tg conformation (for cel-
lulose Io. and IB) [43, 48, 49]. The intensity ratio of the bands at 1460 and 1480 cm™ is used to estimate the
gt/tg rotamer ratio of the CH,OH group of cellulose I [50]. The higher intensity of the band at 1460 cm™ for
the CNC samples obtained in the alcohols studied indicates an increase in the proportion of rotamers of the
CH,OH groups with the gt conformation.

As we have previously shown [28], an acid treatment of cellulose in methanol, ethanol, propanol, and
butanol-1 is not accompanied by CNC surface alkylation. We observed the same phenomenon during CNC
isolation in pentanol-1, hexanol-1, heptanol-1, and octanol-1. The elemental analysis, FTIR and Raman spec-
tra did not reveal any differences between the CNC samples obtained in the alcohols studied and the CNC
sample obtained by hydrolysis in water (Table 3, Figures 6, 7) [28].

When the surface of CNC particles are alkylated during alcoholysis, one expects an increase in the in-
tensity of the absorption bands of the methylene groups and the appearance of new bands corresponding to
the methyl groups. In this case, symmetric and asymmetric stretching vibrations, as well as bending vibra-
tions of the C—H bond, are expected to appear in the FTIR spectra in the wavenumber ranges of 2800-
3000 cm*, 1365-1395 cm ™, and 14301470 cm'*, respectively. We did not observe any changes in the Ra-
man spectra associated with possible alkylation of the surface of the CNC particles during alcoholysis either.
In the case of CNC alkylation, one expects an increase in the intensity of the bands in the Raman spectra as-
sociated with the stretching and bending vibrations of the methyl and methylene groups (spectral regions of
2800-3000 cm* and 14301480 cm*, respectively).
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Apparently, in contrast to the homogeneous process of alkylation of glucose during complete
alcoholysis, the heterogeneous process of acid cellulose treatment in alcohol media during CNC production
does not involve CNC surface alkylation. One possible cause of this difference may be that, despite the use
of an alcohol medium, hydrolysis ultimately occurs due to the presence of water in the alcohol, the acid cata-
lyst, and/or cellulose. Alternatively, water can result from side reactions of alcohol esterification (part of the
sulfuric acid will be irretrievably consumed by the reactions) [51].

We have previously shown [28] that in the series water—methanol—ethanol-propanol-butanol-1, the acid
concentration corresponding to the maximum yield of CNCs decreases, and the yield itself increases. Since
protonation of the glycosidic oxygen in an agueous environment with subsequent cleavage of the glycosidic
bond in the elementary units of the cellulose macromolecule requires rather harsh conditions (strong acid,
high proton concentration), we hypothesized that the process of cellulose depolymerization can proceed
more efficiently in an environment in which the solvated proton has much greater acidity than that of the hy-
dronium ion H;O" (pKa —1.7). Protic solvents, particularly alcohols, can create such an environment. Ac-
cording to the literature, the pKa values for protonated alcohols decrease in the series CH;OH,", C,HsOH,",
(CHs),CHOH,", and (CH3)sCOH," and are, respectively, —2.2, 2.4, -3.2, and —3.8 [52, 53].

We found [28] that the dependence of the maximum yield of CNCs on the pKa value of the protonated
solvent (water and alcohols, methanol, ethanol, propanol, and butanol-1) is well described by the following
quadratic function: Max.yield = a-pKa®+ b-pKa + ¢, where Max.yield is the maximum yield of the CNCs;
pKa are the pKa values of the protonated solvents (water, methanol, ethanol, propanol, and butanol-1); and a,
b, and ¢ are constants. Notably, we used published data on the pKa values for protonated isopropanol
(CHs),CHOH," and tert-butanol (CH3);COH,", although the experiment was carried out with propanol and
butanol-1.

The coordinates of the parabola vertex, according to the parameters of this quadratic equation are
pKa = -3.65 and Max.yield = 60.08. This means that under the given conditions for CNC synthesis (the pulp
suspension concentration of 0.025 g ml™, a temperature of 50 °C, and a duration of 2 hours), the butanol-1
medium enables us to obtain a maximum possible CNC yield of approximately 60 %. In this regard, it would
be interesting to check whether the values of the maximum CNC yield obtained in the media of pentanol-1,
hexanol-1, heptanol-1, or octanol-1 lie on the descending branch of the parabola. It is difficult to answer this
guestion because the pKa values for the protonated alcohols, pentanol-1, hexanol-1, heptanol-1, and
octanol-1, are, to our knowledge, unavailable in the literature.
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Figure 8. Dependence of the pKa of a protonated solvent (water, methanol, ethanol,
isopropanol, or tert-butanol) on the number of carbon atoms in the alkyl chain

However, Since, in the series H30+*CH3OH2+*C2H5oH2+*(CH3)2CHOH2+*(CH3)3COH2+, the depend-
ence of the pKa values on the alkyl chain length is well approximated by a linear function (Figure 8 and the
inset in it), it is possible to estimate the probable pKa values for protonated pentanol-1, hexanol-1, heptanol-
1, and octanol-1. According to the parameters of the linear equation given in the inset in Figure 8, these val-
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ues are —4.2+0.4, —4.7+0.5, —5.3+£0.6 and —5.8+0.6 for protonated pentanol-1, hexanol-1, heptanol-1, and
octanol-1, respectively.

Thus, based on the estimated pKa values for protonated pentanol-1, hexanol-1, heptanol-1, and octanol-
1, plotting the dependence of the maximum yield of the synthesized CNCs on the pKa of the protonated al-
cohols from methanol to octanol-1 is possible (Fig. 9).
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Figure 9. Dependence of the maximum CNC yield on the pKa values of protonated solvents (water and alcohols)

Figure 9 indeed shows that the values of the maximum CNC vyield obtained in the media of pentanol-1,
hexanol-1, heptanol-1, and octanol-1 lie on the descending branch of the parabola. In addition, in pentanol-1,
a maximum yield of 60 % is achieved at an even lower acid concentration (50 wt%) than that in butanol-1
(55 wit%).

Thus, the dependence of the maximum CNC yield on the pKa of protonated alcohols is extreme and is
quite well described by a parabola with a vertex corresponding to the pKa values of protonated butanol-1 and
pentanol-1 (approximately —4) and a yield of approximately 60 %. The extreme nature of the dependence is
apparently determined by the competition of at least two factors. On the one hand, the increase in the acidity
of the protonated alcohols with increasing length of the alkyl radical (the increase in the negative pKa val-
ues) promoted cellulose depolymerization and, accordingly, an increase in the CNC yield. On the other hand,
due to process heterogeneity, the hydrolysis and alcoholysis rates (and, accordingly, cellulose
depolymerization) depend on phenomena such as cellulose wetting and swelling, adsorption and diffusion of
reagents. The process of cellulose swelling is reduced to the penetration of solvent molecules into the inter-
molecular space of cellulose and solvation of the respective sections of the polymer chain, which changes the
intermolecular interactions between the macromolecules, increases their mobility and makes it easier for the
reagents to enter the intermolecular space. However, the swelling degree of cellulose is known to be lower
for aliphatic alcohols than for water and decreases with increasing length of the hydrocarbon radical [54].
Therefore, this factor does not increase the hydrolysis rate in an alcohol environment.

In a recently published paper, Zhao et al. [55] studied the mechanism of catalytic conversion of cellu-
lose into 5-ethoxymethylfurfural and ethyl levulinate in ethanol and water-ethanol mixtures. A mixture of
Brensted and Lewis acids (H,SO, and AICI;) was used to catalyze the reaction. Based on the experimental
data and results of computer simulations, the authors showed that the presence of water lowers the energy
barrier of the depolymerization of cellobiose (as a model of cellulose) compared to that for pure ethanol.
Thus, the presence of water in the system contributes to the maximum conversion of cellulose into products
of alcoholysis.

Apparently, when CNCs are produced in an alcohol medium, water plays a key role, and the alcohol
medium promotes hydrolysis, increasing the yield of the synthesized CNCs and lowering the optimal acid
concentration. Obviously, further research, including computer simulation methods, is required for a detailed
elucidation of the mechanism of acid hydrolysis of cellulose in an alcohol environment during CNC synthe-
sis, which is the goal of our further work.
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Conclusions

For the first time, CNCs were obtained by sulfuric acid treatment of sulfate-bleached pulp in
pentanol-1, hexanol-1, heptanol-1, and octanol-1, and their physicochemical properties were studied. In
pentanol-1, the maximum CNC yield was 60 % at a sulfuric acid concentration of 50 wt%. During cellulose
treatment in the alcohol media, no alkylation of the CNC surface occurs, and the properties of the CNCs are
similar to those of the CNCs obtained by standard sulfuric acid hydrolysis. In CNC synthesis, water plays a
key role, and alcohol media promote hydrolysis, increasing the CNC yield and reducing the optimal acid
concentration. Additional studies in organic solvents and mixed aqueous-organic media are necessary to ful-
ly elucidate the mechanism of cellulose solvolysis during the production of CNCs.
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