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Synthesis of novel menthol derivatives containing 1,2,3-triazole
group and their in vitro antibacterial activities

MOHADESEH KARBASI!, PEYMAN SALEHI!*, ATOUSA ALIAHMADI?,
MORTEZA BARARJANIAN'! and FARZANEH ZANDI?

! Department of Phytochemistry, Medicinal Plants and Drugs Research Institute, Shahid
Beheshti University, G. C., Evin, 1983963113 Tehran, Iran and 2Department of Biology,
Medicinal Plants and Drugs Research Institute, Shahid Beheshti University, G. C.,
Evin, 1983963113 Tehran, Iran

(Received 13 August 2022, revised and accepted 5 February 2023)

Abstract: New N-substituted a-aminonitrile derivatives from menthol were syn-
thesized by consecutive succinic ester formation, propargylation, 1,3-dipolar
Huisgen cycloaddition and Strecker reaction. The structures of the synthesized
compounds were confirmed by diverse spectroscopic techniques including 'H-
NMR, 3C-NMR, ESI-MS and IR. The novel synthesized compounds were
evaluated for their in vitro antibacterial activities against Staphylococcus aur-
eus as Gram-positive and Escherichia coli as Gram-negative bacteria. These
compounds demonstrated a strong inhibitory effect against S. aureus with the
minimum inhibitory concentration (MIC) values ranged from 32-128 pg mL"!.
Derivatives 6a,, 6b;, 6b, and 6bs with a MIC value of 32 ug mL-! exhibited
the best inhibitory effects.

Keywords: click reaction; strecker synthesis; a-aminonitrile; Huisgen reaction.

INTRODUCTION

Menthol is a naturally occurring terpenoid with three chiral carbon atoms.
Among the optical isomers, (—)-menthol is the one that has been found most
widely in nature.! Various studies have revealed that menthol has significant
biological properties such as antimicrobial, anticancer, anti-inflammatory and
antifungal.2-3 What has drawn the researchers’ attention more among these
biological properties during the past several years is the antibacterial activity and
its use in pharmaceutical products designed to care of the oral health, including
toothpastes and mouthwashes to diminish bacterial growth and oral offensive
odor.# Moreover, some menthol derivatives were reported with outstanding
spectrum of antibacterial activities against several bacterial strains.>~7

* Corresponding author. E-mail: p-salehi@sbu.ac.ir
https://doi.org/10.2298/JSC220813006K
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1,2,3-Triazole is a famous scaffold, which can be prepared by 1,3-dipolar
Huisgen cycloaddition reaction,® and broadly exists in the wide range of com-
pounds with interesting biological properties such as antibacterial, antimalarial,
anticancer, antitubercular, anti-inflammatory.3-°-11 The structural attribute of
1,2,3-triazole allows it to mimic various functional groups such as esters and
amides, leading to its widespread applications in the design of drugs and syn-
thesis of chemical compounds to boost the efficacy of the lead molecule.!2 Most
commonly, 1,4-disubstituted 1,2,3-triazoles are served as bioisosteres of the
amide bond in different therapeutic contexts, such as anticancer, antitubercular
and anti-microbial agents.13-15

o-Aminonitriles constitute an important class of naturally existing com-
pounds and a salient intermediate to synthesize various N-containing hetero-
cycles.16:17 The a-aminonitrile motif is found in different medicines such as, vil-
dagliptin and anagliptin, Fig. 1, as anti-diabetic drugs.!® In addition, saframycin
as a natural product and its synthetic derivative phthalascidin exhibited promising
antitumor activities.!9-20 Several studies revealed that a-aminonitrile derivatives
exhibit good biological properties, for instance: anticancer, antibacterial, anti-
fungal, and antiviral as well as pesticidal agent.21-23

Anagliptin Vildagliptin

Fig. 1. Structures of biologically active derivatives of a-aminonitriles.

The Strecker reaction is a three-component condensation between an alde-
hyde, an amine and cyanide ion.24 This valuable reaction leads to the synthesis of
a-aminonitrile moiety which is of high importance as intermediate in organic
synthesis as well as in the pharmaceutical industry.23:25

Based on the attributes mentioned above, and in continuation of our interest
in evaluating the overall impact of the combination between 1,2,3-triazole ring
and natural products,26-27 here we report the synthesis of new menthol analog
containing 1,2,3-triazole and investigation of their antimicrobial activity.
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EXPERIMENTAL
General chemistry

Menthol and other starting materials and solvents were purchased from Sigma—Aldrich
and Merck chemical companies and used without any further purification. Azides 4a—c were
synthesized according to the reported literature procedures.2830 !H- and 13C-NMR spectra
were recorded on a Bruker Avance III spectrometer at 300 and 75 MHz, respectively, in chlo-
roform (CDCl;) using tetramethylsilane (TMS) as the internal standard. Chemical shifts (J)
are given in ppm, and coupling constants (J) are given in Hz. FT-IR spectra were obtained on
a Bruker Tensor 27 spectrometer. ESIMS spectra were prepared on a Thermo Fisher Scientific
(Waltham, MA, USA) Finnigan TM LCQTM DECA in positive mode. Silica gel F,s54 was
employed in column chromatography and thin-layer chromatography (TLC). All analytical
and spectral data of the synthesized compounds are given in the Supplementary material to
this paper.

Preparation of menthyl succinate (2)

Menthyl succinate was synthesized as reported by a known method in the literature with
some modifications.?!-32 To a solution of menthol (5.0 g, 32 mmol) in chloroform, 4-dimeth-
ylaminopyridine (0.78 g, 6.4 mmol) and succinic anhydride (3.86 g, 38 mmol) were added.
This mixture was stirred overnight under reflux. After solvent evaporation, the crude product
was purified using flash column chromatography on silica gel with hexane as eluent to give
white crystals (8.0 g, 85 %).

Preparation of propargyl menthyl succinate (3)

Menthyl succinate (8.0 g, 30 mmol) was dissolved in acetonitrile (50 mL). Propargyl
bromide (3.7 mL, 34.8 mmol) and NaHCO; (8.5 g, 60 mmol) were added. The suspension was
stirred for 4 h under reflux condition. Then, acetonitrile was evaporated under vacuum and the
reaction mixture was stirred with ethyl acetate. The light brown suspension was filtered and
the solid was washed with ethyl acetate (2x30 mL) and dried under vacuum overnight.

General procedure for the preparation of menthyl di-substituted derivatives possessing 1,2,3-
-triazole ring (5a—c)

In a round-bottom flask, propargylic menthyl succinate 3 (441 mg, 1.5 mmol) and 1.5
mmol of azido-benzaldehyde derivatives 4a—c¢ were dissolved in methanol and dichloro-
methane mixture (1:1) in the presence of sodium ascorbate (118.8 mg, 0.4 mmol) and
CuSO4-5H,0 (149.5 mg, 0.2 mmol), the mixture was stirred at room temperature for 30 min
to give exclusively disubstituted 1,2,3-triazoles 5a—c. After completion of the reaction, con-
firmed by TLC, aqueous ammonia (25 mL, 6N) was added and the whole was extracted with
dichloromethane (50 mL) and ethyl acetate (3x50 mL), consequently. In the following, H,O
(20 mL) was added and extracted with EtOAc (3x50 mL). The organic layers were combined
and washed with H,O (3x50 mL), dried over Na,SO, and solvent was removed under reduced
pressure. Final purification of analogs Sa—c¢ by flash chromatography on silica gel afforded
pure products in 90, 80 and 75 % yields, respectively.

General procedure for the preparation of a-aminonitrile derivatives via Strecker reaction
(6611, az, 6b1*b7J 6(’1*('5)

A mixture of azido-benzaldehyde derivatives 4a—c (0.5 mmol, 200 mg) and the corres-
ponding aromatic amine (1.1 mmol) was stirred in acetic acid (10 mL) for 30 min. Then, 6
mmol of potassium cyanide was added to the mixture. Progress of the reaction mixture was
monitored by TLC. The mixture was neutralized with (2x25 mL) potassium carbonate solut-

Available on line at www.shd.org.rs/JSCS/
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5 80 KARBASI et al.

ion, 2 M, and extracted with ethyl acetate (3x50) mL. The organic layers were combined and
washed with H,O (3x50 mL) and dried over Na,SO,4. Solvent was removed under reduced
pressure. Final purification by crystallization afforded pure products in 60—80 % yields.
Biological tests

Antibacterial activity of the compounds (mixture of two diastereomers) was evaluated by
determination of MIC, as the lowest concentration that could inhibit the visible growth of
assessed bacterial strains. Broth micro-dilution technique was performed as recommended by
Clinical Laboratory Standard Institute (J. Jorgensen). Concisely, a two-fold serial dilution of
each compound was prepared using sterile Mueller Hinton broth (MHB) medium in 96 well
plates in the concentration range from 0.128-0.256 ug mL1. Consequently, a freshly cultured
Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922 were used to prepare
a bacterial suspension with turbidity of 0.5 McFarland standard. Prior to adding bacterial sus-
pensions to trays by sterile MHB, it was further diluted (1:100) to achieve 0.5-1x10° colony
forming unit mL-!. MIC was documented after 20 h incubation at 37 °C. Each experiment was
performed in triplicate and cefixime was assessed as a standard antibiotic.

RESULTS AND DISCUSSION
Chemistry

Our strategy for the synthesis of novel a-aminonitrile derivatives containing
1,2,3-triazole ring is illustrated in Scheme 1. Since succinate has been widely
used as a linker in the synthesis of several chemical compounds and drugs with
biological activities,33 it was chosen in order to link to (—)-menthol (1), and as a
result, the menthyl succinate (2) was obtained.3!

TP S
OH o7
~"NOH 7o S
/:\1 PN 2 o P 3 0

@
CHO
3+//—><5\)K/Y\; —

Shean
('l Ao o SH

6a;-a,, 6by-bs, 6¢4-C5

4a-c

Scheme 1. Preparatlon of novel triazole derivatives from menthol.

Propargylation of the terminal oxygen in the presence of propargyl bromide
and potassium carbonate resulted in the formation of the corresponding proper-
gylated ester (3).34 Then, derivatives Sa—¢ were synthesized with three ortho,
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NOVEL MENTHOL DERIVATIVES CONTAINING 1,2,3-TRIAZOLE GROUP 5 8 1

meta and para substituted azido-benzaldehydes 4a—c via 1,3-dipolar cycloaddit-
ion in high yields and purity, using CuSO4-5H»0 and sodium ascorbate as catal-
ysts at room temperature.35 In the following, a series of a-aminonitriles were pro-
duced by adopting three-component Strecker reaction in the presence of various
amines, potassium cyanide and compounds 5a—c as the aldehyde source.36

Reagents and conditions: a) succinic anhydride, DMAP, CHCI3, reflux over-
night; b) propargyl bromide, K»CO3, ACN, 4 h, room temperature (r.t.); c)
CuSOy4-5H50, sodium ascorbate, MeOH:H»O, r.t., 45 min; d) RNH,, KCN,
CH3COOH, 2 h, r.t.

To synthesize a diverse range of products, three different azido benzalde-
hydes, i.e., 4a—b were employed. Also, several aromatic amines bearing halogens
(F, Cl, Br) and other electron-withdrawing (NO;, CN) and electron-releasing
(CH3, CH,CHj3) functional groups were used to reach a library with a collection
of pharmacophores (Table I).

TABLE L Yields and structure of the synthesized a-aminonitriles

Aldehyde Amine Product Yield, %
5a NH2 Q( 70
P A B
S 0\/E N H
A
6a1
Sa NH; Qﬁ 65
cl” i (5\ N H N
cl Y VE Q
AN
6a2
5b NH, @% 80
we 0
F )K/Y oN F
AN
6b1
5b NH, CT‘H 70
0 N
| N
- Ao o

6b,
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TABLE 1. Continued
Aldehyde Amine Product Yield, %
5b NH; CNH 70
gj H
(5\ o L
Br - O)'K/WO N’N Br
A 0
6b,
5b NH; C';H 65
g
('l R o L
CN o o N CN
AN 0
6bs
5b NH2 CNH 70
¢ "Q
o}
CH, o o v[NN CH,
A~ 0o
6bg
5b NH C’\r\llH 70
H
o] V[NN
F : OJK/YO : F
A 0
6b;
5S¢ NH, NCHNQF 65
[ j H
NO,
ON
F
o) V[N\N
Yo O N
A o
6¢cyq
5¢ NH, NCHNQCI 75
H
cl
Cl
Cl

OJOK/YOV[ :N
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TABLE I. Continued

Aldehyde Amine Product Yield, %
5¢ NH, /@’/ 70
NCHN
H
CHs

0 N

C’j\ ov[ N

e S0 ae
6¢c3

NH
5¢ 2 NCHN/Q/Br 0
o N
| N
| OMOVEN,
/:\ o

6cy

NH
5¢ P NcHNOCN 70
H

CN
é\oi/}( OV[I\? N

/:\ 0
6cs

Due to the similarity of structures and polarities of the produced diastereo-
mers, we could not separate them by the conventional chromatographic tech-
niques. Surprisingly, almost all of the twin diastereomers exhibited the same
NMR spectra. The difference in NMR spectra was only observed for compound
6al. The large distance between the newly formed chiral center with other ste-
reogenic centers could be an explanation for this observation.

Biological evaluation

Strong ability of menthol to inhibit different bacterial strains’ growth, ins-
pired us to choose it as a lead compound and link it to different scaffolds to dis-
cover and develop new antibacterial analogs. /n vitro antibacterial activities of
the newly synthesized compounds 6aj, ay, 6b;—b7, 6¢1—c5 against Gram-positive
bacteria Staphylococcus aureus and Gram-negative bacteria Escherichia coli
were evaluated by determining the minimum inhibitory concentrations (MIC),
defined as the lowest concentration of the compound that inhibits the visible bac-
teria growth and compared them with menthol and cefixime (standard antibiotic).
As shown in Table II, it is obvious that all novel synthesized compounds exhi-
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5 84 KARBASI et al.

bited better inhibition activity compared with menthol, however, neither of them
was as potent as cefixime. It was revealed that compounds 6a5, 6b{, 6bs and 6bs
showed promising antibacterial activity against S. aureus with MIC of 32 ug mL-1,
Apparently, the meta-substituted products bearing halogen and/or other electron-
-withdrawing moieties like NO; and CN groups exhibited the best antibacterial
activities.

TABLE 1. In vitro (MIC / pg mL™!) antibacterial activity of the a-aminonitrile derivatives

Bacterium

Compound S. aureus ATCC (25923) E. coli ATCC (25922)
6a, 64 >128
6a, 32 >128
6b, 32 >128
6b, 64 >128
6b, 32 >128
6bs 32 >128
6bg >128 >128
6b; >128 >128
6¢, 64 >128
6¢, 64 >128
6¢; > 128 >128
6¢, 64 >128
6¢; 64 >128
Cefixime 2 7.5
Menthol > 128 >256

Also, all of them displayed weak activity but stronger than menthol, against
E. coli MIC > 128 pg mL-1. Due to the obtained results, the significant role of
the 1,2,3-triazole ring in boosting the antibacterial activity of menthol derivatives
was obvious. Several studies displayed a similar trend (synergistic effect) for
improving the antibacterial activity of various lead compounds when linked with
a triazole ring.27-37

CONCLUSION

One of the most underlying problems facing human beings is bacterial resist-
ance. Menthol is the widely used natural compound in different areas of ind-
ustries. Several reports have indicated the synergistic and boosting effects of tri-
azoles in terms of biological activities. In this study we aimed to synthesize an
a-aminonitrile library of novel 1,2,3-triazole tethered menthol derivatives by a
combination of Huisgen 1,3-dipolar cycloaddition and Strecker reactions. Assess-
ment of the antibacterial activity of the products against Staphylococcus aureus
and Escherichia coli revealed that most of them had a stronger activity than
menthol itself, while neither were as efficient as cefixime.

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



NOVEL MENTHOL DERIVATIVES CONTAINING 1,2,3-TRIAZOLE GROUP 5 85

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12030, or from the corres-
ponding author on request.
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U3BOJ
CUHTE3A HOBUX JEPUBATA MEHTOJIA KOJU CAIOPXE 1,2,3-TPHUA30JICKY TPYITY U
HUCIIUTHUBAIBLE IbUXOBE IN VITRO AHTUBAKTEPUJCKE AKTUBHOCTHU

MOHADESEH KARBASI', PEYMAN SALEHI', ATOUSA ALIAHMADI?, MORTEZA BARAJANIAN'
1 FARZANEH ZANDI?
1Department of Phytochemistry, Medicinal Plants and Drugs Research Institute, Shahid Beheshti University,
G. C., Evin, 1983963113 Tehran, Iran u “Department of Biology, Medicinal Plants and Drugs Research
Institute, Shahid Beheshti University, G. C., Evin, 1983963113 Tehran, Iran

CHHTETHUCAaHU Cy HOBHU N-CYNCTUTYHCAHH 0-aMUHOHUTPWIHH JI€PUBATH MEHTOJA, y3ac-
TOITHOM CEKBEHLIOM peakudja Kojy 4yuHe nodujamwe ectpa hunudapHe KucenuHe, mpomap-
runoBawe, 1,3-gunonapue Xusresose (Huisgen) nuxioaguuuje u Crpexepose (Strecker) cun-
Tese. CTpPYKType CHHTEeTHCaHUX IPOM3BOfAa ojpeheHe cy Ha OCHOBY aHa/M3e CreKkTapa, LITO
yKIbyuyje ' H-NMR, "*C-NMR, ESI-MS u IC. Ucnurana je in vitro aHTHDaKTepHjcKka aKTUB-
HOCT HOBUX jelumema npeMa 'pamM-no3uTUBHOj dakTepuju Staphylococcus aureus 1 I'pam-He-
raTuBHOj Oaktepuju Escherichia coli. Jepumemwa Cy MoKasana jaky HHXUOULHjY IpemMa S. aureus
W MHHHMaJlHe HHXUOUTOpHE KoHueHTpauuje (MIC) y omncery 32-128 pg mL™". IepusaTu 6az,
6b1, 6bs 1 6bs mokasyjy Hajsehn nExHOHTOPHY edekat u umajy MIC pemroct ox 32 pg mL ™.

(ITpumsbeno 13. aBrycra 2022, pesupupaso u npuxsaheHo 5. dpedpyapa 2023)
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J. Serb. Chem. Soc. 88 (6) (2023) 577-587
(1-(2-(RS(4-Fluoro-3-nitrophenylamino)(cyano)methyl)phenyl)-1H-1,2, 3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6a;)

Yield: 70 % , white powder; M.p.: 106 — 109 °C; IR(KBr, cm’l): 3448.9,
2926.2, 2362.7, 1729.5, 1616.3, 1540.9; '"H NMR (300 MHz, CDCl;), (5, ppm):
mixture of two isomers 7.97 (s, 2H, Hry), 7.90 - 7.83 (m, 2H, Ha,), 7.71 - 7.61
(m, 4H, Hy,), 7.53 - 7.44 (m, 2H, Ha,), 7.39 - 7.32 (m, 2H, Hy,), 7.21 - 7.08 (m,
2H, Hpp), 7.02 - 6.94 (m, 2H, Hy,), 5.77 (d, J = 9.2 Hz, 1H, -CH-CN, one
isomer), 5.76 (d, J=9.2 Hz, 1H, -CH-CN, another isomer), 5.35 - 5.26 (m, 4H, -
O-CHy-Cryiazite), 5.17 (d, J = 9.2 Hz, 1H, NH, one isomer), 5.16 (d, J = 9.2 Hz,
1H, NH, another isomer), 4.71 — 4.61 (m, 2H, -CH-0O-), 2.63 (s, 8H, -CO-CH,-
CH,-CO-), 1.99 - 1.86 (m, 2H, CH), 1.87 - 1.80 (m, 2H, CH), 1.77 - 1.61 (m, 4H,
CH,), 1.45 - 1.35 (m, 2H, CH), 1.36 - 1.28 (m, 2H, CH), 1.24 - 0.90 (m, 6H, CH),
0.89 - 0.86 (m, 12H, 4CHs;), 0.71 (dd, J = 6.9Hz, 6H, 2CHs). BC-NMR (75 MHz,
CDCly), (0, ppm): 172.32, 172.05, 149.80 (d, J = 257 Hz), 143.97, 140.85,
137.29, 135.36, 131, 27, 130.97, 130.48, 128.56, 126.54, 125.75, 121.72, 119.56,
116.31, 110.90, 74.79, 57.50, 47.60, 46.88, 40.78, 34.14, 31.37, 29.29, 29.04,
26.21, 23.37,21.99, 20.37, 16.29. MS (ESI): [M~I—H]Jr C31H35FNgOg caled 607.66,
found 607.70.
(1-(2-(RS(3,4-Dichlorophenylamino)(cyano)methyl)phenyl)-1H-1,2,3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl -5-methylcyclohexyl succinate (6ay)

Yield: 68 %, cream powder; M.p.: 106 - 108 °C; IR (KBr, cm'l): 3444 .4,
2924.5, 2357.2, 1733.1, 1632.7; '"H NMR (300 MHz, CDCl;), (8, ppm): mixture
of two isomers 7.93 (m, 1H, Hryiazore),7.86 - 7.83 (m, 1H, Hy,), 7.68 - 7.61 (m,

* Corresponding author. E-mail: p-salehi@sbu.ac.ir
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2H, Ha,), 7.52-7.43 (m, 1H, Hy,), 7.25 (s, 1H, Ha,), 6.80 (d, J=2.9 Hz, 1H, H,,),
6.56 (dd, J= 8.9, 2.9 Hz, 1H, Ha,), 5.69 (d, /= 9.4 Hz, 1H, -CH-CN ), 5.31 (s,
2H, H —O-CH,-Cryiazal), 4.81 (d, J = 9.3, 1H, -NH-), 4.67 (td, J = 11.0, 4.6 Hz,
1H, -CH-0O-), 2.62 (s, 4H, -CO-CH,CH,-CO-), 2.00 - 1.90 (m, 1H, CH-Me,),
1.87-1.74 (m, 1H, CH-CHO), 1.67 (s, 2H, CH,), 1.46 - 1.38 ( m, 1H, CH), 1.37 -
1.27 (m, 1H, CH), 1.14-0.94 (m, 3H, CH),0.87 (d, J= 6.8 Hz, 6H, 2CH3;), 0.76
(d, J = 6.9 Hz, 3H, CHs). "C-NMR (75 MHz, CDCl;), (8, ppm): 172.3, 171.9,
143.8, 143.7, 135.3, 133.1, 131.0, 130.1, 130.2, 128.9, 126.6, 125.7, 123.5,
116.6, 116.3, 114.3, 74.8, 57.5, 47.2, 46.9, 40.8, 34.1, 31.4, 29.3, 29.0, 26.2,
234, 22.0, 20.7, 16.3. MS (ESI): [M+H] " C3H3s CILNsO, caled  613.55, found
613.58.

(1-(3-(RS(4-fluoro-3-nitrophenylamino)(cyano)methyl)phenyl)-1H-1, 2, 3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6b;)

Yield: 85 %, white powder; 59-62 °C; IR (KBr, cm'l): 3446.99, 2926.28,
2359.09, 1734.28, 1622.52, 1542.80. 'H NMR (300 MHz, CDCl), (8, ppm):
mixture of two isomers 8.14 (s, 1H, Hy,), 8.06 (s, 1H, Ha,), 7.77 (d, J = 8.0 Hz,
1H, Ha;), 7.71 (d, J= 8.1 Hz, 1H, Hy,), 7.63 (dd, 7.9 Hz 1H, Ha,), 7.52 — 7.44 (m,
1H, Ha,), 7.23 - 7.12 (m, 1H, Hy,), 7.10 - 6.97 (m, 1H, Ha,), 5.66 (d, J = 8.6, Hz,
1H, -HC-CN), 5.40 - 5.18 (m, 3H, -O-CH3-Cryjuile, -NH-), 4.66 (td, J=10.9, 4.4
Hz, 1H, -CH-O-), 2.78 — 2.50 (m, 4H, -CO-CH,-CH,-CO-), 1.97 - 1.88 (m, 1H,
CH), 1.86 - 1.78 (m, 1H, CH), 1.69 - 1.61 (m, 2H, CH,), 1.45 - 1.39 (m, 1H, CH),
1.37-1.31 (m, 1H, CH), 1.12-0.89 (m, 3H, CH), 0.87 (d, J = 7.0 Hz, 3H, CHj;),
0.86 (d, J=6.4 Hz, 3H, CH;), 0.71 (d, /= 6.9 Hz, 3H, CH; ).BC-NMR (75 MHz,
CDCly), (0, ppm): 172.3, 171.9, 149.5 (d, J = 256.5 Hz), 143.9, 141.2, 137.5,
137.4, 135.3, 131.0, 127.6, 122.2, 121.4, 121.2, 119.5, 119.3, 110.4, 74.8, 57.6,
49.6, 46.9, 40.8, 34.1, 31.3, 29.3, 29.1, 26.2, 23.3, 21.9, 20.7, 16.3. MS (ESI):
[M+H] " C31H36FN4Og calcd 607.66, found 607.68.
(1-(3-(RS(4-Ethylphenylamino)(cyano)methyl)phenyl)-1H-1,2, 3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6b3)

Yield: 70 %, white powder; M.p.: 53 — 55 °C; IR(KBr, cm’l): 3424.5,2923.8,
2358.7, 1731.5, 1614.7; '"H NMR (300 MHz, CDCls), (8, ppm): mixture of two
isomers 8.12 (s, 1H, Hryazore), 8.03 (s, 1H, Hya,), 7.82 (d, J = 8.1 Hz, 1H, Hy,),
7.74 (d, J= 8.0 Hz, 1H, Hy,), 7.63 (dd, J = 8.0 Hz, 1H, Ha,), 7.13 (d, J = 8.6 Hz,
2H, Ha,), 6.75 (d, J = 8.6 Hz, 2H, Ha, ), 5.54 (br s, 1H, -CH-CN), 5.41 - 5.27 (m,
2H, -O-CH-Cryiazoles)> 4.69 (td, J = 10.8, 4.4 Hz, 1H, -CH-0O-), 4.18 (br s, 1H, -
NH), 2.74 - 2.62 (m, 4H, -CO-CH,-CH,-CO-), 2.60 (q, J = 7.6 Hz, 2H, CH,),
1.99 - 1.91 (m, 1H, CH), 1.90 - 1.80 (m, 1H, CH), 1.71 - 1.60 (m, 2H, CH), 1.49
- 1.40 (m, 1H, CH), 1.39 - 1.32 (m, 1H, CH), 1.22(t, J = 7.6 Hz, 3H, CH3), 1.11-
0.91 (m, 3H, CH), 0.89 (d, J = 7.0 Hz, 3H, CHj3), 0.88 (d, J = 6.4 Hz, 3H, CHj;),
0.74 (d, J = 6.9 Hz, 3H, CH;). "C-NMR (75 MHz, CDCL), (5, ppm): 172.3,
171.8, 143.8, 142.1, 137.5, 136.5, 136.4, 130.7, 128.9, 127.4, 122.0, 121.2,
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119.2, 117.8, 114.7, 74.7, 57.7, 50.1, 46.9, 40.8, 34.1, 31.3, 29.3, 29.1, 27.9,
26.2, 23.3, 22.0, 20.7, 16.3, 15.8. MS (ESI): [M+H] " C33H4 N0, caled 572.72,
found 572.75.

(1-(3-(RS(4-Bromophenylamino) (cyano)methyl)phenyl)-1H-1,2, 3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6b,)

Yield: 70 % , white powder; M.p.: 53 — 55 °C; IR(KBr, cm™): 3423.7,
2925.3, 1730.8, 1602.5; '"H NMR (300 MHz, CDCls), (8, ppm): mixture of two
isomers 8.13 (s, 1H, Hryazor), 8.03 (s, 1H, Ha,), 7.79 (d, J = 8.1 Hz, 1H, Hy,),
7.68 (d, J=8.0 Hz, 1H, Hy,), 7.63 (dd, J= 7.8 Hz 1H, H,,), 7.38 (d, J = 8.8 Hz,
2H, Hy,), 6.68 (d, J = 8.8 Hz, 2H, H,,), 5.54 (s, 1H, -CH-CN), 5.40 - 5.26 (m,
2H, -O-CH,-Cryiazol), 4.68 (td, J = 10.9, 4.4 Hz, 1H, -CH-0O-), 4.52 (br s, 1H, -
NH-), 2.73 - 2.58 (m, 4H, -CO-CH,CH,CO), 2.00 - 1.91 (m, 1H, CH), 1.88 - 1.79
(m, 1H ,CH), 1.73 - 1.59 (m, 2H, CH,), 1.44 - 1.38 (m, 1H, CH), 1.37 - 1.24 (m,
1H, CH), 1.12 - 0.91 (m, 3H, CH), 0.88 (d, /= 7.0 Hz, 3H, CH,), 0.87 (d,J=6.4
Hz, 3H, CH;), 0.73 (d, J = 6.9 Hz, 3H, CHs). BC-NMR (75 MHz, CDCly), (95,
ppm): 172.3,171.9, 143.9, 143.3, 137.5, 135.8, 132.4, 130.9, 127.4, 122.1, 121 4,
119.3, 117.3, 116.0, 112.6, 74.8, 57.7, 49.6, 46.9, 40.8, 34.1, 31.3, 29.3, 29.1,
26.2, 23.3, 22.0, 20.7, 16.3 ppm. MS (ESI): [M+Na] © C3;H3sBrNsO, calcd
645.54 found 645.59.
(1-(3-(RS(4-Cianobenzylamino)(cyano)methyl)phenyl)-1H-1,2, 3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6bs)

Yield: 65 % , cream powder; M.p.: 59 — 62 °C; IR(KBr, cm'l): 3432.7,
2926.1, 2368.1, 1734.4, 1610.6; 'H NMR (300 MHz, CDCl;), (0, ppm): ):
mixture of two isomers 8.13 (s, 1H, Hryazor), 8.04 (s, 1H, Hyap), 7.79 (d, J = 7.9
Hz, 1H, Ha,), 7.71 (d, J = 8.0 Hz, 1H, Hy,,), 7.64 (dd, J= 7.8 Hz, 1H, Hya,), 7.53
(d, J=8.7 Hz, 2H, Hy,), 6.81 (d, J = 8.7 Hz, 2H, H,,), 5.66 (d, /= 8.0 Hz, 1H, -
CH-CN), 5.45 - 5.21 (m, 3H, -O-CH;-Cryjazole, -NH-), 4.67 (td, J = 10.8, 4.4 Hz,
1H, -CH-0-), 2.73 - 2.56 (m, 4H, -CO-CH,-CH,-CO-), 1.97 — 1.89 (m, 1H, CH),
1.87 - 1.80 (m , 1H, CH), 1.71 - 1.61 (m, 2H, CH,), 1.49 - 1.41 (m, 1H, CH),
1.38 - 1.32 (m, 1H, CH), 1.05 - 0.92 (m, 3H, CH), 0.87 (d,/J= 7.0 Hz, 3 Hz, 3H,
CH3), 0.86 (d, J = 6.4 Hz, 3H, CH3), 0.72 (d, J = 6.9 Hz, 3H , CHz). BC-NMR
(75 MHz, CDCl), (8, ppm): 172.3, 171.9, 147.9, 143.9, 137.5, 135.2, 133.8,
1309, 127.5, 122.1, 121.4, 119.5, 119.3, 116.9, 113,9, 102.1, 74.8, 57.6, 48.6,
46.8,40.7, 34.1, 31.3, 29.2, 29.0, 26.2, 23.3, 22.0, 20.7, 16.3. MS (ESI): [M+H] i
C32H36N604 calcd 56968, found 569.75.
(1-(3-(SR(4-Tolylamino)(cyano)methyl)phenyl)-1H-1,2,3-triazol-4-yl)methyl(1R,2S,5R)-2-
isopropyl-5-methylcyclohexyl succinate (6bg)

Yield: 70 %, white powder; M.p.: 53 — 54 °C; IR(KBr, crn'l): 3440.8,2923.2,
1730.0, 1619.1; "H NMR (300 MHz, CDCl;), (5, ppm): ): mixture of two isomers
8.13 (s, 1H, Hryiazore), 8.03 (s, 1H, Ha,), 7.82 (d, J=7.9 Hz, 1H, Hy,), 7.73 (d, J =
8.1 Hz, 1H, Hy,), 7.63 (dd, J = 8.0 Hz, 1H, Ha,), 7.10 (d, J = 8.3 Hz, 2H, Ha,),
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6.72 (d, J = 8.3 Hz, 2H, Ha,), 5.53(br s, 1H, -CH-CN), 5.38-5.31 ( m, 2H, -O-
CHy-Criiazole), 4.68 (td, J=10.8, 4.3 Hz, 1H, -CH-0O-), 4.17 (br s, 1H, -NH-), 2.71
- 2.62 (m, 4H, -CO-CH,CH,-CO-), 2.29 (s, 3H, CH;), 2.25 — 2.16 (m, 1H, CH),
1.98 - 1.80 (m, 1H, CH), 1.71 - 1.65(m, 2H, CH,), 1.49 - 1.40 (m, 1H,CH), 1.39 -
1.32 (m, 1H, CH), 1.14 - 0.92 (m, 3H, CH), 0.90 — 0.86 (m, 6H, 2CH3}, 0.74 (d,
J=6.9 Hz, 3H, CH3). "C-NMR (75 MHz, CDCl;), (§, ppm): 172.3, 171.8, 143.9,
1419, 137.6, 136.4, 130.8, 130.2, 130.1, 127.5, 122.1, 121.3, 119.3, 117.8,
114.8, 74.7, 57.8, 50.2, 46.9, 40.8, 34.2, 31.4, 29.3, 29.1, 26.2, 23.4, 22.0, 20.8,
20.5, 16.3 ppm. MS (ESI): [M+H] " C3,H39N;504 caled 558.70, found 558.72.
(1-(3-(RS(4-Fluorophenylamino)(cyano)methyl)phenyl)-1H-1,2,3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6b,)

Yield: 70 %, yellow oil; IR(KBr, cm™): 33484, 2952.4,1729.9,
1510.9,1223.5, 1159.2; '"H NMR (300 MHz, CDCl;), (3, ppm): mixture of two
isomers 8.13 (s, 1H, Hryazole), 8.04 (s, 1H, Hy,), 7.81 (d, J = 8.2 Hz, 1H, Hy,),
7.73 (d, J=8.1 Hz, 1H, Hy,,), 7.63 (dd, /= 7.9 Hz, 1H, Hya,), 7.05 - 6.92 (m, 2H,
Ha;), 6.81 - 6.69 (m, 2H, H 4,), 5.50 (s, 1H, -CH-CN), 5.40 — 5.25 (m, 2H, -O-
CHy-Crijazole), 4.68 (td, J = 10.8, 4.3 Hz, 1H, -CH-0O-), 2.78 - 2.48 (m, 4H, -CO-
CH,-CH,-CO-), 2.00 - 1.91 (m, 1H, CH), 1.89 - 1.79 (m, 1H, CH), 1.72 - 1.63
(m, 2H, CH,), 1.48 - 1.39 (m, 1H,CH), 1.37 - 1.28 (m, 1H, CH), 1.08 - 0.91 (m,
3H, CH), 0.88 (d, /= 7.0 Hz, 3H), 0.87 (d, J= 6.4 Hz, 3H, CH3), 0.73 (d, /= 6.9
Hz, 3H, CHs). BC-NMR (75 MHz, CDCl5), (3, ppm): 172.4, 171.9, 157.4 (d, J =
237 Hz), 143.8, 140.6, 137.4, 136.1, 130.7, 127.5, 122.1, 121.2, 119.2, 117.7,
116.2, 116.0, 74.7, 57.7, 50.4, 46.8, 40.7, 34.1, 31.3, 29.3, 29.0, 26.20, 23.3,
21.9, 20.7, 16.2 ppm. MS (ESI): [M+Na] " C3H3¢FNsO, caled 584.64, found
584.68.

(1-(4-(RS(4-Fluoro-3-nitrophenylamino)(cyano)methyl)phenyl)-1H-1,2, 3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6¢;)

Yield: 63 % , white powder; M.p.: 114 — 116 °C; IR (KBr, cm™): 3445.7,
2924.6, 2358.6, 1733.9, 1627.7; '"H NMR (300 MHz, CDCl;), (8, ppm): mixture
of two isomers 8.14 (s, 1H, Hrriazole), 7.82 (d, J = 8.7 Hz, 2H, Ha,), 7.75 (d, J =
8.7 Hz, 2H, Ha,), 7.55 — 7.42 (m, 1H, Hy,), 7.25—7.16 (m, 1H, Hy,), 7.09 — 7.01
(m, 1H, Hy,), 5.61 (d, J = 8.6 Hz, 1H, -CH-CN), 5.38 - 5.24 (m, 2H, -O-CH,-
Criiazole), 5.00 (d, J = 8.6 Hz, 1H, NH), 4.68 (td, /= 10.9, 4.3 Hz, 1H, -CH-O-),
2.76 - 2.55 (m, 4H, -CO-CH,CH,-CO-), 2.00 - 1.90 (m, 1H, CH), 1.88 - 1.78 (m,
1H, CH), 1.70 - 1.61 (m, 2H, CH,), 1.46 - 1.38 (m, 1H, CH), 1.37 - 1.29 (m, 1H,
CH), 1.14 - 0.90 (m, 3H, CH), 0.89 (d, /= 7.0 Hz, 3H, CH,), 0.87 (d, /= 6.4 Hz,
3H, CH3), 0.74 (d, J = 6.9 Hz, 3H, CHs). BC-NMR (75 MHz, CDCl,), (5, ppm):
172.4, 171.9, 149.6 (d, J = 256.5 Hz), 144.0, 141.2, 137.6, 137.3, 133.5, 128.8,
122.1, 121.1, 119.6, 119.3, 117.0, 110.4, 74.8, 57.7, 49.5, 46.9, 40.8, 34.1, 31.4,
29.1, 29.0, 26.2, 23.3, 21.9, 20.7, 16.3. MS (ESI): [M+H] " C3;H3sFN4Og caled
607.66, found 607.69.
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(1-(4-(RS(3,4-Dichlorophenylamino)(cyano)methyl)phenyl)-1H-1,2,3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6¢5):

Yield: 72 % , cream powder; M.p.: 100 — 102 °C; IR (KBr, cm’l): 3434.11,
2927.53, 2366.45, 1730.02, 1602.00; '"H NMR (300 MHz, CDCl;), (8, ppm):
mixture of two isomers 8.13 (s, 1H,Hryazore), 7.85 (d, J = 8.7 Hz, 2H , Ha,), 7.76
(d,J=8.7Hz,2H , Ha, ), 7.32 (d, J=8.7 Hz, 1H , Hya,), 6.91 (d, J=2.7 Hz, 1H,
Ha,), 6.65 (dd, J = 8.7, 2.7 Hz, 1H, Hy,), 5.53 (d, /= 8.7 Hz, 1H, -CH-CN), 5.38
- 5.28 (m ,2H, -O-CH3-Cryiazole), 4.68 (td, J=10.8, 4.4 Hz, 1H, -CH-O-), 4.5 (d, J
= 8.7 Hz, 1H, NH), 2.71 - 2.61 (m, 4H, -CO-CH,CH,-CO), 1.98 - 1.91 (m, 1H,
CH), 1.89 - 1.80 (m, 1H, CH), 1.72 - 1.63 (m, 2H, CH,), 1.46 - 1.38 (m, 1H, CH),
1.38 - 1.30 (m, 1H, CH), 1.16 - 0.90 (m, 3H, CH), 0.89 (d, J= 7.0 Hz, 3H, CH,),
0.88 (d, J= 6.4 Hz, 3H, CH3), 0.74 (d, J = 6.9 Hz, 3H, CH;). “C-NMR (75 MHz,
CDCly), (3, ppm): 172.3, 171.9, 144.1, 143.9, 137.5, 133.9, 133.1, 130.9, 128.7,
123.1, 121.9, 121.0, 117.3, 115.9, 113.8, 74.8, 57.7, 49.2, 46.9, 40.8, 34.1, 31.8,
29.3,29.10, 26.2, 23.4, 22.0, 20.7, 16.3. MS (ESI): [M+H] " C3;H35C1,N5O, calcd
612.55, found 612.58.

(1-(4-(RS(4-Ethylphenylamino)(cyano)methyl)phenyl)-1H-1,2,3-triazol-4-
yD)methyl(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6¢3)

Yield: 70 % , white powder; M.p.: 101 — 102 °C; IR(KBr, cm'l): 3437.1,
2924.9, 2359.1, 1733.5, 1618.3; 'H NMR (300 MHz, CDCls), (3, ppm): mixture
of two isomers 8.13 (s, 1H, Hrvazole), 7.85 (d, J = 8.9Hz, 2H, Ha,), 7.78 (d, /= 8.9
Hz, 2H, Ha,), 7.12 (d, J= 8.9 Hz, 2H, Ha,), 6.74 (d, J= 8.9 Hz, Hy,), 5.53 (d, J =
8.9 Hz, 1H, -CH-CN), 5.40 - 5.26 (m, 2H, -O-CH-Cryjaz01e), 4.68 (td, J = 10.9,
4.3 Hz, 1H, -CH-0O-), 4.22 (d, J = 8.8 Hz, 1H, NH), 2.72 - 2.64 (m, 4H, -CO-
CH,-CH,-CO-), 2.59 (q, J = 7.7 Hz, 2H, CH,), 1.97 - 1.90 (m, 1H, CH), 1.88 -
1.80 (m, 1H, CH), 1.71 - 1.63 (m, 2H, CH,), 1.48 - 1.34 (m, 1H, CH), 1.35 - 1.20
(m, 1H, CH), 1.20 (t, J = 7.6 Hz, 3H, CH3;), 1.12 - 0.90 (m, 3H, CH), 0.9 (d, J =
6.9 Hz, 3H, CH,), 0.87 (d, J = 6.4 Hz, 3H, CH;), 0.74 (d, J = 6.8 Hz, 3H, CH,).
BC-NMR (75 MHz, CDCl;), (3, ppm): 172.3, 171.9, 143.9, 142.2, 137.4, 136.5,
134.9,128.9, 128.7, 121.9, 120.9, 117.9, 114.7, 74.8, 57.8, 49.9, 46.9, 40.8, 34.1,
29.3, 29.1, 28.0, 26.2, 23.4, 22.02, 20.7, 16.3, 15.8. MS (ESI): [M+Na]"
C33H4 N0, caled 594.70, found 594.71.
(1-(4-(RS(4-Bromophenylamino)(cyano)methyl)phenyl)-1H-1,2,3-triazol-4-
yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6¢,)

Yield: 68 %, white powder; M.p.: 109 — 111 °C; IR (KBr, cm'l): 3437.10,
2924.58, 2358.34, 1734.01, 1636.93; '"H NMR (300 MHz, CDCl), (3, ppm):
mixture of two isomers 8.13 (s, 1H, Hryiazole), 7.85 (d, J = 8.8 Hz, 2H, Hy,), 7.76
(d, J=8.8 Hz, 2H, Hy,), 7.37 (d, J = 8.8 Hz, 2H, H,,), 6.69 (d, J = 8.8 Hz, Ha,),
5.53 (d, J=8.7 Hz, 1H, -CH-CN), 5.40 - 5.28 (m, 2H, -O-CH-Cryjazolc), 4.68 (td,
J=10.9, 4.4 Hz, 1H, -CH-0O-), 4.44 (d, J= 8.7 Hz, 1H, NH), 2.73 - 2.59 (m, 4H,
-CO-CH,CH,-CO-), 2.00 - 1.90 (m, 1H, CH), 1.89 -1.79 (m, 1H, CH), 1.72 - 1.62
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(m, 2H, CH,), 1.47 - 1.36 (m, 1H, CH), 1.35 - 1.21 (m, 1H, CH), 1.12 - 0.90 (m,
3H, CH), 0.9 (d, /= 6.9 Hz, 3H, CH3), 0.87 (d, J= 6.4 Hz, 3H, CH3), 0.74 (d, J =
6.9 Hz, 3H, CHs). BC-NMR (75 MHz, CDCl;), (8, ppm): 172.3, 171.9, 143.9,
143.33, 137.5, 134.1, 132.4, 128.7, 121.9, 121.1, 117.4, 116.1, 112.6, 74.8, 57.8,
49.5, 46.9, 40.8, 34.1, 31.4, 29.3, 29.1, 26.2, 23.4, 22.0, 20.7, 16.3. MS (ESI):
[M+H]" C3,H36BrN;O, caled 623.56, found 623.57.
(1-(4-(RS(4-Cianobenzylamino)(cyano)methyl)phenyl)-1H-1,2,3-triazol-4-
yl)methyl(1R,28S,5R)-2-isopropyl-5-methylcyclohexyl succinate (6¢s)

Yield: 70 % , cream powder; M.p.: 110 — 112 °C; IR(KBr, cm'l): 3436.34,
2924.18, 2362.89, 1733.88, 1611.49; 'H NMR (300 MHz, CDCl;), (8, ppm):
mixture of two isomers 8.13 (s, 1H, Hryazole), 7.86 (d, J = 8.7 Hz, 2H, Ha,), 7.76
(d, J=8.7Hz, 2H, Hy,), 7.54 (d, J = 8.7 Hz, 2H, Ha,), 6.82 (d, J = 8.7 Hz, 2H,
Har), 5.63 (d, J = 8.0 Hz, 1H, -CH-CN), 5.42 - 5.23 (m, 3H, -O-CH-Cryjazle . -
NH-), 4.68 (td, J=10.9, 4.4 Hz, 1H, -CH-0O-), 2.74 - 2.75 (m, 4H, -CO-CH,CH,-
CO-), 2.01 - 1.89 (m, 1H, CH), 1.89 - 1.78 (m, 1H, CH), 1.72 - 1.59 (m, 2H,
CH,), 1.47 - 1.39 (m ,1H, CH), 1.39 - 1.29 (m,1H, CH), 1.11 - 0.90 (m, 3H, CH),
0.87 (d, J= 6.9 Hz, 3H, CH3), 0.86 (d, J = 6.4 Hz, 3H, CHj3), 7.3 (d, /= 6.9 Hz,
3H, CH;). "C-NMR (75 MHz, CDCls), (8, ppm): 172.4, 171.9, 147.9, 144.0,
137.7, 133.9, 133.5, 128.8, 121.9, 121.1, 119.5, 116.9, 113.9, 102.3, 74.8, 57.7,
48.5, 46.9, 40.8, 34.1, 31.4, 29.3, 29.1, 26.2, 23.4, 22.0, 20.7, 16.3. MS (ESI):
[M+H] " C3,H36N04 caled 569.68, found 569.71.
(1-(2-Formylphenyl)-1H-1,2,3-triazol-4-yl)methyl(1R,2S, 5R)-2-isopropyl-methylcyclohexyl
succinate (5a)

Yield: 90 %, white powder, M.P: 76 - 78 °C. IR (KBr, cm'l): 2927.30,
1730.91, 1601.86, 1158.25, '"H NMR (300 MHz, CDCl), (3, ppm): 9.94 (s, 1H, -
CHO-), 8.14 (dd, J = 7.8 Hz, 1.3 Hz,1H, H,,), 8.06 (s, 1H, Hryjazote), 7.79 - 7.65
(td, J=17.6, 1.3 Hz, 1H, Ha,), 7.70 (t, J = 7.4 Hz, 1H, Hy,), 7.55 (d, J = 7.8 Hz,
1H, Ha), 5.41-5.32 (m, 2H, O-CH-Crviasare), 4.72 — 4.60 (m, 1H, -CH-0-), 2.71
- 2.60 (m, 4H, -CO-CH,-CH,-CO-), 1.97 - 1.90 (m, 1H, CH), 1.89 —1.82 (m, 1H,
CH), 1.71 - 1.62 (m, 2H, CH,), 1.47 - 1.36 (m, 1H, CH), 1.39 - 1.29 (m, 1H, CH),
1.05 - 0.93 (m, 3H, CH), 0.87 (d, /= 7.0 Hz, 3H, CH3;), 0.86 (d, /= 6.6 Hz, 3H,
CHs), 0.73 (d, J = 6.9 Hz, 3H, CH;) ppm. >C-NMR (75 MHz, CDCl;), (3, ppm):
188.28, 172.19, 171.66, 143.71, 138.08, 134.57, 130.38, 130.10, 129.52, 125.75,
125.35, 74.67, 57.69, 46.94, 40.81, 34.17, 31.34, 29.33, 29.12, 26.26, 23.45,
21.94, 20.66, 16.31. MS (ESI): [M+H] " C,4H3N;05 caled 442.53, found 442.63.
(1-(3-Formylphenyl)-1H-1,2,3-triazol-4-yl)methyl(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl
succinate (5b)

Yield: 80 %, yellow oil, IR (KBr, Cm"l): 2951.69, 1732.41, 1228.82,
1157.42, 'H NMR (300 MHz, CDCly), (8, ppm): 10.10 (s, 1H, -CHO-), 8.27 —
8.23 (m, 1H, Ha,), 8.21 (s, 1H, Hryazole), 8.13 — 8.05 (m, 1H, Hy,), 8.01 — 7.92 (m,
1H, Hap), 7.74 (t, J = 7.8 Hz, 1H, Ha,), 5.40 - 531 (m, 2H, -O-CH3-Cryiazole), 4.68
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(td, J=10.9, 4.4 Hz, 1H, -CH-0O-), 2.72 - 2.61(m, 4H, -CO-CH,-CH,-CO), 1.96 -
1.92 (m, 1H, CH), 1.86 - 1.82 (m,1H, CH), 1.69 - 1.62 (m, 2H, CH,), 1.47 - 1.39
(m, 1H, CH), 1.38 - 1.30 (m, 1H, CH), 1.08 - 0.93(m, 3H, CH), 0.87 (d,J=7.0
Hz, 3H, CH,), 0.86 (d, J = 6.6 Hz, 3H, CH3), 0.73 (d, J = 6.9 Hz, 3H, CHj3) ppm.
BC-NMR (75 MHz, CDCLy), (3, ppm): 190.79, 172.25, 171.79, 144.07, 137.72,
137.52, 130.71, 129.97, 125.77, 121.96, 120.33, 74.64, 57.74, 46.85, 40.75,
34.10, 31.29, 29.29, 29.07, 26.17, 23.32, 21.94, 20.68, 16.25. MS (ESI): [M+H]
" C4H31N;05 caled 442.53, found 422.58.
(1-(4-Formylphenyl)-1H-1,2,3-triazol-4-yl)methyl(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl
succinate (5¢)

Yield: 75 %, white powder, M.P: 80 - 81 °C. IR (KBr, cm-1): 2924.08,
1735.64, 1628.80, 1159.27, IH NMR (300 MHz, CDCI3), (3, ppm): 10.03 (s, 1H,
-CHO-), 8.21 (s, 1H, HTriazole), 8.02 (d, J = 8.6 Hz, 2H, HAr), 7.95 (d, J = 8.6
Hz, 2H, HAr), 5.36 — 5.25 (m, 2H, -O-CH2-CTriazole), 4.62 (td, J = 10.8, 4.3
Hz, 1H, -CH-O-), 2.67 — 2.57 (m, 4H, -CO-CH2-CH2-CO), 1.93 - 1.84 (m, 1H,
CH), 1.83 - 1.74 (m, 1H, CH), 1.65 - 1.56 (m, 2H, CH2), 1.44 - 1.34 (m, 1H,
CH), 1.35 - 1.24 (m, 1H, CH), 1.03 - 0.86 (m, 3H, CH), 0.83 (d, J = 7.0 Hz, 3H,
CH3), 0.81 (d, J = 6.4 Hz, 3H, CH3), 0.68 (d, ] = 6.9 Hz, 3H, CH3) ppm. 13C-
NMR (75 MHz, CDCI3), (5, ppm): 190.70, 172.28, 171.82, 144.25, 140.80,
136.01, 131.34, 121.90, 120.45, 74.70, 57.74, 46.87, 40.78, 34.11, 31.35, 29.30,
29.09, 26.20, 23.36, 21.97, 20.70, 16.27. MS (ESI): [M+H] + C24H31N305
calcd 442.53, found 442.60.

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl prop-2-yl succinate (3)

Yield: 80 %, brown liquid, IR (KBr, cm™): 3289, 2952, 1738, 1375, 1157,
995, 672. 1H NMR (300 MHz, CDCI3), (5, ppm): 4.78 - 4.62 (m, 3H, -CH-O-
and C Acetylene ~CH2), 2.75 - 2.59 (m, 4H, -CO-CH2-CH2-CO-), 2.49 (t, J =
2.5 Hz, 1H, H Acetylene), 2.02 - 1.93 (m, 1H, CH), 1.93 - 1.78 (m, 1H, CH),
1.75 - 1.58 (m, 2H, CH2), 1.54 - 1.41 (m, 1H, CH), 1.40 - 1.25 (m, 1H, CH), 1.19
- 0.92 (m, 3H, CH2), 0.90 (d, J = 6.9 Hz, 3H, CH3), 0.89 (d, J = 7.1 Hz, 3H,
CH3), 0.75 (d, J = 6.9 Hz, 3H, CH3) ppm. 13C-NMR (75 MHz, CDCI3), (3,
ppm): 171.52, 171.49, 75.00, 74.63, 52.14, 46.93, 40.79, 34.19, 31.35, 29.26,
28.98, 26.19, 23.37, 22.00, 20.75, 16.27. MS (ESI): [M+Na] + C17H2604 calcd
317.37, found 317.37.
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Abstract: Disruption of the redox balance in the body causes oxidative stress
that can initiate many diseases. While antioxidants reduce the level of oxidiz-
ing compounds in the medium, prooxidants promote the opposite process and
have been used in therapies in particular those of cancer diseases. In this study,
a series of azolyl lactones, were tested in human serum as a biological matrix
and the obtained values of their oxy scores (OS) were compared. The antioxid-
ative properties of these compounds were also tested under conditions of ind-
uced oxidative stress using an external prooxidant, ¢-butylhydroperoxide. The
results showed that the sulphur analogue 4-azolyl coumarin 5 has the best anti-
oxidant properties (OS —2.2), while the halogenated derivatives of pyrazolyl-
coumarin 7 and 8 act as prooxidants, but successfully resist oxidative stress
(OS 2.7 and 2.0, respectively). Related phthalides and isocoumarins showed
prooxidative properties, but azolyl isocoumarins 10 and 11 show the strongest
resistance to oxidative stress, reflected in their negative oxy score value (OS
—2.1 and —1.1, respectively). The results demonstrated that combining two
pharmacophores with known redox properties can produce potent compounds
in both directions, with the antioxidative and the prooxidative characteristics.

Keywords: oxidative stress; antioxidant; prooxidant; biological matrix; coum-
arins; azoles.
INTRODUCTION

Oxidative processes are common reactions that are the part of various met-
abolic transformations in the body. Small quantities of reactive oxidative species,
such as free radicals, have their role in the body and participate in the regulation
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of certain biochemical processes, contributing in homeostasis maintenance.!
Constitutive production of reactive oxygen species (ROS) is an inevitable phen-
omenon called physiological eustress.2 However, if oxidative species are present
in organism (tissues, cells) in a large amount and an imbalance occurs, oxidative
stress can arise and cause organs’ damage and thus many diseases such as cancer,
diabetes, atherosclerosis and neurodegenerative processes.3 Tumour cells prolife-
ration takes place in high ROS environment, which is followed by antioxidants
accumulation promoted by antioxidant transcription factors activation. Other-
wise, critical ROS level will cause cancer cells’ senescence and subsequently
their death.# This tumour driven interplay between ROS and antioxidants, should
be interrupted by cytostatic therapy, intended to increase cancer cells” ROS con-
centration. Ideal cytostatic should have high prooxidant activity with concomitant
high selectivity for tumour cells in order to protect adjacent health tissue. This is
a reason why the simultaneous use of antioxidants with cytostatic therapy should
not be advised to patients, in order to preserve therapy potency. New cytostatic
therapy design should rely on its prooxidant potency improvement and accom-
panied by new, sophisticated carriers to enable its cancer cells directed activity.
Contrary to prooxidants, antioxidants promote the opposite process and can be
used as prophylactic agents or as therapeutics that can reduce the side effects of
anticancer drugs. Our previous study analysed several tyrosine kinase inhibitors
with anticancer properties in order to reveal its redox activity, finding their clear
prooxidant properties.>

Typical representatives of class of compounds with antioxidative properties
are ascorbic acid and polyphenols. Compounds with the phenolic or stable enolic
functionalities are capable of scavenging free radicals. A large number of various
natural products are known as antioxidants, such as coumarins,®8 flavonoids,?-10
phthalides,!! stilbenes!2 and others. Antioxidative properties of vitamin E are
also well known and have been extensively studied showing whole range of
beneficial effects. Due to the importance of compounds with antioxidant pro-
perties, many synthetic compounds of these types have been produced and
widely biologically profiled.!3:14 In this sense, coumarins are particularly inter-
esting compounds as they can reduce the risk of diseases with high mortality rate
such as cancer and cardiovascular diseases. This effect was attributed, at least in
part, to their radical scavenging ability as the result of their antioxidative pro-
perties. Their appealing biological profile attracted much attention and this class
of compounds was intensively studied in recent decades.”-15-18

Our involvement in this area encompassed the investigation of various azolyl
derived coumarins and some structurally related lactones.!® In our previous
study, the coumarins possessing azole substituent at C-4 position showed anti-
cancer properties against several tumour cell lines.29 In continuation of that work
we explored their antioxidative/prooxidative potential and the same properties of
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related, structurally similar azolyl phthalides and azolyl isocoumarins in biolog-
ical medium (serum pool of healthy subjects), and that work is outlined herein.

EXPERIMENTAL
Chemistry

Procedures for obtaining compounds 1-8, 10, 11, 13 and 14 as well as their spectral
characteristics, are described in our previous works.!%20 Compounds 12 and 15 were syn-
thesized according to literature procedures.!*2! Commercially available 4-hydroxycoumarin
(9) was purchased from Merck Schuchardt (Hohenbrunn, Germany).

Sample collection

Serum pool was formed by collecting samples from apparently healthy individuals, rem-
aining after the every-day laboratory work. This study was created without using any patients’
data.

The only samples included were of subjects whose basic biochemical parameters were
within metabolite reference ranges, as a confirmation of subjects’ good health. Serum pool’s
aliquots were frozen at —80 °C and used several months after the initial collection. Tested sub-
stances dissolved in dimethyl sulfoxide (DMSO, initial concentration 10 mmol/L), were
mixed with serum pool aliquots (in 1:9 ratio in order to limit sample dilution at 10 %, because
of bio-matrix preservation, thus final concentration for all tested substances were 1 mmol/L)
and subjected to 2 h incubation at 37 °C. All analyses were performed in duplicate, alone or in
combination with exogenously added prooxidant tert-butyl-hydroperoxide (TBH, conc. 0.25
mmol/L) in equi-volume ratio.

Evaluation of biochemical parameters

We performed four redox status parameters analyses, two of them were for prooxidants:
total oxidative status (70S) and prooxidant—antioxidant balance (PAB) and two of them were
for antioxidants: total antioxidative status (74S) and total sulthydryl groups (SHG), by already
published spectrophotometric methods.

Serum TOS presents a sum of lipid hydroperoxides and H,O, concentrations and was
determined using Erel’s method and modified in our laboratory.?>?3 Oxidants from the sample
oxidize the ferrous ion in o-dianisidine complex to ferric ion. The standard used for the assay
calibration was water solution of hydrogen peroxide (2-200 umol/L). Results are expressed as
pmol H,O, equivalent/L.

Serum PAB is a H,0, concentration in an antioxidative environment and is measured
according to a previously published method.?* 3,3°,5,5’-Tetramethylbenzidine (TMB) reacts
with hydrogen peroxide and antioxidants like uric acid, simultaneously. Hydrogen peroxide
and chromogen reaction is enzymatically catalysed with peroxidase, whereas the reaction of
serum antioxidants and chromogen is non-enzymatic, i.e., chemical reaction. Standard solut-
ions were prepared by mixing varying proportions (0-100 %) of 1 mmol/L H,0O, with 6
mmol/L uric acid. The absorbance was measured at 450 nm. PAB values are expressed in
arbitrary units, which correspond to the percentage of H,O, in the standard solution. All mea-
surement were performed using the micro-plate reader SPECTROstar Nano microplate reader
(BMG Labtech, Ortenberg, Germany).

TAS is a parameter which represents the total concentration of all reductive substances in
blood and was measured using 10 mmol/L 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) as a chromogen. ABTS molecule is oxidized to ABTS®" radical cation using
hydrogen peroxide in acidic medium (an acetate buffer 30 mmol/L, pH 3.6). Under defined
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conditions, emerald green ABTS*" molecules are stable for 6 months.2225 The antioxidants
present in the sample cause the reagent discoloration to a degree proportional to their anti-
oxidative potential. The reaction is calibrated with Trolox, a water-soluble vitamin E analog in
the measurement range of 200-2000 pumol/L, the absorbance is measured at 660 nm, and the
assay results are expressed in micromoles Trolox equivalent/L.

The levels of SHG were measured by Ellman’s method modified by Kotur-Stevuljevic et
al., using 10 mM 5,5’-dithiobis(2-nitrodithiobenzoic acid) (DTNB) as a reagent.2326 DTNB
reacts with aliphatic thiol compounds in a basic environment (pH 9.0) and this reaction gener-
ates equimolar quantities of mixed disulphide and 5-thio-2-nitrobenzoic acid (TNB) anion,
which has absorbance maximum at 412 nm.27-28 The method calibration was performed with
the reduced glutathione as a standard, in the concentration range from 0.01-4.0 mM.
Prooxidative score, antioxidative score and oxy score

Oxy score (0S) is calculated as the difference between prooxidative score (average value
of Z scores of all measured oxidants) and antioxidative score (average value of Z scores of all
measured antioxidants). A larger oxy score means worse redox status (weaker antioxidative
protection, higher prooxidants content). Z score is the difference between the original value
and the control value divided by SD of control values (or population means and SDs).
Statistical analysis

Data are presented as median values (251—75™ percentile values). For the inter-groups
comparison Kruskal-Wallis ANOVA and post-hoc Mann—Whitney U test were used. The P
value below 0.05 was considered as statistically significant.

RESULTS AND DISCUSSION

A series of azolyl-coumarin derivatives including related isocoumarins and
phthalides were previously synthesised an biologically profiled in various assays.
As an extension of our interest in biological properties of these compounds, we
further explored the antioxidative/prooxidative potential of these molecules as
well. In fact, these compounds combine two pharmacophores, coumarin and dia-
zole moieties, which are known to have redox properties individually, but their
synergistic activity in this direction was not assessed.

As an addition, the redox properties of hydroxy analogues of coumarin, iso-
coumarin and phthalide were also tested due to their structure similarity to azo-
lyl-coumarins.

The redox features of all these compounds in human serum as biological
matrix were probed under conditions that mimic realistic physiological condit-
ions. All structures are outlined in Fig. 1.

In order to determine the antioxidative and prooxidative properties of our
compounds several parameters were measured as showed in Table 1. The exp-
eriments were performed without (entries a—o, Table I) or with (entries a’—o’,
Table I) the externally added ¢-butyl hydroperoxide in order to mimic conditions
existing during pathological processes development.

The determined values for thePAB, TAS and SHG parameters were then
used to calculate the prooxidative and antioxidative scores, as well as the oxy
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scores, as the simple difference of the previous two factors (Table II). The cal-
culation was performed for all compounds and experiments carried out without
(entries a—0) and with the addition of TBH as exogenous prooxidant (entries a’—
—0’). Generally, a low value of the oxy score is associated with the pronounced
antioxidant properties of tested compounds. The oxy scores with the addition of
TBH indicate the ability of the system to resist the influence of exogenous pro-
oxidant.
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Fig 1. Structures of tested heterocycles, trolox and TBH.

TABLE I. Redox status parameters concentration in serum samples with tested compounds;
data presented as medians and 25th—75th percentile values in brackets; entries a—o: samples
without TBH; entries a’-o0”: samples with TBH

Entry Compound PAB/UL' TOS/umolL! TAS/umolL! SHG/umolL!

- Blank (0) 78.6 < 920 0.209
(77.9-79.2) (878-963) (0.207-0.210)

a 1 73.9 < 930 0.212
(73.7-74.1) (903-958) (0.206-0.219)
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TABLE I. Continued
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Entry Compound PAB/UL!' TOS/umolL! TAS/umolL! SHG/umolL'!

b 2 73.0 <2 1058 0.176
(72.3-73.7) (990-1125)  (0.157-0.196)

c 3 74.8 <2 858 0.180
(73.4-76.3) (690-1025)  (0.175-0.184)

d 4 73.5 <2 903 0.157
(72.9-74.0) (858-948)  (0.146-0.167)

e 5 67.3 <2 980 0.244
(66.7-68.0) (950-1010)  (0.242-0.246)

f 6 73.9 2.2 878 0.222
(123-75.4)  (2.1-2.3) (850-905)  (0.216-0.228)

g 7 166.4 29.1 1160 0.315
(165.9-166.9)  (28.1-30.1)  (1088-1233)  (0.310-0.320)

h 8 159.3 8.5 1069 0.271
(158.0-160.7)  (6.8-10.2) (1048-1090)  (0.267-0.275)

i 9 72.9 3.6 789 0.151
(719-73.8)  (3.3-4.0) (683-895)  (0.125-0.177)

j 10 146.9 8.7 1247 0.313
(146.3-147.5)  (8.5-8.8) (1233-1260)  (0.299-0.328)

k 11 150.7 10.9 1248 0.295
(150.5-150.8)  (9.9-11.9) (1120-1375)  (0.290-0.300)

1 12 161.3 7.0 1174 0.274
(157.4-165.1)  (5.6-8.4) (1138-1210)  (0.244-0.304)

m 13 159.8 12.7 1147 0.304
(158.3-161.4)  (11.2-14.3) (940-1353)  (0.296-0.312)

n 14 151.8 16.0 1145 0.307
(151.7-152.0)  (15.7-16.3) (1120-1170) (0.290-0.325)

0 15 160.3 12.4 1109 0.279
(160.2-160.4)  (12.0-12.9)  (1078-1140)  (0.270-0.289)

a’ 101 79.5 65.8 987 0.121
(78.8-80.3)  (65.7-65.9) (815-1158)  (0.116-0.126)

b’ 102 80.0 69.5 1062 0.117
(79.7-802)  (68.8-70.1) (963-1160)  (0.110-0.125)

¢ 103 78.8 57.1 1087 0.116
(77.5-80.1)  (56.4-57.9) (846-1328)  (0.099-0.133)

d’ 104 77.9 62.9 868 0.116
(77.5-782)  (61.2-64.6) (838-898)  (0.115-0.117)

¢ 105 74.2 65.4 978 0.125
(74.0-745)  (57.0-73.8) (833-1123)  (0.116-0.133)

f 106 79.8 69.6 1179 0.146
(78.9-80.7)  (66.0-73.3)  (1165-1193)  (0.106-0.187)

g 107 109.2 433 998 0.188
(108.9-109.4)  (42.4-44.1) (985-1010)  (0.181-0.196)

h’ 108 108.7 38.5 1015 0.182
(104.2-113.3)  (36.2-40.9) (993-1038) (0.162-0.202)

i 109 78.9 74.5 1064 0.054
(77.9-79.9)  (70.5-78.4) (960-1168)  (0.020-0.087)
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TABLE I. Continued

Entry Compound PAB/UL!' TOS/umolL! TAS/umolL! SHG/umolL'!

i 110 104.6 28.4 1123 0.181
(103.4-105.7)  (27.1-29.6) (1030-1215) (0.172-0.188)

K’ 111 105.2 35.7 1108 0.175
(105.1-105.4)  (33.7-37.7)  (1088-1128)  (0.167-0.183)

I 112 107.5 35.6 1007 0.168
(105.7-109.3)  (34.3-36.8) (963-1050)  (0.158-0.178)

m’ 113 175.4 39.7 1102 0.170
(172.5-1783)  (39.0-40.4)  (1050-1153)  (0.162-0.177)

n’ 114 171.9 32.2 1053 0.177
(170.8-173.1)  (31.7-32.7)  (1038-1068)  (0.168-0.186)

o 115 173.7 35.6 1019 0.183
(172.3-175.0)  (32.3-38.8) (990-1048)  (0.175-0.190)

- 1000 81.4 126.4 873 0.046
(TBH) (80.1-82.6)  (123.6-129.2) (843-903) (0.014-0.078)

- Trolox 119.0 6.5 784 0.247
(118.0-120.0)  (5.9-7.1) (750-818)  (0.203-0.291)

TABLE II. Calculated values of prooxy, antioxy and oxy score of azolyl lactones; data
presented as medians and 25th—75th percentile values in brackets; entries a—o: samples
without TBH; entries a’—0”: samples with TBH

Entry Compound Prooxy score Antioxy score Oxy score
- Blank (0) 0.8 -0.7 1.5
(0.40-1.3) (-1.0-(-)0.3) (1.4-1.6)
a 1 -0.4 -0.4 0.0
(-0.5-(-) 0.3) (-0.9-0.1) (-0.4-0.4)
b 2 0.0 -1.4 1.4
(-0.2-0.2) (-2.8-0.0) (0.2-2.7)
c 3 0.1 -2.5 2.6
(-0.3-0.6) (-3.8-(-)1.2) (0.9-4.4)
d 4 0.1 -34 3.5
(0.0-0.3) (-4.1-(-)2.6) (2.9-4.1)
e 5 -0.8 1.5 2.2
(-0.9—(-)0.6) (1.4-1.6) (-2.3-(-)2.2)
f 6 0.5 -0.3 0.7
(0.4-0.5) (-0.8-0.2) (0.3-1.1)
g 7 31.4 2.1 29.3
(31.1-31.8) (1.2-2.9) (28.1-30.6)
h 8 26.4 0.5 259
(25.6-27.2) (0.2-0.8) (25.3-26.4)
i 9 0.8 4.4 5.2
(0.6-1.0) (-6.4-(-)2.4) (3.0-7.3)
i 10 19.7 3.1 16.6
(19.4-20.0) (2.8-3.4) (16.0-17.2)
k 11 21.9 3.0 18.9
(21.8-21.9) (1.3-4.6) (17.3-20.5)
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TABLE II. Continued
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Entry Compound Prooxy score Antioxy score Oxy score
1 12 273 1.9 25.5
(25.3-29.3) (1.7-2.0) (23.3-27.6)
m 13 26.9 1.8 25.1
(26.0-27.8) (-0.8-4.4) (23.4-26.8)
n 14 22.8 1.8 21.0
(22.7-22.9) (1.7-2.0) (20.8-21.2)
o 15 271 1.1 26.0
(27.1-27.2) (0.6-1.6) (25.5-26.6)
a’ 101 12.8 —4.6 17.4
(12.7-12.9) (-6.0-(-)3.3) (15.9-18.8)
b’ 102 13.5 —4.3 17.8
(13.3-13.6) (-4.6-(-)4.1) (17.4-18.2)
o 103 11.1 —4.3(-6.6—(-)1.8) 15.4
(11.1-11.1) (12.9-17.8)
d 104 12.1 5.6 17.7
(17.8-12.4) (-5.8-(-)5.5) (17.3-18.1)
¢ 105 12.1 —4.5 16.6
(10.6-13.6) (-5.0-(-)4.0) (15.6-17.6)
f 106 13.5 2.1 15.6
(12.7-14.2) (-4.1-(—)0.2 (14.4-16.8)
g 107 1.6 -1.1 2.7
(1.4-1.8) (-1.3-(-)0.9) (2.6-2.8)
h’ 108 1.1 -0.9 2.0
(-1.2-3.4) (-1.4-(5)0.5) (-0.7-4.8)
i 109 14.3 1.5 21.8
(13.6-14.9) (-9.8-(-)5.2) (18.8-24.7)
i 110 -1.7 0.4 2.1
(-2.3-(9)1.2) (-0.8-1.5) (-2.8-(9)1.5)
K 111 -0.9 0.1 -1.1
(-1.0-(-)0.9) (0.0-0.3) (-1.3-(-)0.9)
I 112 0.3 -1.2 1.4
(-0.8-1.3) (-1.6—-()0.7) (-0.1-2.9)
m’ 113 36.9 0.0 36.9
(35.3-38.5) (-0.7-0.7) (36.0-37.8)
n’ 114 34.6 -0.5 35.1
(34.0-35.2) (-0.8-(-)0.3) (34.8-35.4)
o’ 115 35.7 -0.9 36.6
(35.2-36.2) (-1.2—(-)0.6) (35.8-37.4)
- 1000 239 -9.1 33.0
(TBH) (23.6-24.3) (-10.5-(—)7.7) (31.2-34.8)
- Trolox -11.7 1.7 -12.7
(-12.0-(-) 11.5) (0.8-2.6) (-13.2-(9)12.2)

The lowest value of oxy score (OS) in experiments performed without TBH
was shown by derivative 5 (OS —2.2, entry e, Table II), which is the only one
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with a thionoester group in the lacton ring. This is not surprising, bearing in mind
the fact that thiocarbonyl compounds are known as good radical scavengers.29-31
Additional unambiguous proof for the essential role of the thiono group is the
antioxidative potential for compound 4, the derivative with oxygen in place of
sulphur, showing weaker antioxidative properties (OS 3.5, entry d, Table II).
Further structure—activity relationship (SAR) analysis demonstrated some addit-
ional facts. The compound 2 possessing simple imidazole substituent showed
better antioxidative properties (OS 1.4, entry b, Table II) than the benzimidazol
derivative 4. This might suggest that imidazole moiety directly contributes to the
antioxidative properties and that this effect is hampered by the benzene ring in
case of 4. Going further along this line, the derivatives with chlorine 6 and carb-
ethoxy group 3 compared with the parent 2 demonstrated different results. While
the chloro derivative 6 showed slightly better antioxidative properties the ester
derived compound 3 demonstrated worse profile, but in both cases the effect is
relatively small (OS 2.6 and 0.7, entries ¢ and f, respectively, Table II). It is
known that amino acid histidine, which contains imidazole ring has antioxidative
properties with the position C-2 prone to the oxidative transformation.32 2-Oxo
histidine occurs in peptides as a product of its oxidation. Since this position in all
our imidazole derived compounds is unsubstituted, it may contribute to the over-
all antioxidative feature of these derivatives. It was also interesting to compare
the effect of pyrazole ring in place of imidazole. The compound 1 has simple
pyrazole substituent and its oxy score is close to 0 (entry a, Table II), placing it in
front of the complementary imidazole derivatives. It is also the most potent com-
pound after the tiono derivative 5. The preferred oxidative metabolic transform-
ation of pyrazole leads to the formation of 4-hydroxy derivatives.33 This could
provide an explanation for the antioxidative properties of 1, in particular when
compared with the corresponding compounds 7 and 8 which demonstrated sig-
nificantly lower antioxidative potential (entries g and h, Table II). Actually, these
two compounds have prooxidative properties. It is noticeable that the influence of
halogenated azole ring on antioxidative properties is more pronounced in the case
of pyrazoles than in imidazoles. A possible explanation is that the halogen-
occupied position C-4 in the compounds 7 and 8 cannot be oxidized as in the
unsubstituted derivative 1 while in the case of compound 6, as mentioned above,
the unsubstituted position C-2 might be a key structural feature for the antioxid-
ative character. In our previous study the compound 7 showed antiproliferative
activity against tumor cell line K562 (ICsq = 3.06 umol).20

In order to determinate the significance of the azole attached to the coum-
arin, the antioxidative properties of 4-hydroxycoumarin (9) in human serum were
also examined.34:35 Under our experimental conditions, it shows weaker antiox-
idant properties than most azolyl coumarins, but still doesn’t have a high oxy
score (OS 5.2, entry i, Table II).
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The oxy score was also determined in the presence of 7-butyl hydroperoxide
indicating potential of the compounds to resist to oxidative stress. It is interesting
that the two coumarin derivatives with initial prooxidative properties (7 and 8) in
the presence of TBH become antioxidants and their OS value becomes about ten
times lower (2.7 and 2.0, entries g’ and h’, Table II). This result could be attri-
buted to the potential formation of an oxidized form of pyrazoles due to the
action of strong exogenous prooxidants.32 Namely, that would lead to the form-
ation of hydroxypyrazoles, or some of their tautomeric forms, which are known
to be strong radical scavengers.30:37 Other coumarin derivatives in the presence
of TBH lose their antioxidative properties and values of their oxy score increases.

The next small class of tested compounds have isocoumarin core linked to
azole via a methylene group at C(3), as well as isocoumaryl alcohol itself. The
isocoumarin derivatives with pyrazole (10) and chloropyrazole ring (11) don’t
show antioxidant properties, however they act as prooxidants (OS 19.7 and 21.9,
entries j and k, Table II). The key difference compared to the above compounds
is the presence of the benzylic C—H moiety which might be involved in the form-
ation of radical intermediates. An interesting phenomenon which was observed
with the coumarins 7 and 8, also occurs here: in the presence of TBH, oxy score
of azolyl-isocoumarins decreases even to a negative value (OS -2.1 and —1.1,
entries j° and k’, Table II). This means that their role changes in the presence of
exogenous prooxidants. Similar to them, isocoumaril alcohol shows better anti-
oxidative properties with TBH, but its value of OS is positive. Based on these
results, it can be concluded that azole ring has some influence on the antioxid-
ative properties of that class of compounds.

As a part of overall SAR studies the phthalide derivatives, 13 and 14, with
an azolyl group as well as the hydroxyphthalide 15 were also investigated. All
three phthalide derivatives are prooxidants, without and in the presence of TBH.

Oxy scores for all compounds are also outlined in Fig. S-7 of the Supple-
mentary material to this paper which summaries the results from both experi-
ments (without and with TBH) after 2 h incubation at 37 °C in comparison with
trolox used as standard.

CONCLUSION

Our study of the substituted coumarines and the related isocoumarins and
phthalides demonstrated the beneficial effect of azolyl substituents on antioxid-
ative/prooxidative balance of these compounds. While in the case of azol-sub-
stituted coumarins majority of compounds, but not all, showed reasonable anti-
oxidative properties, the effect of heterocyclic substituent was opposite in the
case of isocoumarins and phthalides displaying prooxidative characteristics.
Although some general trends can be recognised by analysing the current results,
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further study would be necessary to understand the substituent effect on the anti-
oxidative/prooxidative balance in detail, which is now underway.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12184, or from the corres-
ponding author on request.

Acknowledgement. This research was funded by the Ministry of Education, Science and
Technological Development, Republic of Serbia through Grant Agreement with University of
Belgrade-Faculty of Pharmacy No: 451-03-68/2022-14/200161.

H3BOJ
IN VITRO CTYIUJA PEOOKC OCOBMHA A30JIUJI-TAKTOHA Y XYMAHOM CEPYMY

MWJIEHA P. CHMMR', JEIEHA M. KOTYP-CTEBYJ/bEBHR?, ITPEJJPAT M. JOBAHOBHR', MHJIOII P. METKOBHR',
MUJIOII /. JOBAHOBUWR', TOPJAHA [I. TACUR' u BIAIIMMUP M. CABUR'

IYHueepsumem y Beoipagy-®apmaueyitcku paxyniueti, Kaitiegpa 3a opiancky xemujy, Bojeoge Ciieiie 450,
11221 Beoipag u ? Yuusepsutietni y Beoipagy-®apmayeyiicku axynitedi, Kawiegpa 3a mequyuncky
ouoxemujy, Bojeoge Cuieiie 450, 11221 Beoipag

[Topemehaj penokc danaHca y opraHu3My MOXe Y3pOKOBAaTH OKCUIATUBHU CTPeC, KOjH je
OKHZIay 3a HaCTaHAaK MHOTHX D0lecTH. AHTMOKCHIAQHCH CHH)XXaBajy HHUBO OKCHUIOYjyhUX jemu-
BEHha y MEAUjYMy Y KOME Ce Haslase, JOK NPOOKCUIAHCH AeNyjy CyIPOTHO U Kao TaKBU MOTY
Hah¥ MpUMeHy y Tepaldju KaHuepa. Y 0BOM UCTPaXKHUBaky, UCITUTUBAHE CYy aHTUOKCUAATHBHE
U IIPOOKCHAATUBHE OCODMHE CEpHje a30jaWI-TaKTOHAa y XyMaHOM CEPYMY Kao OMOIOLIKOM
MarpuKcy. AHTHOKCHZIATHBHE 0CODHHE Cy mpencTaB/beHe momohy okcu ckoposa (0S), a ucnu-
THBAHO je W MOHalllalbe OBUX jefluhena y YCI0OBUMa MHIYKOBaHOT OKCH/IATUBHOI CTpeca Hac-
TaJlor JIOJATKOM wWiepy-OyTUI-XUIPONEepOKCHia Kao CIIOJBHOT TpoOKcHiaHca. Pesynratu cy
NoKasalu jla CyMIIOPHU AepuBar, 4-0eH3MMHUIa301uI KyMapuH 5 UMa Haju3pakeHuje aHTH-
okcupgatuBHe ocoduHe (OS —2,2), HOK XajJoreHOBaHU AepUBATH NMHUpa30IUI-KymapuHa 7 U 8
pearyjy xao npookcugancu (OS 2,7 u 2,0). YTuuajy foAaTor IpOOKCUIaHCa ce Hajdosbe Omupy
jenumema 7 1 8. UcninTHBaHU iepUBaTH U30KyMapHHa U dTanuzna Takohe nokasyjy mpooKcH-
IaTHBHE 0COOMHeE, MOK Ce OKCUIATUBHOM CTpecy Hajdosse onupy asoiui-usokymapusu (OS < 0).

(ITpumsseno 21. geuemdpa 2022, pesunupano 12. dedpyapa, mpuxsaheno 23. mapta 2023)
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Figure S-1. PAB concentration (U/L) in compounds (1-15) and its combination with TBH
(101-115) after 2h incubation in human serum pool (37° C). * p<0.05 vs. blank sample (serum
pool); # p<0.05 compound + TBH in human serum pool vs. the same compound in human
serum pool without TBH. TBH is a sample of TBH in human serum pool. Numbers above the
boxes mean p<0.05 vs. compound signed with the distinct number - - - median PAB value for
human serum pool sample with Trolox.
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Figure S-2. TOS concentration (umol/L) in compounds (1-15) and its combination with TBH
(101-115) after 2h incubation in human serum pool (37° C). *p<0.05 vs. blank sample (serum
pool); # p<0.05 compound + TBH in human serum pool vs. the same compound in human
serum pool without TBH. TBH is a sample of TBH in human serum pool. Numbers above the
boxes mean p<0.05 vs. compound signed with the distinct number - - - median TOS value for
human serum pool sample with Trolox.
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Figure S-3. TAS concentration (umol/L) in compounds (1-15) and its combination with TBH

(101-115) after 2h incubation in human serum pool (37° C). All differences in TAS

concentration between different compounds were statistically non-significant. TBH is a
sample of TBH in human serum pool. Numbers above the boxes mean p<0.05 vs. compound
signed with the distinct number - - - median TAS value for human serum pool sample with
Trolox.
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Figure S-4. Total SH groups concentration (mmol/L) in compounds (1-15) and its
combination with TBH (101-115) after 2h incubation in human serum pool (37° C). *p<0.05
vs. blank sample (serum pool); # p<0.05 compound + TBH in human serum pool vs. the same
compound in human serum pool without TBH. TBH is a sample of TBH in human serum
pool. Numbers above the boxes mean p<0.05 vs. compound signed with the distinct number

40.04

30.0+

200

1004

Prooxidant score

<1004

----- median SHG value for human serum pool sample with Trolox.

PROOXIDATIVE SCORE

*
(= = K
m
W3

m 3
[== ==+
z *

13

53

[
[= =E:2
m

m 3

Compound

Figure S-5. Prooxidant score value in compounds (1-15) and its combination with TBH (101-
115) after 2h incubation in human serum pool (37° C). *p<0.05 vs. blank sample (serum
pool); # p<0.05 compound + TBH in human serum pool vs. the same compound in human
serum pool without TBH. TBH is a sample of TBH in human serum pool. Numbers above the
boxes mean p<0.05 vs. compound signed with the distinct number - - - median Prooxidant

score value in serum sample with Trolox.
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Figure S-7. Oxy score value in compounds 1-15 and its combination with TBH (101-115).
*p < 0.05 vs. blank sample (serum pool); # p < 0.05 compound + TBH in human serum pool
vs. the same compound in human serum pool without TBH. TBH is a sample of TBH in
human serum pool. Numbers above the boxes mean p < 0.05 vs. compound signed with the
distinct number; ---- median Oxy score value for human serum pool sample with Trolox.
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Abstract: Juglans nigra (Black walnut) is a source of health-supporting bio-
logically active compounds used in traditional medicine. The investigation of
bioactive compounds in black walnut could lead to its broader application, as
well as to the application of its by-products. Therefore, this study aimed to
characterize J. nigra nut and green husk based on chemical analysis of their
petroleum ether and ethanol extracts obtained by ultrasonic and reflux extract-
ion methods, respectively. Different extract fractions were tested for their anti-
microbial activities using Gram-negative bacteria (Escherichia coli, Pseudo-
monas aeruginosa), Gram-positive bacteria (Enterococcus faecalis, Staphylo-
coccus aureus) and yeast (reference strain and clinical isolates of Candida
albicans). The ethanol extracts analysis, performed by high performance liquid
chromatography, singled out the ellagic acid as the most dominant compound
in nut ((55.0+£1.3)x1073 kg m3) and green husk ((114.1£0.5)x1073 kg m™) ext-
racts. Non-polar compounds were evaluated using gas chromatography analysis
of petroleum ether extracts. Juglans nigra nut and green husk contained two
saturated fatty acids, palmitic acid (C16:0) and stearic acid (C18:0), then,
monounsaturated fatty acids, palmitoleic (C16:1n-7), oleic (C18:1n-9) and vac-
cenic acid (C18:1n-7), as well as polyunsaturated fatty acids, linoleic (C18:2n-
-6), y-linolenic (C18:3n-6) and a-linolenic (C18:3n-3) acids. Ethanol extracts
of both J. nigra nut and green husk showed antimicrobial activity against C.
albicans, which is the most common cause of yeast infections.

* Corresponding author. E-mail: katar1970@yahoo.com
https://doi.org/10.2298/JSC230210024R
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INTRODUCTION

Juglans nigra L. (Black walnut) is a deciduous tree whose different parts
contain a variety of useful chemical compounds with numerous health benefits.1-3
The walnut fruit consists of a husk, a hard shell, and kernel. The kernel is eaten
raw or roasted, or pressed for oil and contains unsaturated fatty acids and toco-
pherols that may have beneficial effect on cardiovascular disease risks.# The
shells are used in a variety of applications ranging from abrasives, fillers, thick-
eners, and dyes,> while the husk is commonly discarded although it contains
phenolic compounds that exhibit antioxidant and antimicrobial properties.#

The majority of chemical research was focused on the J. nigra nuts, which
represent a rich source of natural compounds proven to have various medicinal
properties. 1:6-8 J. nigra nuts are of great biological importance, since they are an
excellent source of phytochemical antioxidants, such as a complex mixture of
phenolic compounds (phenolic acids, flavonoids and catechins).3:7:9:10 Nuts of J.
nigra are not only rich in phenolics, but also contain high levels of phytosterols,
unsaturated fatty acids and tocopherols in fatty oil. 10 It is known that the fatty oil
from all nuts species is an important parameter in assessing the quality of nuts
and responsible for beneficial health effect as well.® The fatty acid profile of J.
nigra kernel consist of unsaturated forms, whereas saturated forms are present in
small quantities. !0 Among the unsaturated fatty acids, oleic, linoleic, and a-lino-
lenic acids were found in J. nigra nuts.%10 In addition, J. nigra nuts are not only
rich in mineral content.6:11

Regarding walnut husk, there have been a few studies involving the detailed
characterization of phenolic compounds originating from the green husk of com-
mon walnut (J. regia).1?-14 Generally, the green husk of common walnut is usu-
ally discarded in processing, though it contains phenolic compounds that exhibit
antioxidant and antimicrobial properties.!3-15 Cosmulescu et al.,12 suggested that
the green husk of common walnut as a by-product, is a good raw material for the
extraction of phenolics. However, despite a diverse phytochemical composition
of J. regia green husk,!2-14 there is no detailed chemical analysis of J. nigra
green husk, except for the study of total phenolics content.*

The investigation of bioactive compounds in black walnut could lead to its
broader application, as well as its by-products. To date, there is no study that sys-
tematically characterizes and compares the chemical profiles between J. nigra
nut and green husk. Accordingly, the aim of this research was to determine
chemical composition and antimicrobial activity of J. nigra nut and green husk.
The chemical analysis included high performance liquid chromatography
(HPLC) and gas chromatography (GC).

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



CHEMICAL CHARACTERIZATION AND ANTIMICROBIAL ACTIVITY OF J. nigra 605

EXPERIMENTAL
Plant material

Juglans nigra fruits (nuts with green husks) were collected during September 2021 from
one location at Aleksinac in southeast region of Serbia (located at 43° 32 11N/, 21° 42’
11"E). There was not a significant variation among the provenances in number of fruits and
fruit weight of different trees from plot. The voucher specimen was deposited at the Herb-
arium of the Department of Botany, University of Belgrade-Faculty of Pharmacy (HFF),
under the number 3906HFF. The fruits were air dried for two weeks at the average temper-
ature of 20 °C in a room with cross ventilation and out of direct sunlight. The green husks
were manually removed from the nuts. It was not possible to separate the kernel from the
shell, so the whole nut was ground. The nuts and green husks were ground thus obtaining the
material particles of average size of 0.75 mm which were stored in a container at —18 °C until
use. The extracts of nuts and green husks were made three weeks after collecting the fruits and
stored in a container at —18 °C until the use for different analysis (10-20 days).

Extraction process

The 8x10-2 kg of powdered nut and green husk of J. nigra were extracted with 8x102 kg
of petroleum ether (solvent-to-solid mass ratio 1:1) by indirect ultrasonication using ultrasonic
thermostatic bath (Sonic, Nis§, Serbia, power 120 W, frequency 40 kHz). Ultrasonic assisted
extraction was performed during 80 min at 40 °C, and the obtained suspensions were vacuum
filtered. The resulting liquid residues were labeled as the petroleum ether extracts. Each ext-
ractives modality was repeated twice.

The 5x10°2 kg defatted material of nut and green husk, remaining after the extraction
with petroleum ether, was re-extracted with 0.20 dm? of 70 % ethanol for 4 h under reflux, at
solvent-to-solid mass ratio of 4:1 and at boiling point of the solvent. After the filtration, the
resulting liquid residues were labelled as the ethanol extracts. Each extractives modality was
repeated twice.

HPLC analysis

The ethanol extracts of nut and green husk were dried under vacuum, dissolved in 70 %
ethanol (5 mg cm™), filtered through 0.45x10° m filters and analyzed by HPLC using an
Agilent LC 1260 system (Agilent Technologies, Waldbronn, Germany) with photodiode-array
detector (PDA). Instrumental conditions were as follows: reversed-phase analytical column
(Zorbax SB-aq column, 150 mx2.1x10-3 m with 3.5x10° m particle size), 0.35%10° m? min-!
flow rate, 25 °C temperature, 2x10? m? injection volume. Solvent A, 0.1% formic acid in
water , and solvent B, acetonitrile, were used for gradient elution: initial 10 % of B, rising to
30 % in 35 min, 3545 min rising to 70 % of B and returning to initial conditions till 55 min.
The wavelengths on which chromatograms were recorded were 210, 250, 320 and 350 nm.
Qualitative analysis was performed by comparing the UV spectrum and the retention time of
the detected component with those obtained for ellagic acid (Sigma—Aldrich). For the quan-
tification of ellagic acid external standard method was used, with standard of ellagic acid at
250 nm (y = 54x-209, R? = 0.9993, working concentration range 17x10-3-150x10-3 kg m™;
LoD 6.3x103 kg m3, LoQ 19x103 kg m™3, calculated according to ICH using residual
standard deviation of calibration curve). HPLC analyses was performed in duplicate for each
extractives modality.
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GC analysis

The fatty acids composition of petroleum ether extracts of nut and green husk was det-
ermined using the method by Glaser ef al., with few modifications.!® Briefly, in 100x10° m3
of petroleum ether extracts 1.5%10¢ cm? of 3 M HCI in methanol was added and heated for 60
min at 85 °C. After cooling to room temperature, 1.5%x10° m3 of hexane was added and cen-
trifuged for 15 min at 3000 rpm. The hexane layer was evaporated to dryness and stored in the
freezer until analysis. Fatty acid methyl esters were analyzed by gas chromatography using a
Shimadzu gas chromatograph with a flame ionization detector (model 2014) equipped with an
Rtx 2330 column (60 m, 0.25x103 m inside diameter, film thickness 0.25x10° m, Restek,
USA). Helium was used as the carrier gas with a flow rate of 1 mL/min. The temperature of
the injector was 220 °C, of detector 260 °C, while the initial oven temperature of 130 °C was
held for 10 min and then programmed to increase 3 °C min! to a final oven temperature of
220 °C. The individual fatty acids were identified using fatty acids standard mixtures PUFA-2
and Supelco 37 Component FAME Mix (Sigma—Aldrich). The results for individual fatty
acids were expressed as the percentage of total identified fatty acids ( in mol %). GC analyses
was performed in triplicate for each extractives modality.

Antimicrobial activity

The antimicrobial effect was examined against the following microorganisms: reference
strains of Gram-negative bacteria Escherichia coli ATCC 25922 (Kwik-stik, Microbiologics
Inc.), Pseudomonas aeruginosa ATCC 27853 (Kwik-stik, Microbiologics Inc.) and Gram-
-positive bacteria Enterococcus faecalis ATCC 29212 (Kwik-stik, Microbiologics Inc.), Sta-
phylococcus aureus ATCC 25923 (Kwik-stik, Microbiologics Inc), as well as the reference
strain of Candida albicans ATCC 10231 (Kwik-stik, Microbiologics Inc.) and two clinical
isolates of C. albicans. Gram-negative bacteria can cause serious diseases in humans, espe-
cially in immuno-compromised individuals. The cell wall of Gram-negative bacteria is a more
extensive and rigid complex than that of Gram-positive species, which is why Gram-negative
bacteria species are more resistant. The clinical oral isolates of C. albicans were collected
from patients diagnosed with prosthetic stomatitis, from the Department of Prosthodontics,
School of Dental Medicine, University of Belgrade (Serbia). From the surface of the denture
base, a biofilm was obtained using a method of denture sonication described previously.!” The
obtained solution was homogenized and 5x108 m3 was plated on CHROM agar Candida
medium (CHROMagar, Paris, France) and incubated at 37 °C for 48 h. The identification of
Candida strains was done according to the specific appearance of colonies as defined by the
manufacturer.

The antimicrobial activity of petroleum ether and ethanol extracts was assessed using
broth microdilution method according to EUCAST.!® The yeast and bacterial suspensions
were prepared in sterile saline and adjusted to 0.5 McFarland standard of turbidity (which
corresponds the size of inoculums of 1x10!2-5x10!2 CFU m™). When testing the bacterial
susceptibility, volume of 9x108 m3 of dextrose broth (Himedia) and volume of 1x108 m3 of
each bacterial suspension was added to the wells of a sterile 96-well microtiter plate contain-
ing volume of 1x1077 cm? of nut and green husk extracts diluted in dextrose broth. When
testing yeast susceptibility, volume of 9108 m3 of RPMI 1640 medium (Merck) and volume
of 1x10® m3 of each fungal suspension was added to the wells of a sterile 96-well microtiter
plate already containing volume of 1x10"7 m3 of extract in RPMI 1640 medium. The micro-
plates were then incubated for 24 h at 37 °C. The serial dilutions of nut and green husk ext-
racts were made in the microtiter plate wells. The nut and green husk extracts concentrations
of 3.38, 2.75, 1.69 and 1.38 kg m™ were tested.
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The minimal inhibitory concentration (MIC) was the lowest concentration where micro-
organism growth was not observed after 24 h. The test for antifungal activity also included
positive control (fungi in RPMI 1640 without ethanol and petroleum ether fraction) and negat-
ive control (only RPMI 1640 without yeast suspensions). Positive controls were represented
with wells containing a bacterial suspension in an appropriate growth medium, as well as a
bacterial suspension in an appropriate growth medium with ethanol or petroleum ether in con-
centration corresponding to the highest used in the broth microdilution assay. In parallel with
the examination of the effect of extracts in a given solvent, the effect of the solvent itself (70
% ethanol, petroleum ether) was examined as well. Negative controls were represented with
wells containing growth medium and plant extract. All measurements of MIC values were
repeated in triplicate.

RESULTS AND DISCUSSION
The total extractive substances of petroleum ether and ethanol extracts
The concentration of total extractive substances in petroleum ether extracts
was 0.2+0.02 and 0.25+0.02 kg m—3 for nut and green husk, respectively. The

concentration of total extractive substances in ethanol extracts was 11.0+1.4 and
13.5+1.5 kg m3 for nut and green husk, respectively.

HPLC analysis of ethanol extracts

The ethanol extracts of J. nigra nut and green husk were analyzed by HPLC-
-PDA. In the both extracts, ellagic acid was the most dominant compound (Fig.
1). The concentration of ellagic acid in ethanol extracts of nut and green husk
was (55.0£1.3)x10-3 and (114.1£0.5)x10-3 kg m—3 of extracts, respectively.
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Fig. 1. HPLC chromatogram of J. nigra nut (A) and green husk (B) ethanol extracts
recordered at 250 nm (1-ellagic acid).

This study showed that J. nigra nut is rich in ellagic acid, which is in accord-
ance with previous research.9 Phenolic profiles of previously reported J. nigra
kernels%:10 to some extent differ from phenolic profile of J. nigra nut analyzed in
this study, probably due to different growth conditions, as well as to the different
starting materials and conditions of extraction.%10
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Although there is information in the literature regarding J. nigra kernel
phenolic profile,8-10 data are missing for green husk. So far, for J. nigra green
husk the high total phenolic content has been determined by Wenzel and co-
-workers.# Our comparative analysis showed that green husk is generally richer
in ellagic acid than nut. Ellagic acid is detected at high concentrations in many
berries (strawberries, raspberries, cranberries and grapes), and other known
sources of ellagic acid, include walnuts;!9 however, this study points out that J.
nigra green husk represent a rich source of ellagic acid, as well.

Ellagic acid is a naturally occurring polyphenolic lactone component of
some fruits and vegetables.19:20 It is well known for its antioxidant activity?! and
also possess various pharmacological activities including anti-inflammatory, hep-
atoprotective, neuroprotective?? and antiatherogenic,23 suggesting its potential
beneficial health effects.

GC analysis of petroleum ether extracts

Fatty acid compositions were analyzed for petroleum ether extracts of J.
nigra nut and green husk. Table I lists the fatty acids of two petroleum ether
extracts. J. nigra nut and green husk containing two saturated fatty acids (SFA),
palmitic acid (C16:0) and stearic acid (C18:0), then monounsaturated fatty acids
(MUFA) palmitoleic (C16:1n-7), oleic (C18:1n-9), and vaccenic acid (C18:1n-7),
as well as polyunsaturated fatty acids (PUFA) linoleic (C18:2n-6), y-linolenic
(C18:3n-6) and a-linolenic (C18:3n-3) acids.

TABLE I. Fatty acid profile of petroleum ether extracts of J. nigra nut and green husk. The
results for individual fatty acids were expressed as the percentage of total identified fatty acids
(in mol %); SFA — saturated fatty acids; MUFA — monounsaturated fatty acids; PUFA — poly-
unsaturated fatty acids

. Plant part
Fatty acid Nut Green husk
SFA

C16:0 Palmitic acid 8.06+0.29 12.454+0.09

C18:0 Stearic acid 3.56+0,19 3.39+0.03

Total SFA 11.66+0.48 15.8440.12
MUFA

C16:1(n-7) Palmitoleic acid 0.23+0.10 0.51+0.03

C18:1(n-7) Vaccenic acid 2.75+0.22 2.96+0.94

C18:1(n-9) Oleic acid 41.34+0.31 31.08+1.05

Total MUFA 44.09+0.61 34.044+2.2
PUFA

C18:2(n-6) Linoleic acid 36.35+0.57 45.15+0.03

C18:3(n-6) yLinolenic acid 0.54+0.09 0.50+0.11

Total n-6 PUFA 36.89+0.66 45.65+0.14

C18:3(n-3) o-Linolenic acid 7.06£0.19 3.96+0.05

Total PUFA 43.95+0.87 49.61+0.19
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Among the saturated fatty acids, the concentration of palmitic acid detected
in nut was lower than in green husk, while the concentration of stearic acid was
similar in nut and green husk of black walnut (Table I). Similar levels of palmitic
(7.03 %) and stearic acids (2.75 %) were reported for J. regia nut.24 On the other
hand, the percentage of oleic acid in J. nigra nut (41.34 %) was significantly
higher compared to J. regia (14.47 %),22 making black walnut a rich source of
oleic acid.® Although the green husk is also rich in MUFA, significantly higher
levels were found in the nut (Table I). Oleic acid demonstrates large spectra of
biological activities associated with many beneficial health effects. On the cel-
lular level, as a part of membrane phospholipids, oleic acid increases membrane
fluidity and transport, stimulates enzymatic activity, and regulates the activity of
membrane receptors and signal transduction and transcription of some genes.25
Numerous epidemiological observations have showed that practicing the Medi-
terranean diet, rich in oleic acid and nuts, is associated with the decrease of the
total cholesterol, low-density lipoprotein cholesterol and triglyceride concentra-
tions in plasma, having thus positive effect on cardiovascular and coronary artery
disease.26 Moreover, it has been showed that Mediterranean diet is positively
associated with the bone health, a reduced incidence of cancer, Parkinson’s and
Alzheimer’s diseases, and all-cause mortality.24:27

In both J. nigra nut and green husk, unsaturated fatty acids content was very
high, 84.16 and 88.26 %, respectively. In addition to oleic acid, the nut and par-
ticularly green husk are valuable sources of linoleic acid (LA, Table I). In com-
parison to other walnuts such as J. regia (63.15 %),24 LA was found in consider-
ably lower amounts in J. nigra (36.35 %). LA is an essential fatty acid that is
indispensable for normal growth and development, and its recommended daily
intake is around 10 g day—l. As it can be seen in Table I, a-linolenic (ALA) con-
tent of J. nigra nuts is significant, 7.06 %. The richest sources of ALA are flax-
seed oil (53 %), walnuts (11 %) and canola oil (7 %) as well as rosehip seed oil
(about 20 %).28:29 Accordingly, the consumption of J. nigra nuts may have fav-
ourable effects on general health.

Other unsaturated fatty acids were also detected: palmitoleic acid, vaccenic
acid and yp-linoleic acid, which have a low content (<3 % of total fatty acid).
When comparing fatty acids profile of J. nigra nut and green husk, it can be con-
cluded that nuts have more favourable composition, with higher levels of oleic
acid and ALA, and lower levels of SFA and n-6 PUFA.

Antimicrobial activity petroleum ether and ethanol extracts

The antimicrobial activity of different J. nigra nut and green husk extracts
was assessed against a diverse range of microorganisms, including both Gram-
-positive and Gram-negative bacteria, and a yeast C. albicans. The ethanol ext-
racts of nut and husk didn’t show inhibitory activity against the Gram-negative
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and Gram-positive bacteria, whereas petroleum ether extracts of nut and husk
didn’t show inhibitory activity against any of the tested microorganisms (Table
II). Moreover, the ethanol extracts of nut and green husk displayed the ability to
inhibit C. albicans growth (Table II). The ethanol extract of nut showed MIC of
1.38+0.01 kg m=3, while the ethanol extract of green husk showed MIC of
1.69+0.04 kg m—3 against reference strain and clinical oral isolate C. albicans.

TABLE II. Antimicrobial activity of the extracts of nut and green husk from J. nigra

Microorganism Petroleum ether extract Ethanol extract
Nut Green husk Nut Green husk

Gram-positive bacteria

S. aureus - - - -

E. faecalis - - - -
Gram-negative bacteria

E. coli - - — -

P aeruginosa — - - —

Yeast
C. albicans — - + +

The presence of the phenolic compounds in ethanol extracts of nut and husk
hints at possible inhibitory effects on C. albicans growth. Phenolics, such as gal-
lic acid, ellagic acid, ferulic acid and naringin, have been linked to antimicrobial
activity.10 Recently, the ellagic acid have been reported to show inhibitory
effects on C. albicans,?0 so ellagic acid present in the ethanol extracts of J. nigra
could be related to the demonstrated anticandidal activity. Interestingly, the study
revealed the contributions of ethanol extracts from nut or green husk to the anti-
fungal activity.

This research showed that the ethanolic extract of J. nigra nut and husk
exhibits higher anticandidal activity as compared to methanolic extracts of J.
regia.39 On the other hand, the ethanol extract of J. nigra nut and husk showed
less inhibitory effect against the tested oral Candida strains than the ethyl acetate
extract of J. regia bark.31 The differences in the MIC values obtained in our and
previous studied can be explained by different chemical composition of various
Juglans species and their parts used for antifungal examination.

The ellagic acid has been identified in ethanol extracts of J. nigra. The pre-
sence of the phenolic compounds in ethanol extracts of nut and husk hints at pos-
sible inhibitory effects on C. albicans growth. Phenolics, such as gallic acid,
ellagic acid, ferulic acid and naringin, have been linked to antimicrobal act-
ivity.10 Recently, the ellagic acid have been reported to show inhibitory effects
on C. albicans,3? so ellagic acid present in the ethanol extracts of J. nigra could
be related to the demonstrated anticandidal activity. A study regarding the
mechanism of antifungal activity of ellagic acid showed that this compound inhi-
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bits biosynthesis of ergosterol and reduces the activity of membrane sterols.33
Ergosterol (sterol) is an important component of the fungal membrane respon-
sible for maintaining its stability and fluidity, enzyme activity and transport
processes.34 The inhibitory activity of J. nigra nuts and green husk ethanolic ext-
racts originates from the presence of ellagic acid, which contributes to the dys-
function of the fungal membrane. The significance of this study is elucidating the
impact of ethanolic extracts from walnut or green husk on the inhibition of clin-
ical oral isolates of C. albicans, thus paving the way to the possible use of these
extracts in antimicrobial treatment in oral hygiene.

CONCLUSION

The petroleum ether and ethanol extracts of J. nigra nut and green husk were
chemically analysed and their antimicrobial activity was examined. Ellagic acid
was found to be the most dominant phenolic compound in the ethanol extracts of
J. nigra nut and green husk. Fatty acids analysis identified saturated fatty acids
(palmitic acid and stearic acid), monounsaturated fatty acids (palmitoleic, oleic,
and vaccenic acid) and polyunsaturated fatty acids (linoleic, y-linolenic, and a-
-linolenic acids) in petroleum ether of J. nigra nut and green husk. None of the
extracts had antimicrobial potency for Gram-positive and Gram-negative bac-
teria. The petroleum ether extracts didn’t show the ability to inhibit C. albicans
growth, while the ethanol extracts of J. nigra nut and green husk showed the
ability to inhibit C. albicans growth. The obtained results support the possible
use of these extracts in the antimicrobial treatment in oral hygiene. In conclusion,
the results proved that nut and the green husk of J. nigra, considered as by-
products, can actually be the raw material for the extraction of components pot-
entially beneficial to human health.
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U3BOA

XEMHJCKA KAPAKTEPU3ALIUJA U AHTUMHUKPOBEHA AKTHUBHOCT OPAIIACTOI'
ITJIOJA U 3EJIEHE JbYCKE Juglans nigra L.

KATAPHMHA M. PAJKOBHR', MUJTMLIA TPOBALLY, IETAP MUJIUER®, BECHA BYYUR', ATEKCAHIIPA APCHR,
MWPHJAHA TTEPHUR’, MUJIEHA PAITYHOBUR®, CAFbA JEPEMUR’ 1 JEJTEHA APCEHUJEBUR®

"Texnuuio-mmexnonouwku ogeex, Akagemuja 8aciUiAUK0-MegUUUHCKUX CIEPYKOBHUX Cllyguja, Kpyuesay,
ZKau_Aaegpa 3a papmakoinosujy, apmayeymicku paxyniteii, Ynusep3uiieis y beoipagy, Beoipag, 3OgceK
Rytipuja, Akagemuja eacuuilauko-mequuuHCKux clipyxoenux cinyquja, Ryupuja, 4pr12a 30 HyTUPUTAUBHY
ouoxemujy u gujetiieonoiujy, Huciiuitiy 3a MmeguyuHcka uctiipaxusarad, Ynugsepsuineii y beoipagy, beoipag,
5Kamegpa 3a upotiemuky, Cuomainionowxu Gaxyniiei, Ynusepsuiueni y Beoipagy, beoipag, EKau_Aegpa 3d
mukpoduonoiujy, Ciomatmonowxu paxyniiewi, Ynusep3uitieii y beoipagy, Beoipag u g Hncwmutayw 3a
MOJIEKYApHy TeHelliuKy u IeHelluuKo UHieepciieo, Ynugepsuitein y Beoipagy, Beoipag
Juglans nigra (UpHHA Opax) Kao U3BOP OHOJIOIIKK AaKTUBHUX jeIHbEHa C€ KOPUCTHU Y Tpa-
IOULMOHAIHO] MEAUUHMHHU. HcTpakuBame OMOAKTUBHUX jeJUmema MPUCYTHUX Yy IPHOM 0paxy
MOXKEe JIOBECTH [0 LIMpe NPUMEHE HeroBUX IPOU3BOJA. 3aTO OBa CTyOHja MMa 3a LUWh Oa
OKapaKTepHlle OpallacT IVIOZ U 3eJIeHY JbyCKy J. nigra Ha OCHOBY XeMH]jCKe aHa/IU3€e HUXOBUX
MEeTPOTIeTaPCKUX U €TAaHONHUX eKCTpakaTa, NOOHjeHUX yATpasByYHUM U pediykc MeTomama
eKCTpakiuje. AHTUMHUKPOOHA aKTUBHOCT Pa3NUYUTUX pakuHja eKCTpaKTa je TecTUpaHa Ko-
puiwrhewem I'pam-HeraTuBHUX OaxtepHja (Escherichia coli, Pseudomonas aeruginosa), Tpam-
-TIO3UTHBHUX Oaxtepuja (Enterococcus faecalis, Staphylococcus aureus) u kpacHuua (pede-
PEHTHU cO0j U KIMHUYKU u3onatd Candida albicans). AHamu3a TeyHOM XpomaTorpadujom
BUCOKHUX NepdopMaHCH, U30BOjUIIA je elarMHCKY KUCEeTHUHY Kao HajIOMUHAHTHYje jequbene ¥
€TaHOJIHUM €eKCTpaKTUMa OpalacTor Iuiona ((55,0i1,3)><10’3 kg m?) u zenene JByCKe
((114,1%0,5)x10” g m?). Henonapxa jepumemna cy ogpeheHa mpuMeHOM racHe XpomaTorpa-
(pcxe aHanuse neTposeTapckux excrpakTa. OpallacT MIoA U 3e1eHa Jbycka cangpXke JBe 3acH-
hene macHe kucenuse, manMUTUHCKY (C16:0) u creapuHcky kucenuny (C18:0), 3aTUM MOHO-
HesacMheHe MacHe KucenuHe, naamutonenHcky (C16:1n-7), oneuncky (C18:1n-9) m Bak-
neHcky kucenuny (C18:1n-7), kao u nonuHesacuheHe MacHe KucenuHe, TuHonHy (C18:2n-6),
y-nuHoneHcKy (C18:3n-6) u a-nuHonencky (C18: 3n-3) xucenuHy. ETaHOIHHM eKCTpaKTH opa-
IIACTOT IJIOZA U 3ejieHe JbyCKe MOoKa3ald Cy aHTUMUKPODHY aKTHBHOCT Ha cojeBuma C. albi-
cans Koja je Hajueurhu y3poyHUK IJbUBUUHUX HH(eEKIIHja.

(TTpumssenro 10. debpyapa, pesunupano 27. dbedpyapa, npuxsaheno 20. anpuna 2023)
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Abstract. The present study is aimed to evaluate the chemical characterization
and antimutagenic potential of propolis extracted in three different solvents
(ethanol, polyethylene glycol and water). The chemical properties of different
extracts of propolis were identified using HPLC-DAD and LC-MS/MS and
polyethylene glycol extract of propolis were found to be richer than the ethan-
olic and water extracts of propolis considering chemical composition. In addit-
ion, the antimutagenic activities of propolis extracts were determined using
Ames assay. The concentrations of 3, 1.5 and 0.75 mg plate! of ethanolic and
polyethylene glycol extracts, as well as 0.3, 0.15 u 0.075 mg plate’! of water
extract of propolis were used as active materials. Propolis extracted in three
different solvents indicated strong antimutagenic activity against both 4-nitro-
-o-phenylendiamine and sodium azide mutagens in the Salmonella typhimur-
ium TA98 and 100 strains at all concentrations. Ethanolic extract of propolis
had the highest inhibition rates for both bacterial strains and these rates were
98.94 and 97.37 % for TA98 and TA100, respectively. The inhibition rates of
polyethylene glycol extract of propolis ranged from 68.27 to 98.94%. More-
over, it was determined that water extract of propolis had the lowest inhibition
rates, which were 56.86 and 55.35% for TA98 and TA100, respectively. The
toxicological safety of natural products such as propolis has gained great imp-
ortance due to extensive usage.

Keywords: HPLC-DAD; ames assay; genotoxicity test; Salmonella typhimurium.

INTRODUCTION

Propolis is a mixture of substances synthesized by combining the resin that
bees collect from buds, exudates and other parts of plants with their own saliva
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enzymes, wax and bees use it to protect the hive.! Although the content of pro-
polis has a different chemical composition according to the country, region and
plant variety, similar action mechanisms such as antibacterial, antifungal, anti-
viral, antiparasitic, anti-inflammatory, antiproliferative and antioxidant activity
have been defined.!

The content of propolis varies according to the plant species used by the
bees, the plant components collected, the harvesting season, the climate, the diet
of the bees and the genetic differences in the queen bee. Chemical standardiz-
ation is very difficult due to the wide variation in the chemical mix depending on
the source of propolis.2 It is also important to use suitable solvents in the ext-
raction of propolis due to impurities such as wax, pollen and dead bees. Common
solvents used for the extraction of propolis are ethanol, methanol and water in
different concentrations. The solvents used during the extraction can affect the
activity of propolis because different solvents dissolve and remove different com-
pounds. Since most substances in the composition of propolis are lipophilic and
lipophilic compounds are soluble in ethanol, ethanol has been the commonly
used solvent for extracting propolis.3 In addition, it has been known that flavon-
oids and phenolic acids are obtained by the extraction of propolis with different
solvents such as methanol, acetone, chloroform, propylene glycol and especially
water.# Medical and food technology processes are almost always carried out
with ethanol or aqueous extracts. In addition, glycol extracts can be used for many
cosmetic applications that improve dissolution in water-based emulsions.5-0

Many powerful chromatographic methods are used to determine and mea-
sure biologically active substances in complex mixtures such as propolis. HPLC,
high performance thin layer chromatography (HPTLC), nuclear magnetic reso-
nance (NMR), thin layer chromatography (TLC), gas chromatography (GC) and
capillary electrophoresis (CE) are some of these methods.” Today, against the
standardization of propolis, high-performance liquid chromatography with photo-
diode-array detection (HPLC-DAD) is one of the most widely used methods for
the separation and quantification of phenolic compounds of propolis, thanks to its
very high separation efficiency.8

The Ames test is one of the short-term test systems used to detect mutagens/
/antimutagens because it provides standard and reliable results.® The Ames Sal-
monella test is also accepted as a viable test by international organizations such
as the Organization for Economic Co-operation and Development, International
Conference on Harmonisation, the Japanese Ministry of Health and Welfare and
the United States Environmental Protection Agency: Health Effects Test Guide-
lines International Workshop on the Standardization of Genotoxicity Test Proce-
dures, and is one of the recommended tests to observe the mutagenicity/anti-
mutagenicity of chemicals. Therefore, the aim of this study was to compare
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chemical compositions of propolis extracted in three different solvents and to
investigate the antimutagenic potential of them by Salmonella back mutation test.

EXPERIMENTAL
Chemicals

For the preparation of propolis extracts, ethanol (96.0 %) and polyethylene glycol 400
were purchased from Sigma Aldrich and Zag Chemistry®, respectively. For HPLC-DAD, caf-
feic acid (=98.0 %), quercetin (=95.0 %), apigenin (=95.0 %), kaempferol (=90.0 %), chrysin
(297.0 %) and caffeic acid phenyl ester (>97.0 %) were used as standards (Sigma Aldrich).
For antimutagenicity assay, D-biotin, L-histidine, top agar, 4-nitro-o-phenylenediamine (NPD)
and sodium azide (NaNj3) were bought at Sigma Aldrich. Nutrient agar was obtained from
Merck.

Collection of propolis samples and preparation of extracts

Raw propolis samples was collected from Diizce (Y1g1lca) situated in Western Black Sea
Region of Tiirkiye; latitude: 40° 57" 28" N, longitude: 31° 27’ 15" E, in 2020 were kept in the
freezer (—20 °C) until analysis. Raw propolis taken from the same hive was divided into 3
parts and used for different extraction.

Raw propolis samples were extracted in Duzce University, Traditional and Complement-
ary Medicine Application and Research Center, Duzce, Tiirkiye. Briefly, for the ethanolic ext-
ract of propolis (EEP), a sample (50 g) was crushed into small pieces in a blender, extracted
with 500 ml 96 % ethanol for 48 h, filtered and evaporated to dryness in a vacuum evaporator
(Labfreeez®, China) at 40 °C. The resultant resinous product was added to 70 % ethanol.

For polyethylene glycol extract of propolis (PEGEP), preparation processes were as in
the EEP and then dissolved in 60 % PEG400 (Zag Chemistry®, Tiirkiye).

For the water extract of propolis (WEP), 50 g of propolis was shaken (Allsheng® OS-
-200) in 500 ml distilled water for 10 days at room temperature at 1400 rpm and filtered. An
orbital shaker was used for all process.

High-performance liquid chromatography with photodiode-array detection

The chemical characterizations of different extracts of propolis were identified by in-
-house method using HPLC-DAD at Duzce University, Scientific and Technological Research
Application and Research Center Laboratory. HPLC-DAD analyzes (254 and 325 nm) were
performed in HPLC (Shimadzu LC20A®) instrument with PDA detector. The HPLC condit-
ions used in the study of Cakir et al.!% were modified. Mobile phase (A) and acetonitrile (B)
(HPLC grade, Isolab®) gradients containing 2 % acetic acid were applied on the C18 column
(250mmx4.6mmx5um, Inertsil). In 20 pL injection volume, at 30 °C column temperature at
1.0 ml min! flow rate, initial volumes are 75 % of mobile phase A and 25 % of mobile phase
B and programmed as A mobile phase 25 % and B mobile phase 75 % in 25 min linearly. The
method was completed at 30 min and each reading was carried out under these conditions.

Liquid chromatography—mass/mass spectrometry (LC-MS/MS)

The samples were analyzed at Trakya University, Technology Research and Develop-
ment Application and Research Center (TUTAGEM) with triple quadrupole performance
using liquid chromatography—mass/mass spectrometry (LC—MS/MS). In the analysis process,
first of all, the certified standard compounds were prepared at 5 points between 5-100 ng/ml
concentrations and a calibration curve was created. In this method, the emergence of the com-
pounds in the chromatogram at a certain time interval, the ratios of parent ions and confirm-
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ation ions are compared with the ratios of fragmented ions obtained from the matrix spike.
The area of the peaks obtained as a result of the analysis is plotted against the concentration of
the added standard in the sample. Thus, substance determination is made with high sensitivity
and accuracy. Two different sample preparation processes were applied for the analysis of
phenolic compounds.

Hydrolysis method

100 pl of the sample was added to 900 pl of the extraction solution (79 % ultrapure
water + 20 % methanol + 1 % formic acid) and was vortexed for 30 s and then kept for 10 min
in an ultrasonic bath at 45 °C. Then the sample was centrifuged at 9000 rpm for 5 min and the
clear filtrate was poured into glass vials for analysis.

Acidic hydrolysis method

200 pl of 2 M HCI solution was added to 100 pl sample, vortexed for 30 s, and kept in
an ultrasonic bath at 90 °C for 40 min. Then, 700 pul of extraction solution (79 % ultrapure
water + 20 % methanol + 1 % formic acid) was added. The samples were centrifuged at 9000
rpm for 5 min and the clear filtrate was poured into insert glass vials for injection.

Analyzes of phenolic compounds were performed with Agilent 1260 infinity liquid chro-
matography, Agilent 6460 Triple Quadrupole MS/MS system (Jet Stream Electrospray ion
source). Mobile phase A: 5 mM ammonium acetate in ultra pure water; mobile phase B: 50 %
acetonitrile, 49 % methanol, 1 % acetic acid by volume; column: Agilent Zorbax SB-C8 3.0
mmx150 mmx3.5 pum.

Determination of toxicity

In order to determine the cytotoxic concentrations, 48, 24, 12, 6, 3, 1.5 and 0.75 mg
plate’! concentrations of EEP and PEGEP and 4.8, 2.4, 1.2, 0.6, 0.3, 0.15 and 0.075 mg plate’!
concentrations of WEP were prepared according to Dean et al.!! with minor modifications.
Propolis extracts (100 pl) and bacterial culture (100 ul) were added to tubes containing top
agar, the mixture was shaken well. It was spilled into Nutrient Agar plates and spread rapidly.
Plates were incubated at 37 °C for 24 h. Based on the results obtained, non-cytotoxic concen-
trations were determined as 3, 1.5 and 0.75 mg plate’! concentrations for EEP and PEGEP;
0.3, 0.15 and 0.075 mg plate”! concentrations for WEP.

Test strains

S. tpyhimurium TA9S strain, which is widely used to detect frame shift mutation and
TA100 strain, which is widely used to detect point mutation, were provided by EBPI Bio-Det-
ection Products (Mississauga, ON, Canada) and the genotypes of the test strains were checked
for histidine requirement, biotin requirement, rfa mutation, uvtB mutation.!2

4-Nitro-o-phenylendiamine-NPD and sodium azide were used as positive controls for S.
typhimurium TA98 and TA100 strains, respectively, in the absence of S9 mix.!3

Evaluation of antimutagenicity assay

For the antimutagenicity assay, the bacterial culture (100 ul), the test substance (100 pl),
and the positive mutagens (100 ul) were added to top agar (3 ml) containing of histidine/biotin
(0.30 ml) and they were spread homogeneously on Minimal Glucose Agar plates. After the
incubation (48-72 h at 37 °C) the revertant colonies were scored on the plates for each sample.

The value of the propolis extracts to inhibit the effect of positive mutagens was evaluated
between 0 and 100 %. Three plates were used for each variable in each experiment, and each
experiment was repeated two times. The results obtained were evaluated using the % inhib-
ition formula:
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1=100[1-(a—b)/(c-b)] (1
a: number of returned colonies in petri dishes with propolis extract, mutagen and bacteria, b:
number of colonies returning spontaneously, ¢: number of colonies in petri dishes with muta-
gen.

To quantify antimutagenic effects by propolis extracts, the classification was made
according to inhibition rates and according to this, antimutagenic effect is defined as: <20 %,
negative; 2040 %, moderate; >40 %, strong.14
Statistical analysis

The data were analyzed using SPSS 20 for Windows (SPSS Inc., Chicago, IL, USA) and
the results obtained were expressed as the mean+tstandard deviation (SD). The Kruskal-Wallis
test was carried out followed by the Mann—Whitney U-test to compare the statistical signific-
ance of the differences between the treated and control groups. The dose response relationship
was determined using the Pearson correlation analysis. P < 0.05 was considered significant.

RESULTS AND DISCUSSION

For the HPLC-DAD method, the amounts of the phenolic compounds were
given in Table I. According to the results, chrysin (901.9 and 1371.0) and caffeic
acid phenyl ester (CAPE, 1980.8 and 3196.1) were seen dominantly in EEP and
PEGEP, respectively. PEGEP was found to be richer than the EEP and WEP in
terms of phenolic compounds. The HPLC-DAD chromatograms of standard
phenolic compounds are given in Fig. S-1 of the Supplementary material to this
paper. There are many compounds that have not been identified as a result of the
huge and different amounts of compounds within the propolis samples. While
caffeic acid, quercetin and chrysin were determined in WEP, apigenin, kaemp-
ferol and CAPE were additionally detected in the EEP and PEGEP.

TABLE I. Chemical compositions (content in ppm) of different extracts of propolis by HPLC-
-DAD; ND: not determined

Compound EEP PEGEP WEP
Caffeic acid 208.1 314.6 112.6
Quercetin 24.2 38.2 1.5
Apigenin 12.8 28.7 ND
Kaempferol 353 66.0 ND
Chrysin 901.9 1371.0 7.7
Caffeic acid phenyl ester 1980.8 3196.1 ND

For the LC-MS/MS method, the amounts of the phenolic compounds were
given in the Supplementary material (Tables S-I and S-II of the Supplementary
material).

The phenolic compounds of EEP, PEGEP and WEP were detected using
LC-MS/MS hydrolysis and acid-hydrolysis methods using thirty-three phenolic
standards. Of the 33 investigated phenolic compounds (Tables S-I and S-II), 22
were measured in the samples. In the hydrolysis method, when the concentrations
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of phenolic compounds obtained in the EEP, PEGEP and WEP were evaluated,
the phenolic compounds detected in the highest concentration were caffeic acid
(1.74 mg/ml) and transferullic acid (0.64 mg/ml) for EEP; caffeic acid (3.95
mg/ml) and chlorogenic acid (0.23 mg/ml) for PEGEP; caffeic acid (1.06 mg/ml)
and transferullic acid (0.07 mg/ml) for WEP.

In the acid hydrolysis method, when the concentrations of phenolic com-
pounds obtained in the EEP, PEGEP and WEP were evaluated, the phenolic com-
pounds detected in the highest concentration were caffeic acid (2.45 mg/ml) and
transferullic acid (0.46 mg/ml) for EEP; caffeic acid (4.53 mg/ml) and transferul-
lic acid (0.20 mg/ml) for PEGEP; caffeic acid (1.26 mg/ml) and protocatechuic
acid (0.07 mg/ml) for WEP. In the results obtained from both methods, it can be
said that caffeic acid and transferullic acid are the major components for all three
solvents and there is no big difference between these two methods.

When the results were compared considering solvents, it was seen that the
PEGEP had the richest content and this result was consistent with the result
obtained by the HPLC-DAD method.

For the antimutagenicity assay, three different concentrations of EEP,
PEGEP and WEP were used as material. The obtained results were showed in
Table II. It was determined that the all of extracts of propolis had a strong anti-
mutagenic effect at all concentrations on S. typhimurium TA 98 and 100 strains.

TABLE II. Antimutagenic effects as revertant colonies number of different concentrations of
different propolis extracts on S. typhimurium TA98 and TA100 strains; NPD: 4-nitro-o-phen-
ylendiamine

. Strain
Group Conce/ntlritlon S. typhimurium TA98 S. typhimurium TA100
meprate Mean+SD Inh. rate, % Mean+SD Inh. rate, %
Negative control - 38.16+12.89 - 141.40+76.08 -
NPD 0.02 527.60+198.26 - - -
NaN; 0.02 - - 1625.60+993.14 -
EEP 3 63.33+4.93 94.86 541.00+470.53 73.07
1.5 54.00+2.64 96.76 299.66+118.50 89.33
0.75 43.33£3.51 98.94 180.66+100.50 97.35
PEGEP 3 119.00+64.37 83.48 612.33+£75.63 68.27
1.5 95.33+17.50 88.31 459.66+61.50 78.55
0.75 43.33+11.37 98.94 340.00+37.24 86.61
WEP 0.3 249.33+50.52 56.86 804.00+96.50 55.35
0.15 182.33+39.24 70.54 628.66+£95.10 67.16
0.075 121.66+36.74 82.94 456.33+27.39 78.78

EEP, PEGEP and WEP indicated strong antimutagenic activity against both
4-nitro-o-phenylendiamine and NaN3 mutagens in the S. typhimurium TA98 and
100 strains at all concentrations. EEP had the highest inhibition rates for both
bacterial strains and these rates were 98.94 and 97.37 % for TA98 and TA100,
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respectively. Moreover, it was determined that WEP had the lowest inhibition
rates, which were 56.86 and 55.35 % for TA98 and TA100, respectively (Fig. 1).
However, it is thought that this low level in WEP may be due to the lower con-
centrations used than the others.

100 -
20
80
70
60
50
40 BETASE

. TA100
30 al

Inhibition percentage (%o)

Concentrations (mg platel)

Fig. 1. The value of inhibition (%) of different concentrations of different propolis extracts on
S. typhimurium TA98 and TA100.

The relationship between concentrations of EEP, PEGEP and WEP and the
percentage of inhibition was evaluated by Pearson correlation test. It was obs-
erved that the percentage of inhibition significantly increased as the propolis con-
centrations decreased in S. typhimurium TA98 and TA100 strains (in S. typhi-
murium TA98 and TA100: RZ = 1, P<0.05 for EEP, PEGEP and WEP) (Fig. 2).

In the present study, the chemical compositions of propolis extracts were
analyzed by HPLC-DAD and LC-MS/MS. PEGEP were found to be richer than
the EEP and WEP in terms of chemical composition. The chemical character-
ization of many different extracts of propolis collected from different regions
using many different methods (HPLC, GC-MS, LC-MS/MS, efc.) has been pre-
viously studied by many different researchers.!5-17 Furthermore, there are also
many studies conducted with propolis collected from the Yigilca district of
Diizce (Tiirkiye). Sevim et al.18 determined by HPLC-UV method that EEP is
rich in p-coumaric acid, ferulic acid, chrysin and pinocembrin components. Don-
mez et al.19 investigated the volatile components of propolis in different solvents
by LC-MS/MS and GC-MS-UV methods. It has been reported that the richest
extract in terms of volatile component content is EEP. Ozdal et al.20 reported that
EEP has a rich content in their studies using the LC-MS/MS method. Rasgele
and Kekecoglu?! investigated the content of EEP with HPLC-DAD and they rep-
orted that biochanin, gallic acid, CAPE, pinostrobin and pinobankstin compounds
were dominant. According to these data obtained from previous studies, propolis
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Fig. 2. Relationship between concentrations and inhibition rate (%) of test bacterial strains
after exposure to different solvents of propolis.

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



CHEMICAL CHARACTERIZATION AND ANTIMUTAGENIC POTENTIAL OF PROPOLIS 623

has remarkable component richness in terms of content. The reasons for this div-
ersity may be the region where propolis is collected, plant flora, bee race and
solvent. When the results obtained from our study are discussed with others from
literature, it can be noticed that although a diode array detector is used with the
HPLCA-DAD method, the number of identified components is relatively low due
to the peak overlap and the absence of compounds that do not absorb UV light.22

The Ames test is a useful method standardized in the 1970s for the muta-
genicity of chemical compounds. It has also been used in the mutagenicity and
antimutagenic effects of medicinal plants and natural products. However, due to
the difficulty of working with natural products, there may be some technical
problems and therefore sensitive and new guidelines are needed by regulatory
agencies,?3 because the antimutagenic effect of natural extracts is a very import-
ant issue. Natural antimutagens can act against various mutagenic substances. On
the other hand, antitumor effects of some compounds with antimutagenic effects
have also been reported. Therefore, the search for antimutagenic compounds also
represents a rapidly expanding field of cancer research. Therefore, it is very imp-
ortant to investigate both natural and synthetic antimutagens.24 Especially in rec-
ent years, the preference of natural products such as propolis as a preservative in
foods increases the importance of this. In general, it is desired to replace chem-
ical compounds with active natural compounds.

Propolis is a complex bee product and contains very rich bioactive sub-
stances.2> In this study, it is supposed that the antimutagenic effect of propolis is
due to its rich phenol content,2® because phenolics can act against mutagens
through both intracellular and extracellular mechanisms.2”

In the present study, EEP, PEGEP and WEP showed strong antimutagenic
activity, being similar to the result obtained by many researchers using Ames
assay. Varanda et al.28 indicated that the ethanolic extract of propolis inhibited
mutagenic potentials of mutagens in the S. fyphimurium TA102, TA100 and
TA9S strains. Jeng et al.2? reported that the ethanolic extract of propolis showed
an inhibitory effect against 4-nitro-o-phenylenediamine, 1-nitropyrene , 2-amino-
-3-methylimidazo[4,5-f]quinoline and benzo[a]pyrene mutagens on the S. typhi-
murium TA9S test system. Fu et al.30 stated the antimutagenic effect of alcoholic
propolis in the Ames assay S. typhimurium TA98 and TA100 strains, in which
propolis inhibited the mutagenic activity of 2-aminofluorene and daunomycin.
Moreno et al.3! reported that extracts of propolis inhibited the effects of iso-
quinoline and 4-nitro-o-phenylenediamine mutagens in S. typhimurium TA98 and
TA100 strains. Bayram et al.32 observed that the ethanolic extract of propolis
showed antigenotoxic effects against NaN3, 9-aminoacridine and N-methyl-N"-
-nitro-N-nitrosoguanidine mutagens on S. typhimurium TA1535, TA1537 and E.
coli WP2uvrA test strains.
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Many antimutagenicity studies of propolis extracts, which were studied with
different test systems, are also consistent with the results of our study. For
example; Fu et al30 stated the antimutagenic effect of refined peanut oil in the
micronucleus and chromosome aberration assays in mice, in which propolis
inhibited the mutagenic activity of mitomycin and cyclophosphamide. Similarly,
Lima et al.33 reported that the aqueous extract of propolis had antimutagenic
activity against DNA damage induced by 1,2-dimethylhydrazine in rats by aber-
rant crypt foci and comet methods. Also, Roberto et al.34 reported that the ethan-
olic extract of propolis was not mutagenic and genotoxic in rat hepatoma cell
lines, on the contrary, it caused a decrease in DNA damage in mutagen-treated
groups. The researchers indicated that mechanisms of action of propolis might be
related to either suppression of the mutagenic effects or antioxidant potentials of
the components of propolis. It is thought that the antioxidant potential of propolis
is due to its chemical components. The content of propolis varies according to the
flora, harvest time, bee breed, etc., so it is one of the natural products that are
very difficult to standardize.

CONCLUSION

Our study confirms the previous knowledge about the chemical composition
of propolis. Chemically important and effectively bioactive components have
been identified. Natural sources such as propolis remain an important component
in drug development. Although propolis is used in traditional and complementary
medicine, pharmacology and cosmetic industries, it is important to determine its
antimutagenic potential in different solvents and more comprehensive studies are
needed.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12280, or from the corres-
ponding author on request.

U3BOJ
YIIOPEBUBAIE XEMHWJCKOT CACTABA U AHTUMYTATEHE AKTUBHOCTH
EKCTPAKATA ITPOITOJIMCA JOBUJEHUX IPUMEHOM PA3JTMYUTUX PACTBAPAYA

PINAR G. RASGELE', NISA SIPAHI? u GULDEN YILMAZ®

"Duzce University, Faculty of Agriculture, Department of Biosystems Engineering, Duzce, Turkey, “Duzce
University, Traditional and Complementary Medicine Application and Research Center, Duzce, Turkey u
*Trakya University, Faculty of Science, Department of Biology, Balkan Campus, 22030, Edirne, Turkey

Lwm crynuje je SWIO MCIUTHBAKE XEMHjCKOT CacTaBa W aHTHUMYyTareHOr IMOTeHIWjana
IIPOTIOJIMCA eKCTPAaXOBAHOT IPUMEHOM TPH Pa3/IMunTa pacTBapaya (eTaHO, NONHETHIEH ITIH-
KoJ ¥ Boja). meHTudukanyja XxeMHjCKUX cacTojaka ekcTpakaTta IIPOIOJIKca je U3BeleHa MpHu-
meHom HPLC-DAD u LC-MS/MS metoma. Behu Opoj cactojaka je HaheH y monuetunes-
[JIMKOJIHOM, HEero y eTaHOJTHOM W BOZIEHOM eKCTPAKTy. AHTUMyTareHa akTHBHOCT eKCTpaKaTta
npononuca je onpehena EjmcoBum (Ames) Tectom. Kao akTHBHM MaTepHjan cy KOpHUIheHH
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€KCTpaKTH ITPOIIo/INCa y TPU KoHLeHTpauyje: 3; 1,5 u 0,75 mg no maoyy, y ciaydajy eTaHOTHOT
U TIOJIMeTUIEHITIUKOIHOT eKcTpakTa, ogHocHo 0,3; 0,15 u 0,075 mg mo Iwioud, y ciydajy
BOJEHOT eKcTpakTa. ExcTpaxkTu mponosnca y cBa TpY pacTBapaya U y CBUM TECTUPDAHUM KOH-
LieHTpalldjama Cy MCIO/bUIM jaKy aHTUMYTareHy akTHBHOCT Kagja Ccy DakTepHjcku cojeBu Sal-
monella typhimurium TA98 u TA100 u310XEHU AEjCTBY MyTareHa 4-HUTPO-0-(peHUIEeHIU-
aMyHa U HaTpHjyM asuna. Hajsehu HHXUOUTOPHU edekar je UMao €TAaHOJIHHU eKCTPaKT IIpo-
mosnuca, Ha oda coja daxrepuja, 98,94 u 97,37 % 3a TA98, ognocro TA100. UuxubutopHU
edexaT NoNMMeTHUIEHIIMKOIHOT eKCcTpakTa je 6uo ox 68,27 no 98,94 %, ok je edexar BofeHOT
excTpakTa duo Hajcnaduju, 56,86 u 55,35 % 3a coj TA98, ognocHo TA100. [TpuposHu npous-
BOJY, Kao IITO je IMPOIOJINC, UMajy BEJIMKH 3Hauaj jep Cy TOKCHKOJIOIIKM Oe3demHH 3a ymo-

Tpedy.

(ITpumsbeHo 17. pedpyapa, peunupano 21. mapta, mpuxsaheno 12. maja 2023)
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Fig. S-1. Chromatograms of different propolis extracts EEP, PEGEP and WEP with identified
marker compound. (1) cafeic acid; (2) quercetin; (3) apigenin; (4) kaempferol; (5) chrysin; (6)
caffeic acid phenyl ester.
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Table S-I. Chemical compositions of different extracts of propolis by LC-MS/MS

Hydrolysis method
EEP PEGEP WEP
Compounds RT Conc (ng/ml) RT Conc (ng/ml) RT Conc (ng/ml)
Gallic Acid 1.669 6089.82 1.685 6372.29 1.694 7863.34
Protocatechuic Acid 1.822 16942.81 1.822 15454.19 1.813 39990.99
2,5-Dihydroxybenzoic ac.  2.175 255.23 2.175 369.86 2.158 196.24
Syringic Acid 3.166 0.00 3.807 0.00 3.925 0.00
Caffeic Acid 3.731 174167145  3.740 395073423  3.706 1065005.09
Chlorogenic Acid 3.660 21752.79 3.677 228606.63 3.711 2670.34
Salicyclic Acid 3.750 456.41 3.767 450.16 3.767 526.15
Catechin 3.863 40.07 3.829 445.56 3.821 118.50
Hesperidin 3.978 192.34 3.953 192.20 3.860 2.75
Verbascoside 4.096 0.00 3.919 0.00 3.944 0.00
Rutin 3.970 602.18 3.936 574.56 3.953 7.75
2-Hydroxytranscinnamic ac.  4.020 0.00 3.986 0.00 4.003 0.00
p-Coumaric Acid 4.019 280024.06 3.985 121966.77 3.994 53546.57
Sinapic Acid 3.890 0.00 3.899 0.00 4.000 0.00
Naringin 4.038 0.00 3.877 0.00 3.903 0.00
Trans Ferrulic Acid 4.061 636401.30 4.052 250267.13 4.061 73149.18
Ethyl Gallate 4.069 24.64 4.145 0.53 4.103 2.15
Oleuropein 4.055 0.00 4.123 0.00 4.097 0.00
Phlorizin 4.114 30.14 4.148 14.31 4.165 0.99
Indole-3-Acetic Acid 4.458 0.00 4.458 0.00 4.483 0.00
Myricetin 4.166 0.00 4.191 0.00 4.183 0.00
Resveratrol 4.389 55.65 4.355 52.88 4.389 0.00
Aloin A 4.233 0.00 4.258 0.00 4.182 0.00
Propyl Gallate 4.136 0.00 3.713 0.00 4.000 0.00
Quercetin 4.268 1402.40 4.268 1231.89 4.268 266.20
Lutolein 4.302 170.91 4.311 199.58 4.302 32.62
Abscisic Acid 4.304 174.71 4312 182.13 4312 152.30
Naringenin 4.395 2010.29 4.395 2094.61 4.395 2426.36
Kaempferol 4.362 862.92 4.353 924.16 4.328 362.76
Isorhamnetin 4.327 3320.89 4.327 3387.57 4.327 724.52
Genistein 4.631 92.75 4.631 89.23 4.590 52.05
Apigenin 4.439 146.03 4.438 155.96 4.438 45.80
Jasmonic Acid 4.423 0.00 4.390 0.00 4.423 0.00

EEP: Ethanolic extract of propolis; PEGEP: Polyethylene glycol extract of propolis; WEP: Water extract of
propolis; RT: Retention time; Conc: Concentration
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Table S-II. Chemical compositions of different extracts of propolis by LC-MS/MS

Acidic hydrolysis method

EEP PEGEP WEP
Compounds RT Conc (ng/ml) RT Conc (ng/ml) RT Conc (ng/ml)
Gallic Acid 1.694 51135.74 1.694 52561.86 1.694 56182.52
Protocatechuic Acid 1.839 34490.72 1.830 35940.28 1.830 65688.17
2,5-Dihydroxybenzoic Ac. | 2.192 125.78 2.184 162.90 2.184 75.53
Syringic Acid 3.892 0.00 3.209 0.00 3.292 0.00
Caffeic Acid 3.740 2449797.25 3.757 4526984.01 3.706 1263642.70
Chlorogenic Acid 3.677 12085.21 3.685 65752.41 3.719 3968.67
Salicyclic Acid 3.767 230.58 3.733 29.78 3.767 471.65
Catechin 3.888 41.98 3.838 182.14 3.838 220.90
Hesperidin 3.987 41.45 3.970 58.77 4.037 2.63
Verbascoside 4.113 0.00 4.333 0.00 3.927 0.00
Rutin 3.978 179.01 3.961 156.02 3.987 9.28
2-Hydroxytranscinnamic ac.| 4.028 0.00 3.994 0.00 4.003 0.00
p-Coumaric Acid 4.028 218816.83 3.994 91937.97 4.002 46524.13
Sinapic Acid 4.490 0.00 4.178 0.00 3.594 0.00
Naringin 3.996 0.00 3.962 0.00 4.063 0.00
Trans Ferrulic Acid 4.061 460120.78 4.069 196675.58 4.061 58382.57
Ethyl Gallate 4.086 36.61 4.162 1.09 4.120 2.93
Oleuropein 4.123 0.00 4.199 0.00 3.895 0.00
Phlorizin 4.131 9.41 4.123 3.23 4.199 0.00
Indole-3-Acetic Acid 4.467 0.00 4.467 0.00 4.483 0.00
Myricetin 3.930 226.90 3.930 111.63 3.955 29.97
Resveratrol 4.380 87.62 4.406 121.10 4.448 55.22
Aloin A 4.233 0.00 4.191 0.00 4.199 0.00
Propyl Gallate 4.212 0.00 3.773 0.00 4.077 0.00
Quercetin 4.285 931.10 4.285 732.08 4.268 276.60
Lutolein 4.319 169.78 4319 165.64 4311 52.59
Abscisic Acid 4.304 100.17 4312 135.74 4.329 72.39
Naringenin 4.404 3499.25 4.404 3187.08 4.395 2158.61
Kaempferol 4.379 799.68 4.379 784.50 4319 340.09
Isorhamnetin 4.335 3616.81 4.335 3367.07 4.327 871.79
Genistein 4.623 121.96 4.623 180.38 4.598 61.16
Apigenin 4.438 192.93 4.438 193.18 4.447 61.06
Jasmonic Acid 4.449 0.00 4.466 0.00 4.423 0.00

EEP: Ethanolic extract of propolis; PEGEP: Polyethylene glycol extract of propolis; WEP: Water extract of
propolis; RT: Retention time; Conc: Concentration

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



Journal of
the Serbian
Chemical Society

“Pog llambm"vwe@ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 88 (6) 627-638 (2023) Original scientific paper
JSCS-5651 Published 17 June 2023

Physicochemical properties of the heterogeneous system
Li2C03—N32C03—K2C03/Mg0
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Abstract: The structure, conductivity, melting points and caloric melting effects
of the (Li,CO3;—Na,CO3—K,CO3)ey melt/MgO nanopowder heterogeneous sys-
tem with MgO concentration up to 70 vol. % have been investigated. A wide
variety of methods (DSC, XRD, BET, high resolution scanning electron mic-
roscope, AC impedance method, IR and Raman spectroscopy) were used to
evaluate samples and research. It is revealed that at the values of effective
thickness of the salt phase interlayer between MgO particles below 100 nm
there is an abrupt decrease in the melting points of the salt and the normalized
phase transition enthalpy of the heterogeneous system. The activation energy of
the electrical conductivity rises as the values of effective thickness of the melt
phase interlayer between MgO particles decreases. The study established the
lack of any chemical interaction between MgO and carbonate melt at 400—600
°C. In situ Raman spectroscopy of the (Li,CO3;—Na,CO3;—K,COj3),,; melt/MgO
nanopowder systems revealed the solvation of solid particles by salt-melt ions.

Keywords: molten carbonate; composite; conductivity; melting points.

INTRODUCTION

To find the optimal operating medium for the carbonate fuel cells (MCFC),
the reliable physicochemical properties of heterogeneous systems based on the
molten alkali metal carbonates are demanded.!

Molten alkali metal carbonates are chemically aggressive towards the con-
struction materials. This fact limits their wide industrial application. Electro-
chemical cells with porous ceramic matrices filled with molten alkali metals
carbonates are usually chosen for industrial usage.!~# Currently fuel cells based
on binary Li/K or Li/Na molten carbonates with the y-LiAlO, matrix are used.
The operating temperature of such element is 650 °C.

* Corresponding author. E-mail: optica96(@ihte.uran.ru
https://doi.org/10.2298/JSC230201023Z
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The usage of the carbonate fuel cells is considered to be economically feas-
ible in the case of at least 40000 h operation. The instability of the y-LiAlO;
phase under operation conditions is one of the major causes of the fuel cell deg-
radation. At the temperatures above 700 °C the y-LiAlO, modification transfers
to the a-LiAlO; phase. However, with the inevitable in the MCFC operations
presence of CO», this transfer takes place at the operation temperatures. The a-
-LiAlO, phase is seen to be more stable than y-LiAlO, phase both in Li/K and
Li/Na molten carbonates at 650 °C in CO, atmosphere.>

The resulting a-LiAlO, has a larger particle size than y-LiAlO,. Therefore,
pore size in the matrix increase, and the mechanical strength degrade up to des-
truction. During the fuel cell operation the electrical conductivity decrease, and
the operational performance degrade.?

These problems motivate the search of the materials that chemically inert to
molten alkali metal carbonates and could be an alternative to y-LiAlO».

We have previously studied the structure, conductivity and caloric melting
effects of the (LipCO3-NayCO3—K>CO3)eyt melt/a-Al,O3 nanopowder hetero-
geneous systems.®8 Raman spectroscopy and XRD analysis established the lack
of any chemical interaction between a-Al,O3 and carbonate melt at 400—550 °C.

Previous articles®~!! reported the results of the research on physicochemical
properties of heterogeneous systems (LioCO3-KoyCOj3)eyt melt/CeO; (or a-Al,O3)
and LipCO3 melt/MgO, in which the liquid phase concentration in the studied
systems is within the interval of 5 to 40 vol. %. The decrease in the relative melt-
ing enthalpy and growth of the electrical conductivity activation energy, at small
liquid phase concentrations, were determined. The electrical conductivity of a
LipCO3 melt in a MgO matrix was compared with that in a y-LiAlO; matrix and
shown to be better.10 Authors!0 did not prove this fact and their explanation is
limited to broad terms about the influence of the solid phase on the melt con-
ductivity.

Magnesium oxide has a stable cubic crystalline lattice (Fm3m) up to the
melting point at 2825 °C and it is considered to be one of the most accessible and
well-studied materials.

The present work is aimed at the study of the physicochemical properties of
the (LipCO3—NayCO3-K»rCO3)eyt melt/MgO nanopowder heterogeneous system
in order to evaluate the capability of this magnesia to be used as the filling mat-
erial of the MCFC matrix. We focused on the study of the electrolyte conduct-
ivity, which is one of the most important characteristics of the fuel cell operation,
as well as on the study of the melting point and melting enthalpy of the salt phase
in heterogeneous systems. Raman spectroscopy allowed us to obtain in situ data
on the peculiarities of the interparticle interaction and behavior of the CO32~ in
the presence of the MgO nanopowder.
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EXPERIMENTAL
Methods

The analysis of the phase composition of the initial salt and the frozen samples after high
temperature experiments was performed using an automated X-ray diffractometer Rigaku
D/MAX-2200VL/PC (Japan). The average size of the crystallites (areas of the coherent scat-
tering) of the MgO powder was assessed using the Scherrer equation!2 and the data on the half
width of diffraction peaks obtained by a diffractometer Shimadzu XRD-7000 (Japan). A certi-
fied silicon powder was used as a reference standard that denoted the instrumental input into
the peak width. The samples certification on the amount of admixtures was performed using
the IR absorption spectroscopy method by the IR-Fourier spectrometer Tensor 27 (Bruker,
Germany). The specific surface area of the MgO powders was determined using the BET
method by a SORBI (Meta, Russian Federation) device. The morphology of MgO powder was
investigated by SEM (Tescan Mira 3 LMU, Czech Republic).

The melting points and the thermal effects were measured using a synchronous thermal
analyzer STA 449C Jupiter (NETZSCH, Germany). The measurements were performed in
pure argon atmosphere (99.998 %) at the sample heating rate of 10 K/min (Pt-Rh crucibles).
The error of the phase transitions temperature measurements did not exceed 1 K. The differ-
ential scanning calorimetry (DSC) measurements of the heterogeneous system provided repro-
ducible results, and the data on the second and the following heating of the samples were used
for analysis.

Electrical resistance of heterogeneous systems, contain up to 50 vol. % of MgO, was det-
ermined via godograph of the impedance. AC impedance was measured under Ar atmosphere
with the impedancemeter Z-1500J (Elins, Russian Federation) in a frequency range 20 Hz—-1.5
MHz using platinum (Pt) electrodes. Specific electrical conductivity was calculated according
to the equation: ¢ = K/R, where K is the cell constant (cm!), and R is the ohmic resistance of
electrolyte (Ohm). The cell constant was determined using the electrical conductivity values
of molten KNOj3. The cell was standardized according to the melt with the known values of
electrical conductivity under the same conditions as at the experiments on the determination
of the electrical resistance of the systems under study, i.e., at the fixed immersion depth of the
electrode into the melt, at the same interelectrode distance and in the same temperature range.
At least three parallel measurements were made for each series of experiments.

Raman spectra of high temperature heterogeneous systems with MgO concentrations 23
and 70 vol. %, were recorded by a fiber optic spectrometric complex Ava-Raman (Avantes,
Netherlands), which includes a source of monochromatic laser emission (50 mW, 4 = 532 nm,
180° registration scheme). The spectrometer is equipped with a notch-filter, which limits int-
ense Rayleigh scattering in the region of 150 cm™!. The determination error of the wave num-
bers was 1 cm™!. An original high temperature optic attachment was developed and success-
fully tested previously at the in situ analysis of interaction between barium oxide or lead oxide
and molten alkali metal chlorides.!3-14 In this work the attachment was used to record spectra
of the heterogeneous systems. A platinum crucible of the 20 mm height and 12 mm diameter
was used as a container for the heterogeneous systems under study. The spectra were recorded
at the temperatures above the melting point of carbonate eutectic (398 °C) in air atmosphere.
The spectral characterizations are reproducible both in a series of experiments and in heating-
cooling modes for the desired composition of a heterogeneous system. The presence of any
interaction products of the container material (Pt) and the heterogeneous systems under study
has not been detected by the XRD analysis of the frozen fusions.
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Preparation and certification of the samples

Chemically pure grade Li,COj3, Na,CO;5 and K,CO; (“Vekton”, St. Petersburg, Russian
Federation) were preliminary dehydrated under vacuum at stepwise temperature growth and
melted in argon atmosphere.

The carbonate eutectic mixture (LiyCO3—Na,CO3—K,CO3),, (43.5, 31.5 and 25.0 mol %,
respectively) was prepared by fusion of the weighted portions of the salts. The salts were
thoroughly mixed, dried at reduced pressure at 200 °C for 1 h to remove traces of adsorbed
H,0, heated in a CO, atmosphere, and held for 5 h at 800 °C to obtain homogeneous molten
mixture. The frozen eutectic carbonate mixture was examined by DSC analysis. The melting
point (7, = 398 °C) and the melting enthalpy (AH,,; = 277 J/g) of eutectic composition are in
agreement with the published data.!?

MgO powder (analytically pure, “Chimreaktivsnab,” Ufa, Russian Federation) was con-
firmed to be a single phase using XRD and IR spectroscopy. The IR spectrum of MgO
showed a strong broad band in the range 400-700 cm™! that corresponded to Mg-O vibrations.
There are no any vibration bands inherent to adsorbed water or hydroxyl groups. Magnesium
oxide of different dispersity was used: average crystallites size of 95 nm and specific surface
area (S) of 9.4+0.1 m%/g; and crystallite size of 25 nm and S = 15.0+0.1 m?/g. The morphology
of MgO powder investigated by SEM is shown in Fig. 1.

SEM HV: 15.0 KV WD: 14.99 mm [ MIRA3 TESCAN SEM HV: 15.0 kV/ WD: 15.01 mm 1 MIRA3 TESCAN]|

SEM MAG: 100 kx Det: SE 500 nm SEM MAG: 101 kx Det: SE 500 nm

Fig. 1. The morphology of MgO powder (S = 9.4 m%¥/g —a; S = 15.0 m¥g — b).

The required amounts of carbonate eutectic and MgO were ground in an agate mortar
and loaded into the instrument high-temperature accessory. The lack of any sedimentation of
finely dispersed powders in molten (Li,CO3;-Na,CO3-K,COj3), in a course of measurements
was shown earlier.?

To analyze the changes of the physicochemical properties of the heterogeneous systems
containing solid particles of different morphology with different geometrical parameters (spe-
cific surface area, crystallites average size) we used the approach suggested earlier.!! The
effective thickness (d) of the salt phase interlayer between MgO particles was taken into
account. Parameter d was calculated according to the ratio:
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d= I/E:ut
Si mMgO

(M

where V is the salt composition volume and my,0 is the MgO weight.
RESULTS AND DISCUSSION
DSC studies

DSC curves of the (Li;CO3—NayCO3-K,CO3)ey/MgO nanopowder hetero-
geneous systems with MgO concentrations up to 70 vol. % are depicted in Fig. 2.
It was found that the melting point 7}, and melting enthalpy AH reduced with an
increase of the MgO nanopowder content in the system. This fact accounts for
the influence of the salt — oxide interphase boundary on the thermodynamic para-
meters of ionic salt.

Lexo

35
T30
o
Egs 1 Onset: 397.9 °C
= 2 Onset:396.2 °C
E. 20 3 Onsel: 3946 °C
g 15 40nsel 397 9 °C
= 50nset 383.0 °C
ﬁ 1.0 )
0.5
0.0
340 360 380 400 420 440
Temperature, °C
- X0 1
3.5
- 30 1 Onset: 307.9 °C

o 2 Onset: 397 8°C
E 25 3 Onset 3078 °C
40nset 396.8 °C

20
i_ 50nset: 3976 °C
1.5 °
g 6 Onset: 378_:4 Cc
5 1.0 \
1]
Tos b
. 0.0 2 =
360 380 400 420 440

Temperature, °C

Fig. 2. DSC curves of the (Li,CO3—Na,CO3—K,CO3).,/MgO heterogeneous systems, MgO
(vol. %):1-0;2-4.8;3-11.1;4-29.7;5-70.1; S =9.4 m?/g —a; 1 - 0; 2 - 4.9; 3 - 8.9;
4-19.1;5-28.6; 6 — 68.8; S=15.0 m¥/g —b.

Fig. 3 demonstrates the dependences of obtained melting points (7y,) and
normalized melting enthalpies (AHporm) on the effective thickness d. Here
AHyorm defined as AHporm = AH/AHey:. From Fig. 3 we see that at d less than
100 nm, both the Ty, and AHorm of the salt phase in the heterogeneous system
decreased drastically.
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Fig. 3. Melting points (a) and the normalized melting enthalpies (b) of the salt phase in the
heterogeneous system (Li,CO3-NayCO3-K,CO3)ey/MgO (S = 9.4 m?/g (squares),
S = 15.0 m?/g (triangles)).

At the temperatures below Ty, the studied heterogeneous system may be ana-
lyzed as a nanocomposite,!® which is composed of the alkali metal carbonates
matrix and MgO powder filler. The interphase boundaries are known to contri-
bute to the crystal defectiveness, which causes changes in thermodynamic para-
meters of phase transitions. In particular, the values of melting points and melting
enthalpy provide information on the crystal disorder in near of melting tempera-
ture.16 A drastic decrease of the Ty, and AHpomm of the ionic salt in nanocom-
posite (Fig. 3) may be associated with the increase in defects concentration in the
alkali metals carbonates crystalline lattice. It is important to note, that the effect
does not depend on morphology and size of MgO particle, but only on effective
thickness of the salt phase interlayer between MgO particles, which emphasizes
its versatility to describe the physicochemical properties of composites ionic salt—
—oxide filler.

Electrical conductivity

The next stage of our work was devoted to the determination of the specific
electrical conductivity of the (LipCO3—NayCO3—K>CO3)euMgO heterogeneous
system with the magnesium oxide concentration within the interval of 0 to 50
vol. %. The obtained experimental results are presented in Fig. 4a. In all cases the
conductivity decreases with an increase of the solid content. Thus the specific
conductivity reduces at the order of magnitude when volume fraction of MgO is
equal 40 vol. %. The temperature dependence of the specific electrical conduct-
ivity, o, can be approximated by linear equation as follows:

In 0= -E,/RT+ 4 )

where E, is the activation energy, R is the universal gas constant, A is the cons-
tant. The obtained dependencies are shown in Fig. 4b. Therefore, the values of £,
can be calculated, and in Fig. 5 presented the dependences of £, on the effective
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thickness of the carbonate melt interlayer between MgO particles (d). From Fig.
5 we see that at d less than 100 nm the activation energy of the specific electrical
conductivity increase drastically. Returning to the data on 7Ty, and AHporm, it may
be suggested that in (LipCO3-NayCO3-K5CO3)eu/MgO heterogeneous system
d = 100 nm is the boundary thickness of the salt phase between MgO particles,
and for lesser values d the properties change significantly.

1,2
a ! ol
1 2
3
0.8 - -t
—_— 4 .- -
Ee Z £ |
@ o |
© 04 b N
E .
0.2 6 I
4 -
M
0 . ——aupe-e— 44 see mu AN BIE .
400 450 500 550 600 1.1 1.2 1.3 14 1.5
T/°C T 10k’

Fig. 4. Temperature dependences of the specific electric conductivity of the
(Li,CO5—Na,CO5-K,C0O3).,/MgO heterogeneous systems, MgO (vol. %): 1 — 0;
2-493;3-9.90;4—-19.44; 5-29.45; 6 —39.38; 7—49.52.

Fig. 5. Variation of the activation energy
of the electrical conductivity with the
effective average thickness of liquid phase
0 100 200 300 400 s00 60 for (LiCO3-Na,CO3-K,CO3)e,/MgO het-
d/nm erogeneous system.

The obtained data demonstrate that the charge transfer process near the solid
phase particles surface is hindered and that there is an interaction between a dis-
perse filler (solid MgO particles) and dispersing medium (molten carbonate eut-
ectic). To specify the nature of this interaction we used the Raman spectroscopy.
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Raman spectra

Raman spectra of molten (LipCO3-NayCO3—K7CO3)eyt and (LipCO3—
—NapyCO3—KrCO3)eyt melt/MgO heterogeneous system with the magnesium
oxide concentration up to 70 vol. % were qualitatively similar. Fig. 6 shows a
typical spectrum of the (Li;CO3-NayCO3—K7CO3)eyt melt/MgO heterogeneous
system. According to the selection rule, crystals of the Fm3m symmetry, such as
magnesium oxide, have no the vibrational bands in the Raman spectra.

i

Fig. 6. Raman spectrum of the (Li,CO5;—
700 1200 1700 —NayC03-K,CO3)ey¢ melt/MgO heterogene-
Raman shift, cm1 ous system, 500 °C.

A strong band corresponding to fully symmetric stretching vibration vy of
CO32~ was observed at 1065 cm~!. A weak band for bending vibration v4 near
700 cm1; a broad split band with maxima at 1390 and 1495 cm™! for asym-
metric stretching vibration v3; and overtone 2v, near 1760 cm! of CO32~ were
observed. Splitting of the v3 band into two components indicated that the sym-
metry of the CO32~ — anion reduced from D3y, to Cpy.17 We found no bands point
to the chemical interaction of magnesium oxide and (Li;CO3—NayCO3—
—K7CO3)eyt melt even with the long-term (4-5 h) exposure of (LipCO3—
—NapyCO3—K»CO3)eyt melt/MgO systems at 400-600 °C.

The XRD of the (LipCO3-NayCO3-K7CO3)eyt/MgO heterogeneous system
after the high-temperature spectral experiments demonstrated the presence of
(LipCO3-NayCO3—K7CO3)eyc salt and MgO phases (Fig. 7).

However, we noticed a difference in the profiles of the vibration band v; of
the (Li;CO3—NayCO3-K,CO3)eyt melt and (LipCO3—NayCO3-KCO3)eye melt/
/MgO heterogeneous systems: for molten (Li;CO3—NayCO3-KyCO3)eyt it was
found to be symmetrical and to be well described by the Gaussian function (Fig.
8 (1)), while for (Li;CO3-NayCO3-K>CO3)eyt melt/MgO heterogeneous system
v1 band profile is asymmetric because of the appearance of the additional high-
frequency compound (Fig. 8, band C). In addition, under isothermal conditions the
relative intensity of the high-frequency component (Fig. 8, band C) in the v band
profile increases as the oxide phase specific surface area increase (Fig. 8 (2, 3)).
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Fig. 7. XRD analysis (20 °C) of the (Li,CO3;-Na,CO3;-K,CO3).,/MgO heterogeneous system,
MgO (vol. %): 1 -70; 2 - 0.
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Fig. 8. Envelope of CO52" vibrational band v, in the Raman spectrum of
(Li,CO3—Na,CO3—K,CO3),, melt at 500 °C: experimental spectrum (A) and Gaussian
approximation (B) of band — 1; envelope of the v; band for (Li,CO3;—Nay,CO3;—K,CO3)cyt
melt/MgO system, 70 vol. % MgO, S = 9.4 m%/g —2; S = 15.0 m%*/g — 3: experimental
spectrum (A), Gaussian deconvolution components (B, C), and additive curve of B and C (D).

Previously was shown!8 that strong low-frequency component of the v{ band
(Fig. 8, band B) for the disperse system (LioCO3—NapyCO3—K>CO3)eyt melt/MgO
nanopowder is the vi band of the carbonate ion in melt bulk, while a high-fre-
quency component in the v; band profile (Fig. 8, band C) associated with the
CO327, adsorbed at the solid phase particle surface.!8:19 That is why the relative
intensity of the high-frequency component in the v; band increases as the oxide
phase specific surface area increase (Fig. 8 — 2, 3).

Salt anions adsorbed on nanopowder-particle surfaces formed solvate shells
that should have considerably affected the physicochemical properties of the
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high-temperature disperse system (LioCO3-NayCO3—K5CO3)eyt melt/MgO nano-
powder. In particular, solvation of salt melt ions on the developed interface of
solid phase particles hinders the process of electric charge transfer. Therefore, the
a significant increase of the activation energy of electrical conductivity for the
(LipCO3-NayCO3—K5CO3)eyt melt/MgO nanopowder systems may be explained
by the process of molten salt ions adsorption at the surface of the MgO solid
phase particles.

CONCLUSION

DSC, AC impedance method and Raman spectroscopy were used to study
the structure, conductivity and caloric melting effects of the (LipCO3—NayCO3—
—K5CO3)eyt melt/MgO heterogeneous systems.

The data on the thermodynamic parameters of composite systems with MgO
concentration up to 70 vol. % has been obtained by the DSC method. The ano-
malous decrease in the melting point and normalized melting enthalpy were obs-
erved at the values of effective thickness of the salt interlayer between the oxide
particles below than 100 nm. The fall in the melting point from 398 to 378 °C
and a normalized enthalpy of melting by 75 % was found.

The specific electrical conductivity of the heterogeneous systems based on
the molten carbonate eutectic and finely MgO powder in the temperature range of
400-600 °C and magnesium oxide concentration up to 50 vol. % has been inves-
tigated. A significant increase in the activation energy of electrical conductivity
from 30 to 48 kJ/mol was found when the thickness of the carbonate melt inter-
layer between magnesia particles became less than 100 nm.

The appearance of an additional vibrational band of the carbonate at 1075
cm~! was found in the Raman spectrum of the heterogeneous system. The band is
shifted by 10 cm™! to higher frequencies compared to the vibrational band of the
carbonate anion in the melt bulk. This is due to the Coulomb interaction of the
carbonate anion and the Mg2" in the surface layer of the magnesium oxide par-
ticles.

The data obtained by the in sifru Raman spectroscopy method proved that the
peculiarities of the electrical conductivity of the molten (LipCO3—NayCO3—
—K»CO3)eut/MgO heterogeneous system are caused by the electrolyte ions ads-
orption at the surface of the solid phase particles.

N3BOJ
OU3NYKOXEMUICKE OCOBMHE XETEPOTEHOI' CHCTEMA Li.C0O3—Na2C03-K.C03/MgO
IRINA D. ZAKIRYANOVA, ELENA V. NIKOLAEVA u IRAIDA V. KORZUN
Institute of High-Temperature Electrochemistry, 20 Akademicheskaya Street, 620066 Yekaterinburg, Russia

HcrpaxeHa je cTpyKTypa, MPOBOLHOCT, TaYKe TOIUbeHa U KaJOPHjCKU edeKTH TOIbeHha
xereporeHe cmeme pacrona (LizCOs—NazC03~KzCOs3)ewr ¥ MgO HaHONpaxa Ca KOHLEHTpa-
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nujom MgO no 70 % 3ampemuHe. 3a kapakTepH3alujy y3opaka KopuuIheH je MHUPOK CIeKTap
metozna (DSC, XRD, BET, ckenupajyhu enekTpoHCKM MHKpPOCKON BHCOKe pe3onyuuje, AC
umnenannyja, IC u PamaHcka cnexkrpockonyja). [TokasaHo je Jja MOCTOjH HarIu Naj Bpen-
HOCTH Tauaka TOIUbeHa COIKM U HOpMa/IU30BaHe eHTannuje (asHor npesasa XeTeporeHor CUC-
TeMa Kaja je edextrBHa AedsuHa Mehycnoja conu usmehy MgO uvectunia mawa on 100 nm.
EHepruja akTHBauWje eneKTpUYHE MPOBOA/BUBOCTH ce nosehaBa ca cMamemeM edeKTHBHE
nedprHe mehycnoja dase pacrona usmehy MgO uectuna. McrtpakuBame je mokasasno fia He
MIOCTOjU XeMHUjCKa UHTepakuuja uamehy MgO u kapdoHaTHOr pacTora Ipy TemIiepatypama of
400-600 °C. In situ Pamancka cnekrpockonuja cuctema pacron (Li2CO3—Na2C03-Kz2CO03)eut/
/MgQO HaHO-TIpax je noKa3asa COJBalMjy UYBPCTUX YECTHUIIA jOHUMA PAaCTOI/bEHUX COJIH.

(ITpumibeHo 1. dbedpyapa, pesunupano 24. dedpyapa, mpuxsaheno 15. ampuna 2023)
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Abstract: The report describes the development of methods for rapid and
simple identification of Adamsite in mobile laboratory conditions using a field
gas chromatograph coupled with mass spectrometer. Adamsite is a chemical
warfare agent with unique properties that cannot be analysed without conver-
sion to a volatile derivative. Derivatization procedures with 5 aliphatic thiols
(ethanethiol, 1-propanethiol, 2-propanethiol, 1-butanethiol and 1-hexanethiol)
were developed and compared. The retention characteristics of the derivatiz-
ation products, peak characteristics and the formation of unwanted artifacts in
the chromatograms were monitored. The influence of the reaction media and
the time dependence of the reaction were also objects of interest. Other inves-
tigated parameters were the optimal reaction temperature and the volume of the
derivatization agent. Mass spectra of newly created substances that are not yet
included in the chemical weapons related databases were recorded. With opti-
mal reagents (1-butanethiol and 1-hexanethiol), the calibration procedures for
analyte determination were subsequently developed, and the methods were
verified during the Adamsite identification test in selected environmental and
urban matrices.

Keywords: mobile laboratory; chemical weapons; mass spectrometry; dumped
organoarsenical.

INTRODUCTION

After the end of World War II, the states disposed large quantities of
chemical weapons arsenals by dumping them into seas, oceans and rivers in vari-
ous places. A lot of exact locations are not known to this day and represent sig-
nificant ecological problems.! Munitions with arsenic chemical warfare agents
(CWAs), lewisite, Adamsite, Clark I and Clark II and arsenic oil were also
dumped.? Arsenic substances can gradually break down into various degradation
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products, often very toxic.3 Complete spontaneous decomposition of arsenic
CWAs in water is expected to take more than 100 years, but for Adamsite it may
take even longer.

Adamsite (5-chloro-5,10-dihydrophenarsazine, DM) is an irritating and vom-
iting CWA, its aerosols irritate the upper respiratory system causing breathing
difficulties, pain in the lungs and strong salivation. Despite its practical insol-
ubility in water (0.064 g L1), its concentration in some dump sites is equal to the
acute toxicity values of some aquatic organisms.> Death has been reported with
excessive exposure.® The literature reports poor solubility even in organic sol-
vents. The boiling point is unusually high (410 °C). Its low volatility predeter-
mines it for use in aerosol form. Due to the very stable structure, the compound is
relatively inert. It is able to last in water for many years without significant
degradation. It is one of the most effective and at the same time one of the cheap-
est CWAs.”

There are a number of methods for the analysis of DM and other arsenic
CWAs using adsorption on green phosphorene nanotubes, liquid chromato-
graphy (LC),%10 handheld Raman spectrometry!! or vapour-sampling direct gas
chromatography/mass spectrometry (GC/MS).12 However, these methods are
either unsuitable for use in mobile laboratory tasks or do not reach the parameters
for the required level of identification. Military mobile laboratories have specific
tasks and must identify contaminants in samples on-site in a relatively short time.
The groups follow NATO documentation, namely STANAG 463213 and AEP-
-66.14 According to these documents, the mobile laboratory should be able to
identify chemical substances at the so-called confirmed level. Preferably, chro-
matography with mass spectrometry is required to meet this criterion. Due to the
time-consuming nature of the procedure (6 h for the process of acceptance of the
crude sample to the presentation of the analysis protocol and issuance of recom-
mendations), the supporting technique is GC/MS and the procedures must be
reasonably rapid. Field devices are often used, which are rugged for transport,
but do not reach the parameters of benchtop devices. The amount and volume of
other equipment is also limited, especially by the dimensions of the laboratory,
which is mostly located in a deployable container.

Some arsenic CWAs have been analysed in the past by GC without deriv-
atization. However, this is not possible with DM due to its very low vapour pres-
sure and other disadvantages (low linearity of the method at low concentrations
due to adsorption in the injection port).15 Derivatization by pyrolytic ethylation
or bromination was proposed.!® The substitution of chlorine atoms bound to
arsenic in CWA by alkanethiols has been also reported.!” The thiolation of ars-
enic CWAs is used in antidote therapy.!® Another method for diphenylarsenic
compounds was based on derivatization using n-propanethiol at ambient tem-
perature or 60 °C and 20 min.!® Muir ef al.20 used 1-butanethiol and 3,4-disulf-
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anyltoluene, but analysed air samples after thermal desorption, which cannot be
applied to DM. Using the Clark I substance as an example, ethanethiol and 1-pro-
panethiol were compared. The latter was a more suitable agent.2! Tornes et al.22
tested water samples containing DM. They derivatized with 1-propanethiol, 1,3-
-propanedithiol and 3,4-disulfanyltoluene in dichloromethane. The best results
were obtained with 1-propanethiol. Other authors also lean towards the same
agent.23

The aim of the research was the development and the optimization of a
simple procedure for the identification of DM by GC/MS, which will be applic-
able in the conditions of a mobile laboratory.

EXPERIMENTAL
Chemicals

5-chloro-5,10-dihydrofenarsazine (DM) 95 % was produced by Military Repair Facility
Zemianske Kostolany (Slovakia). Tributyl phosphate 99 % (Sigma Aldrich) was used as the
internal standard. As reaction media, acetonitrile (MECN) gradient grade (Sigma Aldrich), di-
chloromethane (DCM), hexane (HEX) (both reagent grade ACS, Scharlau, Germany), ethyl
acetate (ETAC) for HPLC and acetone (ACON) rectapur (both VWR Chemicals, USA) were
used. As thiol reagents, ethanethiol 97 %, 1-propanethiol 99 %, 2-propanethiol 97 %, 1-but-
anethiol 99 % and 1-hexanethiol 99 % (all Sigma Aldrich) were used. The column was calib-
rated by the alkanes solution C7-C30 1000 pg mL"! in hexane (all Sigma Aldrich, Germany).
Equipment

GC/MS was conducted using mobile GC/MS system EM 640 (electron ionization, 70
eV, quadrupole mass filter, m/z 50-550). The injection was splitless, HP-SMS column (25
mx0.32 mmx1.0 um) was used. Carrier gas was nitrogen (30 ml/min flowrate).

For the acquisition and evaluation of the data, software packages m.a.c.s. LabStar and
Bruker DataAnalysis (all Bruker, Germany) were used. After analysis, the data were exported
and interpreted in the automated mass spectral deconvolution and identification system (Tob-
ias Kind, Germany). GC program was: start at 40 °C (1 min hold) — 10 °C min"! gradient until
280 °C (10 min hold). Total time was 35 min.

GC with flame ionization detector (GC/FID) Trace 1310 (Thermo Scientific, USA) was
used to verify the retention characteristics. The column was TG-5MS, 30 mx0.32 mmx0.50
pm (Thermo Scientific, USA). The temperature program was set identically as for GC/MS
analytical method described in previous paragraph. The injection port was set at 250 °C, the
injection proceeded in split mode (1:20 ratio). A constant flow rate of 1.5 mL min! of carrier
gas (He) was applied to the column. The detector temperature was 280 °C. FID gases were set
at flow rate of 350 mL min! (air) and 40 mL min’! (H,). All gases were of 5.0 purity. Fur-
thermore, make-up gas (N,) was introduced into the system in a volume of mL min'!. Chro-
meleon 7 software (Thermo Scientific, USA) was used for data acquisition and interpretation.

Manual injections were performed in the volume of 2 pL.. Microlitre syringes (Hamilton,
USA) were used for injection. TriPlus RSH autosampler (Thermo Scientific, USA) was used
for GC/FID automatic injections. Ultrasonic bath Sonorex Digitec (Bandelin, Germany) was
used to homogenize solutions and for extractions. Multi Reax automatic shaker (Heidolph,
Germany) was also used for extractions. For temperature control during reactions, HD-4 ther-
mostat (Julabo, Germany) was used.
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As environmental and urban matrices were used distilled water, sea sand pure (Lachema,
Czech Republic), Arenosol Epieutric soil (Czech University of Life Sciences Prague, Czech
Republic), 4 mm Planibel Clearlite soda-lime-silica glass (AGC Glass Europe, Belgium), road
concrete curb MONO (BEST, Czech Republic) and spruce deck Standard (Rettenmeier, Slo-
vakia).

Derivatization procedure

Table I lists some parameters of the tested thiols, especially with regard to possible react-
ion temperatures and storage conditions. It is evident that, especially in the case of ethane-
thiol, it is necessary to follow certain requirements. Pentanethiol was evaluated as an unsuit-
able reagent for field conditions due to the necessity of its storage under inert gas. Therefore,
the reagent was excluded from the experiments.

TABLE I. Characteristics of thiol compounds used for Adamsite derivatization

Thiol Abbreviation CAS  Boiling point, °C  Storage conditions Odor
Ethanethiol EtSH 75-08-1 35 2to 8 °C Skunk
1-Propanethiol 1-ProSH 107-03-9 67-68 Cool, ventilated place Cabbage
2-Propanethiol 2-ProSH 75-33-2 52 Ventilated place Skunk
1-Butanethiol BuSH 109-79-5 97-99 Cool, ventilated place Skunk
1-Hexanethiol HeSH 111-31-9 151 Ventilated place ~ Asphalt

The literature does not offer many solvents that dissolve the tested analyte well. As
media for reactions between DM and thiols, 4 polar aprotic solvents were used, which were
verified to dissolve DM in the used concentration — MECN (dielectric constant 37.5), ACON
(20.3), DCM (8.9), ETAC (6.0).

As first thiol, BuSH was chosen, which is used in mobile laboratories for the identific-
ation of lewisites. Several aspects that influence the derivatization of DM by BuSH have been
investigated. Different solvents, the effect of temperature on the course of the reaction and the
time dependence of the reaction were tested. A solution of DM in the appropriate solvent
(MECN, DCM, ETAC, ACON) with a concentration of 2 mg mL"! was prepared. This sol-
ution was spiked with an internal standard (tributyl phosphate, 200 nL. mL-!). This substance
was present in the solution due to mobile GC/MS and hand injections error propagation red-
uction. 50 puLL of BuSH was added to this 1 ml solution. Subsequently, sonication was per-
formed for sample homogenization (2 min). Furthermore, the reaction was monitored at dif-
ferent temperatures — 25 and 60 °C (MECN), 25 and 35 °C (DCM), 25 and 50 °C (ETAC), 25
°C (ACON). The kinetics of the reaction was monitored in the range of 15-180 min. The max-
imum reaction time of 180 min was chosen for the application reasons. Mobile laboratories
are intended for rapid identification of substances in samples. A longer derivatization time
would thus be difficult to implement in practice. Chromatograms were always compared to a
blank created under identical conditions without the presence of analyte.

In the case of 1-ProSH and HeSH, the same procedure was followed as for BuSH and the
same solvents were measured. In the case of 2-ProSH, the reaction in MECN at 60 °C was not
observed. In the case of EtSH, due to its high volatility, the reactions were only monitored
under mild conditions (25 and 35 °C).

Reaction temperature and reagent volume

Since DCM and ACON are low-boiling solvents, the effect of temperature on the course
of the reaction was monitored in MECN and ETAC using BuSH as the derivatizing reagent.
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DM solutions were prepared in the appropriate solvent (with spiked internal standard) at
concentration of 2 mg mL-!. Then, 50 pL of BuSH was added to a volume of 1 mL of sol-
ution. The reaction took place at different temperatures (25-70 °C) and was terminated in
each case after 60 min.

The optimal volume of thiol was verified in a similar way. DM solutions were prepared
in DCM as described above. BuSH or HeSH in a volume of 10-100 pL was added to the
solutions. The reaction took place at 35 °C and was terminated after 60 min.

Calibration curves

Using thiols with longer alkane chains (BuSH, HeSH), the calibration dependences of
the response of the DM derivatized signal on the analyte concentration were developed. DM
concentrations were chosen to be 0.2; 1.0 and 2.0 mg mL"! in DCM spiked with internal
standard. Due to the low reproducibility of the results of the mobile GC/MS system when the
device is turned off and on, the calibration curve was always recreated at the beginning of the
measurement day to check its stability.

Adamisite identification in environmental and urban matrices

Water, sand, soil, glass, concrete and pre-treated wood were used as sample matrices for
recovery tests. The water in a volume of 100 mL was contaminated with the analyte to a final
concentration of 2 mg mL!. Five ml were then sampled and subsequently extracted with 5 mL
of DCM (spiked with internal standard) for 10 min by vortexing (1000 rpm). The theoretical
maximum yield should thus have been 2 mg mL! in the tested solution (upper point of the
calibration curve). The other matrices were contaminated with 20 mg of DM in a weight of 5
g. Each sample was placed in a sampling vial and 10 mL of DCM with internal standard was
added. The extraction took place by ultrasonication for 10 min. The matrices were also con-
taminated with DM in DCM solution. The resulting mass of contaminant per sample was kept
the same as in previous case. The samples were allowed to free evaporate the solvent for 30
min before extraction. Each sample was created and analysed 3 times.

RESULTS AND DISCUSSION

The reaction of 5-chloro-5,10-dihydrophenarsazine (and other arsenic com-
pounds with an As—Cl bond) with thiols is a nucleophilic substitution that pro-
ceeds according to the scheme shown in Fig. 1. The chlorine atom is replaced by
an R—S— group and the chlorine atom is cleaved off and forms hydrochloric acid.
It is advisable (in some cases necessary) to store thiols in the cold to reduce vol-
atility — these are very malodorous substances. Thus, storage in a refrigerated
desiccator is recommended.

H H
N N
As - HCl As
of S-R

Fig. 1. Thiolation of Adamsite.

Derivatization by ethanthiol

Ethanethiol is a relatively unsuitable reagent due to its very high volatility
and strong resistant odour, which can be detected even in trace concentrations.
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The following substances were recorded when the reaction was performed in
DCM: At retention time (R7) 7.94 min (retention index, R, 929) diethyl disul-
phide was identified. Other signals corresponded to the internal standard tributyl
phosphate (R7 18.27 min, Rl 1659) and a double peak of derivatized DM — 5-
-ethylthio-5,10-dihydrophenarsazine (RT 25.78 min, R/ 2457 and RT 26.65 min,
RI 2545). In addition, the identified DM was characterized by a low signal-to-
-noise (S/N) ratio. In ACON, the peak of diethyl disulphide was very intense, in
addition, 2 more EtSH related products were recorded at R7 5.37 min (RI 787)
and RT 11.44 min (R 1139). Increasing the reaction time rose the intensity of
these artifacts in the chromatogram. Inappropriate results were also noted in
ETAC. In the case of all solvents, the signal of the derivatized analyte increased
with the extension of the monitored reaction time, and the maximum was not
reached after 180 min. Table II lists the most represented fragments of mass
spectra of DM derivatives using different thiols.

TABLE II. Retention indexes (RI) and the most abundant fragment ions of thiolated Adamsite
using different thiols (the first most abundant fragment ion was used for quantification).

Parameter EtSH 1-ProSH 2-ProSH BuSH HeSH
RI 2457, 2545 2613 2563 2706 2985
Relative abundance 166 (99.9) 242 (99.9) 242 (99.9) 242(99.9) 64 (99.9)
of fragment ions, % 63 (64.2) 167 (31.5) 241 (74.7) 56(36.3) 50(94.0)

113 (57.0) 166 (25.8) 59 (62.3) 167(32.7) 55(82.3)

167 (57.0) 140 (15.5) 76 (61.3) 166 (28.4) 87(58.7)

241 (49.9) 243 (12.3) 63 (51.5) 55(28.3) 241 (47.0)
Molecular ion 303 317 317 331 359

Derivatization by 1-propanethiol

In DCM, in addition to the internal standard, peaks were found at 11.15 min
(RI 1117), which corresponded to dipropyl disulphide, and at 27.50 min (R/
2613), which corresponded to 1-ProSH derivative of DM, 5-propylthio-5,10-
-dihydrophenarsazine. After 60 min of reaction, the chromatographic background
before the DM derivative started to rise, so that the identification was complic-
ated. In the case of 1-ProSH, however, MECN was an unsuitable solvent. Before
the DM derivative peak, the background began to increase significantly, a large
broad peak was formed, which made quantification difficult. In addition to the
previously mentioned substances, a peak of 1,3-bis(propylthio)propane (RT 30.86
min; Rl 1915) was noted in the chromatograms. In the case of reactions in ETAC,
the chromatogram was not clear, in the RT interval 22—27 min a significant inc-
rease in the background was recorded, and at 13.51 min (R/ 1278) there was a
1-ProSH related product. The reagent is preferred by a number of authors!9:21-23
for the derivatization of organoarsenic toxic substances. However, apparently it is
not possible to use 1-ProSH for the field GC/MS identification of DM.
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Derivatization by 2-propanethiol

2-ProSH is the more volatile isomer of 1-ProSH. A peak identifying the
oxidized reagent, bis(1-methylethyl)disulfide (RT 9.74 min, R/ 1033) was noted
in MECN. Furthermore, there were other artifacts in the chromatogram that
would make identification in field conditions difficult. Derivatized DM, 5-(1-
-methyl)ethylthio-5,10-dihydrophenarsazine, was noted at R7T 26.84 min (R/
2563). However, it was associated with a peak at R7 25.83 min (R/ 2462) that
was again related to DM. Moreover, from R7 23 min an increase in noise was
evident and the results were unsuitable for identification. This phenomenon was
then enormous in the environment of ETAC. DCM could be determined as the
best reaction medium, no remaining characteristic of previous solvents were
found in the extract. Again, the derivatized DM was noted in the double peak, but
this could probably be a shortcoming of 2-ProSH itself. As the temperature inc-
reased from 25 to 35 °C, the chromatographic background became more intense.
The disulphide of the original thiol was not found in DCM.

Derivatization by I-butanethiol

During the reaction in MECN at a temperature of 60 °C, 4 peaks were rec-
orded in the chromatogram — 14.12 min (R/ 1320) corresponded to dibutyl disul-
phide, which was formed by the oxidation of BuSH. Peak intensity increased
with temperature, as well as with reaction time. The peak at RT 18.27 min (R/
1659) corresponded to tributyl phosphate (internal standard), the peak at 23.48
min (R] 2179) was identified as tributyl arsenotrithiolite, which is a BuSH deriv-
ative of arsenic trichloride, probably a decomposition product of DM. The BuSH
derivative of DM, 5-butylthio-5,10-dihydrophenarsazine, was recorded at 28.81
min (R 2706).

Tributyl arsenotrithiolite was not found upon changing the solvent, nor upon
derivatization in MECN at 25 °C. In the case of the latter conditions, further in
DCM at 25 and 35 °C, only 3 peaks corresponding to the analyte, internal stan-
dard and disulphide were recorded. In ETAC (at 25 and 50 °C) the mixture of
recorded substances was extended by 2 BuSH related products (R7 10.80 min, R/
1094 and RT 16.05 min, R/ 1475). Fig. 2 illustrates the mass spectra of the BuSH
derivative of DM alongside all other newly identified derivatization products
using additional thiols.

Derivatization by I-hexanethiol

Due to its highest mass, HeSH had high retention and was recorded in the
chromatograms (in MECN RT 8.32 min, R/ 949). Due to its high concentration in
the solution, the acquisition of mass spectra in subsequent measurements was
started 10 min after injection. Dihexyl disulphide, a HeSH oxidation product, was
also found in MECN at 18.96 min (R/ 1730). The 5-hexylthio-5,10-dihydrophen-
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arsazine was found at RT 32.19 (Rl 2985), which is a relatively high value for
field analysis. Significant peak broadening was associated with this high retent-
ion of substance in the column. In addition, an increased chromatographic back-
ground was noted in the region of R7T 2628 min. When the temperature inc-
reased from 25 to 50 °C, additional artifacts arose (a significant peak at RT 23.41
min, R/ 2194, which came from HeSH related product) and the noise was sig-
nificant from the 15t min. The broad HeSH peak of the DM derivative was
encountered in all tested solvents. The best results in terms of number of artifacts
and noise level were recorded using DCM (25 and 35 °C) and MECN at 25 °C.
Several other interfering peaks were found in ACON, at 12.73 min (R 1225),
14.83 min (R] 1379), 21.02 min (R/ 1933), 22.09 min (R/ 2045) and 22.99 min
(RI2146). In all cases, these were HeSH related products.

Fig. 2 illustrates the chromatograms obtained after thiolation of DM in DCM
at 35 °C using different thiols. The reaction time was 60 min.
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Fig. 2. Chromatograms after direct injection of the reaction mixtures: Adamsite + EtSH (A),
1-ProSH (B), 2-ProSH (C), BuSH (D) and HeSH (E). The reactions were performed in
dichloromethane. Peaks correspond to: diethyl disulfide (1), tributyl phosphate internal

standard (2), 5-ethylthio-5,10-dihydrophenarsazine double peak (3), dipropyl disulfide (4),
S-propylthio-5,10-dihydrophenarsazine (5), bis(1-methylethyl)disulfide (6), 5-(1-methyl)-
ethylthio-5,10-dihydrophenarsazine related product (7), 5-(1-methyl)ethylthio-5,10-dihyd-
rophenarsazine (8), dibutyl disulfide (9), 5-butylthio-5,10-dihydrophenarsazine (10), dihexyl
disulfide (11), HeSH related product (12), 5-hexylthio-5,10-dihydrophenarsazine (13).

Fig. 3 illustrates the comparison of the best methods for each thiol in the
kinetic curves. S/N ratios and peak area ratios of derivatized DM and internal
standard were taken into account during the selection. In terms of signal inten-
sity, the hexanethio- derivatives of the investigated substance dominate signific-
antly. It should also be mentioned that when short thiols are used, the reaction
must be prolonged to maximize the yield, while for longer thiols (BuSH, HeSH)
60 min of reaction is sufficient and prolonging the reaction no longer leads to an
increase in the concentration of the reaction products. The DCM environment,
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when using shorter thiols (EtSH, 1-ProSH, 2-ProSH), caused product decom-
position after 60 min.
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Fig. 3. Kinetics of reactions of Adamsite with derivatizing agents in different media.

Optimal reaction temperature

Fig. 4 illustrates monitoring the effect of the reaction temperature on the int-
ensity of the resulting signal of the derivatized analyte. The results are displayed
as a percentage change when the ratio of the peak areas of DM/internal standard
at room temperature equals 100 %. Increasing the temperature to 35 °C resulted
in a ratio increase of 5 % (ETAC) and 14 % (MECN). A further temperature inc-
rease of 10 °C only led to an increase in the ratio of 3 % (ETAC) and 2 %
(MECN). The intensity difference between 25 and 65 °C is 9 % (ETAC) and 17
% (MECN). The optimal temperature for thiolation of DM is 35 °C and the react-
ion takes place smoothly even at room temperature.

Reagent volume

The testing of the optimal volume of the derivatization reagent was carried
out in the range of 10 to 100 uL (1 to 10 % of the total volume of the reaction
mixture), which are reasonable values to avoid unnecessarily large consumption.
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The results (Fig. 5) are displayed as the relative peak area ratio between the der-
ivatized analyte and the internal standard, where the value of the ratio for a thiol
volume of 50 pL was marked as 100 %. Under these conditions, increasing the
reagent volume from 10 to 50 pL resulted in the rise of the relative ratio value
from 35 to 100 % (BuSH) and from 29 to 100 % (HeSH). A two-fold increase in
the volume of the reagent to 100 uL then only led to the rise of the monitored
value by 19 % (BuSH) and 27 % (HeSH), respectively. Increasing the volume
thus no longer leads to a linear increase in the signal. In addition, it is demon-
strated that the derivatization by HeSH is more sensitive to increasing the volume
of the reagent.
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V/ipuL signal intensity of the derivatized analyte.

Application of the methods in the identification of Adamsite in matrices

Table III documents the parameters of the calibration curves using BuSH
and HeSH as derivatization reagents, the reaction was carried out in DCM at 35
°C (35 °C for EtSH) and was terminated after 60 min. The reproducibility of the
measurements was increased using the internal standard. Switching the mobile
GC/MS system off and on again led to error propagation, and therefore three-
-point calibration curves were always created at the beginning of the measure-
ment day, reducing the RSD of repeat measurements from 35 to 15 %. The det-
ection limit of the methods was determined according to the calibration curve for
the S/N ratio of the derivatized analyte equal to 3. Relatively high limits of det-
ection are associated with the low reactivity of the substance and its high mole-
cular weight and the parameters of the mobile GC/MS system. The linearity of
the methods was verified in the range of 0.2-4.0 mg mL~!. The parameter is doc-
umented in Fig. 6 that illustrates the linearity when the curve was created three
times on different measurement days. It demonstrates that linearity was main-
tained even though curve shifts occurred.

TABLE III. Calibration curves parameters

Thiol Coefficient of determination RSD /% Detection limit, mg mL-!
BuSH 0.993 16 0.10+0.02
HeSH 0.994 14 0.05+0.01
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Fig. 6. Linearity of derivatization reaction of Adamsite by BuSH (left) and HeSH (right).

Table IV demonstrates the use of the above methods for DM identification in
environmental and urban matrices. The results demonstrate that neat DM can be
extracted from samples more efficiently than in the case of a matrix contamin-
ation by DM solution. It is more evident with porous matrices. This is due to the
greater penetration of the contaminant into the depth of the matrix when using a
liquid solution. In the case of water, the organic DM sample was not tested. No
significant difference in efficiency value was noted when HeSH was used instead
of BuSH as the derivatizing reagent. None of the matrices caused unwanted inter-
ference in the area of analyte retention. Both methods were assured to be valid
for the 6 sample matrices tested.

TABLE IV. Adamsite recovery as BuSH and HeSH derivatives from different matrices after
contamination with neat analyte (£, and analyte dissolved in dichloromethane (E). The
results are given as efficiency value when derivatized by BuSH / by HeSH

Sample Eeat/ % Eg /% Sample Eeat/ % Eg /%
Water 82 /85 - Glass 92/88 90/93
Soil 76 /75 45/51 Concrete 70/74 35/29
Sea sand 80/ 81 62 /58 Wood 75/70 38/31

Fig. 7 illustrates the applicability of DM derivatization via HeSH after ext-
raction from the most problematic matrix in terms of chromatographic back-

2000 —
1000 -
ﬁ 0 ] I\ }\;__’L
g | Y e e e e e P
2 10 15 20 25 30 35
¢ 2000 4
£ 1000 4 Fig. 7. Comparison of chromatogram after
] extraction of Adamsite from soil and sub-
0 e - = sequent derivatization with HeSH (top) and

chromatogram of the same measurement
after background subtraction (bottom).
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ground — soil. The mobile GC/MS did not have the ability to perform automatic
background subtraction. However, after data export and external subtraction, it
can be seen that only the derivatized analyte peak is visible in the chromatogram
after the hiding of background effects. A disadvantage of the used mobile GC/
/MS system is also the fact that when the experiment is repeated, the mass spec-
tra are not identical in the area of ions with lower abundance. The first 5 frag-
ment ions were always the same (Table II).

CONCLUSION

It has been shown that Adamsite, which in its neat form has very unsuitable
analytical properties, can be analysed by gas chromatography. All investigated
aliphatic thiols are able to convert the substance into a more volatile derivative
by nucleophilic substitution. Due to the large weight of the Adamsite molecule,
the derivatives have considerable retention in the standard HP-5 column, and
with the growing alkane chain of the reagent, it is necessary to adjust (especially
prolong) the chromatographic method. Aromatic thiols would thus be inappro-
priate reagents for field analysis.

The best results in terms of the signal intensity and the associated character-
istics (detection limit, S/N ratio) were achieved using HeSH. However, the sub-
stance was significantly retained by the column (RI 2985) and the peak was broad.

A high R/ is associated with the length of the method, which must be at least
35 min. However, the derivative was recorded with a significantly higher result-
ing signal even after 15 min of derivatization. For other reagents (BuSH comes
into consideration), it is recommended to extend the derivatization time to 60 min.

U3BOJ

YIIOTPEBA AJTM®ATHYHUX THOJIA 3A ON-SITE JTEPUBATU3ALINIY U
UIEHTHOUKALINIY ADAMCUTA TACHOM XPOMATOTPA®UIOM

TOMAS ROZSYPAL

Nuclear, Biological and Chemical Defence Institute, University of Defence, Vita Nejedleho 691, 68203 Vyskov,
Czech Republic

Y oBoM pagy je onucaH pa3Boj MeTOZe 3a Op3y U jeNHOCTaBHY UIEHTHUHUKaUUjy Anam-
CUTa y MOOMWIIHOj 1adopaTopHjH, MIPUMEHOM TacHe XpomaTorpaduje ca MaCEHOM CHEKTDO-
METpHjoM. AAMCHT je XEMHjCKHM DOjHM areHC ca jeJMHCTBEHHMM OCODMHAaMa fa Ceé HE MOXeE
aHa/lM3WpaTu Oe3 KOHBEp3HWje y WCIap/bMB AepHBaT. PasBujeHa je u ymopeheHa nepuBaTH-
3auuja ca net augaTUUYHUX THOJA (€TAaHTHO, 1-TIPOMAHTHOI, 2-TPONAHTHON, 1-OyTaHTHON K
1-xexcanrtuon). [IpaheHe cy peTeHLIMOHE KapaKTepUCTHKE JeprBaTa, KapaKTepUCTHUKE MMHKOBa
[IaBHUX je[IUbemha U HE)KEJbeHUX NMHUKOBa Ha XpomaTorpamuma. IIpahenu cy Takohe u yrunaj
peaxkLuoHOT MeAxjyMa U Bpeme peakuuje. McnuTuBaHY Cy ONTUMalIHa PeakLUoOHa TeMIepa-
Typa U 3allpeMMHa peareHca 3a fepuBaTusanyjy. CHUM/BEHHU Cy MACceHU CIEeKTpH HOBOGOP-
MUDaHUX OepHBata, KOjU Ce joll YBEeK He Hajla3e y Da3aMa mojaraka XEMHUjCKHUX DOJHHX CyTl-
cranuu. Kanudpauuja norpedHa 3a onpehuBame je u3BemeHa ca oNTHMalIHUM peareHcuMma (1-
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-OyTaHTHON U 1-XeKCAaHTHOJ) U MeToza je Bepu(HUKOBaHA TECTOM UAeHTHDUKAHje AfaMcHTa
y onadpaHUM MaTpHUllama M3 IPUPOJHE U OKOJIMHE U ypOaHe OKOJIHHE.
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Abstract: The textile, leather, paint and other industries discharge lots of dyes
in their effluent which can cause major impact to environment and human life.
Therefore, it becomes necessary to eliminate the dye from the effluent before
its discharge and reuse. Several procedures for the removal and inactivation of
dyes have been proposed over past, but the adsorption has gained popularity
due to its efficiency and operational ease. Use of the biochars as an adsorbent is
gaining attention due to their low cost, availability and high adsorption cap-
ability. The current study focuses on the removal of basic Fuchsin (BF) dye by
adsorption using Jamun (Syzyum cumini) seed powder biochar as an adsorbent.
The biochar was characterized through various analyses such as: XRD, EDS,
FTIR, TGA and SEM. Adsorption was studied by varying the parameters such
as pH, contact duration, temperature, adsorbent dose, and temperature. Further,
the isotherm, kinetic and thermodynamic studies were also performed to under-
stand the adsorption mechanism. The maximum adsorption capacity for BF dye
was found with Jamun seed biochar produced at 500 °C. The study reveals that
the biochar manufactured from Jamun seed power has a significant potential
for the elimination of BF dye from wastewater.

Keywords: adsorption; pyrolysis; TGA; isotherm; kinetics; thermodynamics.

INTRODUCTION

The cosmetics, textiles, paper, pharmaceuticals and leather industries con-
sume enormous quantities of dyes and chemicals during the processing of raw
materials and the making of different products. Accordingly, they generate large
volumes of dyes-containing liquid effluents which need to be treated for the
removal of dyes prior to their disposal, as the untreated waste water may impart
toxicity to aquatic life and damage the quality of receiving water bodies and
environment.! There are different treatment techniques which have been used for
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the reduction of dye such as advanced oxidation, ozonation, adsorption, coagul-
ation/flocculation, aerobic and anaerobic degradation, membrane filtration, etc.2-5
Each technique is having its own advantages and drawbacks but the adsorption
has got a lot of attention because of its operational ease, low cost, flexibility,
design simplicity, efficiency and profitability.6

India’s textile sector consumes almost 80% of the overall production of
130,000 tons of dyestuff,” which include non-biodegradable dye in the concen-
trations ranging from 1 to 2500 mg L-1.8 There are about 100,000 commercially
available dyes® and basic Fuchsin (BF) dye is one of widely used dye in the
textile sector. Due to its toxicity the BF dye can cause several health issues such
as skin infection, nausea irritation, vomiting and diarrhoea, damages organs like
spleen, thyroid and liver. Also, its inhalation can result in respiratory irritation.10
BF dye is also known by the name basic violet 14, chemically known as tri-
aminotriphenylmethane (CygH»gCIN3). It is the combination of three dyes
namely, pararosaniline, rosaniline and Magenta I1.!! BF dye is commonly used
for colouring of textile and leather products.!2

There are many researchers who have worked on BF dye removal through
adsorption process using different types of adsorbents such as bottom ash,
deoiled soya, graphite oxide, polymer nanocomposite, kola nut pod carbon,
eggshell and euryale ferox salisbury seed shell, efc.10:13-17 Among these adsorb-
ents biomass has gained major attention of the researchers due to its easy avail-
ability and low cost. The biochar derived from the biomass of Syzygium cumini
has been selected as an adsorbent for this study. Syzygium cumini is locally
known as Jamun (black plum). India produces around 15.4 % of the total world
production of Jamun (approximately 13.5 million tons) and its rank is second.
Maharashtra is the main producer of Jamun followed by Uttar Pradesh, Tamil
Nadu, Gujarat and Assam.!® Large quantity of Jamun seeds are discarded into
open area as waste. The aim of this study is to use these seeds to prepare biochar
for the degradation of BF dye from the aqueous solution. No previous studies
were found using Jamun seed powder biochar (JSPB) as an adsorbent for the BF
dye removal. That is why JSPB was selected as an adsorbent for the reduction of
BF dye through batch adsorption process. The Jamun seed powder (JSP) and
JSPB were characterized using various techniques like scanning electron micro-
scopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), energy dispersive X-ray spectroscopy (EDS) and thermal gravimetric
analysis (TGA); the batch adsorption experiments were conducted by varying
different parameters. The linear and non-linear form of Langmuir, Freundlich and
Temkin isotherm models were applied to understand the mechanism of adsorp-
tion process. Kinetic study for this process was done using pseudo 15t and pseudo
2nd order kinetic models. The behaviour of the adsorption process was deter-
mined by a thermodynamic study.
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EXPERIMENTAL
Materials

BF dye was purchased from Titan Biotech Ltd., Bhiwadi, Rajasthan, India. Its chemical
structure is given in Fig. 1.1° Dried Jamun fruits were purchased from the local market. NaOH
and HCI were purchased from Sigma—Aldrich, India, and used for pH adjustment of the dye
solution. Distilled water was used for the preparation of all dye solutions.

HoN ] '*NH2
=
S

NHz Fig. 1. Structure of basic Fuchsin dye.

Preparation of adsorbent

Dried Jamun fruits were soaked in water for 48 hrs followed by its peeling for seed
separation. The seeds were dried in the hot air oven at the temperature 383 K for 36 h and
broken down into small pieces using mortar pestle. The pieces of the seeds were ground using
mixer grinder followed by screening to get the powder having an average particle size of 49
pm. The screening operation was completed by using 300 and 350 mesh British standard sieve
(BSS). JSP was pyrolyzed in a pit type furnace reactor (S. D. Scientific, Kolkata make) at 773
K for 60 min. The resultant Jamun seed powder biochar (JSPB) was taken out from the reactor
and kept in air tight container at room temperature for further experiments.

Preparation of adsorbate

A dye solution of 1000 mg L-! was prepared by dissolving the Img of BF dye in the
1000 mL of distilled water. The stock solution was then diluted to the desired concentrations
of 100, 75, 50, 25, 12.5, 6.25 and 3.125 mg L-!. pH was tuned to the desired value using 0.1 M
NaOH and 0.1 M HCI solution. 1,,, of 548 nm was the maximum absorbance wavelength and
hence used as the basis for all the experiments to evaluate the BF dye concentration.

Characterizations of JSP and JSPB

JSP, JSPB before adsorption and JSPB after adsorption were characterised using differ-
ent techniques. SEM (Zeiss EVO 18) and field emission scanning electron microscopy
(FESEM, Carl Zeiss Uhr FESEM model Gemini SEM 500 KMAT) were used for the morpho-
logical study and the presence of different elements was found using EDS (INCA 250 EDS).
XRD technique was used to find out the structure (crystalline or amorphous) of the samples.
FTIR (Alfa, Bruker, Germany) spectroscopy was performed with IR-Affinity-1, Shimadzu, to
find the functional groups in the sample by recording the spectra between the frequency
ranges of 4004000 cm’!. The thermal behaviour of the JSP sample was studied by TGA
(Setaram Labsys EVO) in the temperature range of 30-850 °C.

Batch adsorption experiment

The adsorption experiments were conducted by varying different parameters to examine
the adsorption characteristics of JSPB for the removal of BF dye from synthetic solution. For
batch process, 100 mL of the dye solution (3-100 mg L!) with a 0.1-1.0 g of JSPB was taken
in the conical flask and shaken in the orbital shaker at 95+5 rpm for time 15-120 min, at pH
2.03-10.02, and temperature 298—338 K. After shaking, the suspensions were filtered and the
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BF dye concentration in the supernatant solution was measured with the help of UV—Vis spec-
trophotometer (LabIndia 3092). The absorbance values at specified wavelength (1,,,x of 548
nm) of the samples were recorded, and the equivalent dye concentration value was obtained
from the calibration graph. The adsorption capacity, ¢., and the percentage of dye removal, R,
were calculated using following equations, respectively:2°

qe:(c1 e )V 0

m
R=1009_¢C )
G
where V = volume of BF dye solution (mL), ¢; = initial BF dye concentration (mg L!), m =
= mass of JSBP (g) and c; = final concentration of BF dye at equilibrium (mg L).

RESULTS AND DISCUSSION
Characterizations of JSP and JSPB

The surface characteristics and morphological features of JSP before ads-
orption and JSPB after adsorption were determined by the SEM analysis and the
images are shown in Fig. 2. The image of raw sample of JSP shows uneven struc-
tures with less porous surface whereas the image of JSPB shows porous struc-
tures developed during the pyrolysis. After the adsorption of BF dye, the surface
of JSPB became comparatively smooth as the pores get filled up with molecules
of dye. The elemental composition (% weight basis) of JSP and JSPB before
adsorption was determined by the EDS analysis and the results are given in Table
I. The JSP surface contains various elements such as carbon, oxygen, nitrogen,
silicon, sulphur and potassium. After the pyrolysis, the weight percentage of
some of these elements (carbon, silicon and potassium) in the JSPB surface inc-
reased and that of oxygen decreased. Also, the presence of new elements like
iron and manganese has been observed. The increased percentage of the elements
and the addition of new elements may result in the improvement of the adsorp-
tion capacity of JSPB.

Lammcen_ S R
Fig. 2. SEM image of: a) raw JSP 2, b) JSPB before adsorption and c¢) JSPB after adsorption.

The XRD spectra for raw JSP, JSPB before adsorption and JSPB after ads-
orption are presented in Fig. 3a. The graph of raw JSP shows non-crystalline
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peak with low intensity at an angle of 26.70°, whereas the graph for JSPB has
more peaks with slightly increased intensities at the angles 26.70, 31.51, 50.08
and 59.98°. It clearly indicates the semi-crystalline nature of JSPB surface which
will favour the adsorption process. After the adsorption, the peak at an angle of
26.70° is slightly decreased and some peaks have disappeared, which confirms
the successful adsorption of BF dye on JSPB surface.2!

TABLE I. EDS analysis of JSP and JSPB

No. Raw JSP JSPB
Element Weight, % Element Weight, %

1 C 18.08 C 40.20

2 (0] 71.61 (0] 47.98

3 N 6.23 Mg 1.76

4 Si 1.54 Si 4.51

5 S 0.07 K 3.76

6 K 1.79 Fe 1.78

(a) ()]

280004 (4SPB After Adsorpiion) e ( JSP'B after ad sorption)
—i;!P Tso:l.m 120 (JSP Biochar)
——{Raw JSP —

— L8 (Raw JSF)

S N, %

0.54 1595.60 o

. _..‘___.———"\’\u\h‘
1595, 6

80168

16000 4

Intensity, a.u,

120090 4

8007 4 0.48
4000 0.36

L]
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=
]
[e]

161373 102078

T T T T T T T
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16, degree Wavenumbaer, cm!

(©)

(W eight l0ss)

104
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91
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65 | 37
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DTG, mg min?

52

39

26 Fig. 3. Characterisations of adsorbent;
100 200 300 400 500 600 700 800 a) XRD graph; b) FTIR graph; C) TGA
Temperature, °C graph.

FTIR spectra of raw JSP, JSPB before adsorption and JSPB after adsorption
between 400-4000 cm~! are shown in Fig. 3b. The raw JSP shows a broad-band
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around 3427 cm™! indicating O-H stretching (alcohol group). Also, this peak
shows the presence of cellulosic components. The band at 2921.30 cm™! con-
firms the presence of alkyl groups which is the indication of asymmetric C—H
band alkyl groups (methyl and methylene group). The band around 2851.05
ecm™!, is attributed to H-C=0; C-H stretching vibrations of alkanes groups,
whereas the band 2356.27 cm™! is assigned to the amino related component (-N-H
component).2?2 The band 1613.73 cm™! (C=C ring stretching) corresponds to
aromatic compounds. Aliphatic ether C—O and alcohol (C-O stretching) compo-
nents were confirmed by the peak of 1020.75 cm™1. After pyrolyzing the sample
all strong peaks like hexagonal, alkyl and alkanes groups disappeared, whereas
aromatic groups are still visible. The shallow peaks were observed in both the
samples of JSPB before adsorption and JSPB after adsorption, at the band
1595.60 and 801.68-791.96 cm™!, which can be assigned to aromatic group
(C=C ring stretching) and 2 adjacent H deformation, respectively.23 These func-
tional groups may assist in the adsorption of dye molecules on the surface of JSPB.

TGA analysis of raw JSP was performed in the temperature range 30-850
°C. Two weight-loss peaks were found which are shown in Fig. 3c. The first peak
was observed with a weight loss of 7.64 % below 100 °C, which indicates the
dissociation of water molecules from the JSP biomass. The reduction of hemicel-
lulose, cellulose and lignin from the sample was detected by the second peak in
the temperature range of 200-300 °C with a maximum weight loss of 63.89 %.
After 300400 °C, the sample began to deform, and at higher temperatures the
peak seemed almost flat and it was decomposed before its reached 850 °C. This
is the sign of complete pyrolyzation of JSP biomass. Therefore, 500 °C is con-
sidered for pyrolysis process.24

Batch adsorption study with effect of various parameters

Effect of concentration. The dye removal in the adsorption study is strongly
influenced by the initial dye concentration. The initial concentrations of BF dye
were varied from 3-100 mg L-! at pH 8.01, dosage 0.6 g, contact time 75 min,
and the temperature 318 K. The effect of initial dye concentration on the removal
has been shown in Fig 4a. It is clear from the plot that the sorption of dye is inc-
reasing from 54 to 97% (adsorption capacity increasing from 0.1-8 mg g-1) with
the solution concentration. The reason for this may be due to the availability of
more dye molecules for the limited binding sites on the adsorbent surface
accounts for the rise in BF adsorption.25-26 On the other hand, higher initial dye
concentration causes an increase in surface use of the adsorbent because of the
enhanced contact between adsorbate and adsorbent. The same trend was also obs-
erved by Bessashia et al. for BF dye.2’ The maximum removal efficiency was
found to be 97 % with the concentration of 100 mg L1
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Fig. 4. Effects of various parameters on the
removal of BF dye; a) effects of dye concen-
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of temperature; d) effects of contact time; e)
effects of pH.

Effect of adsorbent dosage. The JSPB dosages were varied from 0.1 to 1 g in
the amount of liquid 50 ml for each sample at the optimum parameters of contact
time 75 min, temperature 318 K and pH 8.01 (Fig. 4b). With the increasing
adsorbent dose (0.1 to 1.0 g), the removal percentage is also increasing (55.54—
—95.56 %) initially (up to 0.6 g), but no significant change occurs later on. This is
due to the fact that the dye molecules have occupied the available surface. On the
other hand, as the adsorbent dose increases from 0.1 to 1.0 g, the adsorption cap-
acity decreases dramatically from 28.67 to 5.18 mg g~!. As the JSPB dose inc-
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reases, the adsorbent particles continually aggregate or agglomerate. Thus, the
surface area per unit weight of the adsorbent is reduced, and the diffusion route
length increases. This results in a continuous loss of adsorption capacity. For
further experiments, 0.6 g of the adsorbent dose was finalised because of its ben-
efits and drawbacks in terms of removal efficiency and adsorption capacity.28

Effect of pH. The pH study was performed at the optimum parameters as
adsorbent dosage 0.6 g, temperature 318 K, concentration 100 mg L-! and time
75 min. The percentage removal was observed to be increasing with pH from
2.03-10.02 (increasing adsorption capacity 4-8 mg g~1) as shown in Fig. 4e. This
trend can be understood from the fact that at lower pH, the concentration of H' in
a solution remains higher, which will lead to the protonation of active sites of the
adsorbent. Since the BF dye is also positively charged, there will be a repulsive
force between the adsorbent and adsorbate resulting in less adsorption. At higher
pH, H" concentration is lower and hence higher percentage removal can be
obtained.?%

Effect of contact time. Completion of the process within a short time is ext-
remely important for industrial applications, in terms of cost-effectiveness and
efficiency. The influence of contact time (15-120 min) on the uptake dye sol-
ution is shown in Fig. 4d. While performing this experiment other parameters
were kept constant (pH 8.01, concentration 100 mg L1, temperature 318 K and
dosage 0.6 g). These results show that the adsorption of dye increases with con-
tact time (removal of 93-95 %, adsorption capacity 6-8 mg g!) and it remaines
constant after the equilibrium time of 75 min. This may be because of the avail-
ability of more active sites initially on JSBP for the dyes and also due to the rate
at which the BF dye solution is transferred from the exterior to the interior sites
of the JSPB particles, which controls the uptake rate as the surface adsorption
sites become exhausted.30

Effect of temperature. The effect of temperature is another significant phys-
icochemical process parameter because the temperature changes the adsorption
capacity of the adsorbent. The temperature effect on BF dye removal was studied
at the optimum conditions of pH 8.01, contact time 75 min, dosage 0.6 g and
concentration 100 mg L1, Fig. 4c. As the percentage removal of dye increased
from 96.58-98.47 % with the increase in temperature from 298 K-318 K, the
process shows the endothermic behaviour. With the further temperature rise the
removal is decreasing in the temperature range 318 K—338 K, which indicates the
exothermic nature of the process. Thus, the temperature study shows the change
in nature of the process from endothermic to exothermic. This may be due to the
decrease of the quantity of the dye molecules and the active sites on the adsorbent
with increasing temperature. Also, the swelling of internal surface of JSPB and the
increasing mobility of dye ions at higher temperatures leads to poor adsorption
capacity of the adsorbent. This pattern was also observed by Abdus et al.31.32
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Isotherms, kinetics and thermodynamic study

Isotherm study. The relationship between adsorption capacity and equilib-
rium concentration is well understood by the adsorption isotherm models. The
graph plotted between the solid phase and liquid phase concentration of the JSPB
illustrates the equilibrium adsorption isotherms. The linear and nonlinear form of
Langmuir, Freundlich and Temkin isotherms were used to describe the experi-
mental data of adsorption for this study. For the analysis of adsorption isotherms,
the experiments were conducted at pH 8.01 by adding a 0.6 g of JSPB with 50 ml
of BF dye solution and by varying concentrations from 12.5 to 100 mg L-1. JSPB
was separated from the solution after 75 min and the concentration of BF dye
was estimated using UV spectrophotometer. The experimental and calculated
data are summarized in Table II for all the three isotherms.!1.33

TABLE II. Freundlich, Langmuir and Temkin constants of linear and nonlinear isotherms for
adsorption of dye

Temperature , K

Isotherm Constant 303 308 328
Langmuir gm/mg gl 5.45 50.25 14.89
K /Lmg! 0.67 0.05 0.23

R? (Linear) 0.93 0.94 0.92

R? (Non-linear) 0.88 0.85 0.85

Ry 0.02 0.15 0.05

Freundlich n 0.09 0.10 0.11
Ki/L gl 0.002 0.006 0.021

R? (Linear) 0.88 0.88 0.87

R? (Non-linear) 0.99 0.91 0.84

Temkin Ap /L mg! 0.57 0.58 0.36
Br/Jmol’! 37.7 31.8 30.2

R? (Linear) 0.99 0.99 0.99

R? (Non-linear) 0.99 0.99 0.99

The Langmuir isotherm is applicable for homogeneous adsorption process,
in which there is no contact between the adsorbed molecules due to the mono-
layer adsorption. Nonlinear and linear form of Langmuir equations are given as:

K¢
qezqm LCe (3)
1+KLCC
Lo “

e Krqm ¢ dm
where gy, is the maximum adsorption capacity (mg g1), g, denotes equilibrium
adsorption capacity (mg g!) and c. is concentration of BF dye solution at
equilibrium (mg L-1). The plots of linear and shows low value of the R2, which
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indicates that the given adsorption data is not suitable for Langmuir isotherm.
The separation factor (Ry) of this isotherm is represented as:
1

1+ Ky ¢ @
where c¢; and Kp are the initial concentration and Langmuir constant,
respectively. The positive value of Ry (0 < Ry, < 1), shows the feasibility of
process.
Freundlich isotherm is valid for multilayer adsorption and the heterogeneous
nature of the process. The non-linear and linear form of Freundlich equations are:
1

qe = Kycd (6)

1
logq. =log Ky +;logce @)

Ry,

where the adsorption capacity is measured by intercept log Ky (Freundlich cons-
tant) and the adsorption intensity is represented by the slope 1/n. The linear and
non-linear plots were used to calculate the values of Ky and n. The value of n is
0.11 which is less than 1, and therefore indicates poor adsorption and suggests
that the adsorption data does not fit to this isotherm.

The Temkin isotherm model assumes that the heat of adsorption of all mole-
cules in the layer decreases linearly with coverage due to the adsorbate—adsorb-
ent repulsions. It also implies that adsorption occurs as a result of a homogenous
binding energy distribution.!! The Temkin non-linear and linear equation can be
given as:

RT
9 =—1n(ATce) ()
By
qe = BT ll'lAT +BT the (9)
By =" (10)

where R = universal gas constant (8.314 J mol~! K-1), 7 (K) = absolute tempe-
rature, A1 (L mg!) = equilibrium binding constant, Bt = heat of adsorption, B =
= Temkin constant (J mol-1).

The higher values of R? for both the nonlinear and linear form of this model
suggest that the Temkin isotherm is the most favourable for the adsorption data.
Positive value of B is a sign of the exothermic nature of the process.

Kinetic study. Efficiency, mechanism and potential rate controlling step (inc-
luding mass transfer and chemical reaction) of the adsorption process were deter-
mined by the kinetic study. The necessary time for the adsorption kinetics was
determined by conducting the experiment in the orbital shaker for a period of 15—
—75 min (concentrations 25-100 mg L1 at pH 8.01, dosage 0.6 g, and the tempe-
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rature 318 K). The samples were taken out from the shaker at an interval of 15
min. Data obtained from the kinetic experiments were evaluated for both linear

and nonlinear form of pseudo 15t and pseudo 2 order and are summarised in
Table II1.34:35

Pseudo-first-order kinetic model is used to describe the kinetics of many
adsorption systems. The nonlinear and linear equations for this model are exp-
ressed as follows:

6 =4e (1= (11)

ln(CIe_%)zln(KIQe)_Klt (12)
where K| = rate constant of pseudo 15t (L min~1), g¢ = adsorption capacity at time
t(mgg™).

TABLE III. Linear and non-linear kinetic parameters for BF dye adsorption

Pseudo 1%t order Pseudo 2™ order
c/ mg Lt qe,exl_al qecal K R R Gecal K R? R?
me g mg g1 ! (Linear) (Nonlinear) mg g'! ' (Linear) (Nonlinear)
12.5 0.899 0.463 -0.0002 0.86 0.80 0913 0.665 0.99 0.97
25 1.956 0.230 -0.0003  0.85 0.94 1.945 4.735 1 0.94
50 4.019 0.446 -0.0004 0.83 0.81 3.980 1.062 1 0.92
100 8.029 0.517 —0.0001 0.49 0.88 8.019 0.182 0.99 0.99

The values of K1 and g, were calculated from the slopes and intercepts of the
plot between /n(g.—q¢) and time. On the basis of lower correlation coefficients, it
is confirmed that the adsorption of BF dye on JSPB does not involve pseudo first
order kinetics.

Pseudo 214 order kinetic model stated that the rate of occupation of ads-
orption sites is proportional to the square of number of unoccupied sites. The
non-linear equation of this model is given below:

dg, 2

it _ g - 13
dt Z(qe qt) ( )
1_1 . LA (14)
4q; Kqu 9e

where K, = pseudo 20dorder rate constant (g mg—! min1).

The values of K> and R? show the continuous increasing trend for liner
pseudo 21d order, which confirms the suitability of this model for the adsorption
of BF dye on the JSPB, but the nonlinear pseudo 204 order does not fit with this
process as R2 has lower value comparatively.

Thermodynamic study. This study was conducted by shaking the 50 mL of
the synthetic BF dye solution in the concentration range 25-100 mg L1 for dif-
ferent temperatures (308—328 K) at the optimum process conditions of pH 8.01,
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contact time 75 min, dosage 0.6 g and concentration 100 mg L-! in the orbital
shaker. At the end of shaking (after reaching equilibrium time), the flasks were
withdrawn, solutions were filtered and the filtrates were analysed for the content
of dye in the final solution using UV spectrophotometer. To know about the
nature of the process, the thermodynamic parameters like Gibbs energy (AGY),
enthalpy (AH") and entropy (AS”) changes were evaluated (Table IV).

The values of AHO and ASY were estimated from the plot of In K, vs. 1/T.
The negative value of AHO signify the exothermic nature of the process. The
negative values of AGO show that the dye adsorption was spontaneous. The posi-
tive value of ASO points toward the increase in randomness due to interaction
between adsorbent and dye molecules.

TABLE IV. Thermodynamic parameter for BF dye adsorption

Concentration AHO AS® AGY / kJ mol!

mg L kJ mol! J k' mol! 308 K 318K 328K
25 -19.86 06.74 -0.093 -0.142 -0.228
50 -45.51 20.34 -1.709 -2.018 -2.112
75 -04.14 10.19 -2.721 -2.822 -2.924
100 -26.73 19.11 -3.215 -3.402 -3.597

Comparison study

The comparison study of obtained result with the reported results in litera-
ture are given in Table V. JSPB shows higher adsorption capacity compared to
the reported data (Gupta et al.,10 Quin et al.,!3 Kaith et al.,37 Nwodika et al.1),
while other adsorbents show higher adsorption capacity (Guan et al.;38 Wang et
al.39) as they have used expensive chemicals to fabricate the adsorbent materials.

TABLE V. Comparison of adsorption capacity for BF dye removal with other literature data

Adsorbent Adsorption capacity, mg g1 Reference
Polymeric nanocomposite 0.439 Kaith et al.37
Graphite oxide 1.830 Quin et al.13
Base activated cola nut pod carbon (KPBC) 3.470 Nwodika et al.!
Acid activated cola nut pod carbon (KPBA) 5.760 Nwodika et al.!
Bottom ash 6.400 Gupta et al.!0
Jamun seed powder biochar 8.000 Present study
Mesoporous molecular sieve of AI-SBA-16 70.080 Guan et al.3®
Graphene based magnetic nanocomposite 89.400 Wang et al.>®
CONCLUSION

The current study confirms that the JSPB is an effective, efficient and a low-
-cost adsorbent for the BF dye removal from synthetic waste water solution. The
characterization shows that JSPB has good adsorption properties as it contains
aromatic compounds and different elements like C, Mg, K, Si and Fe. The FT-IR
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study reveals that biochar is rich in functional groups. The semi-crystalline sur-
face of the biochar was revealed by the XRD analysis, which favours adsorption.
The maximum removal efficiency and adsorption capacity of JSPB for BF dye
removal was found to be 97 % and 8.0 g respectively at the optimum conditions
of pH 8.01, concentration 100 mg L~!, JSPB dosage 0.6 g, contact time 75 min
and temperature 318 K. The adsorption capacity of JSPB is higher than other ads-
orbents (Table V) despite its fabrication through comparatively simple processes.
The suitability of Temkin isotherm for both linear and non-linear forms indicate
the uniform distribution of binding energy over the JSPB surface and also reveals
that the adsorption heat for all molecules decreases with the increasing surface
area of JSPB. Chemisorption behaviour of this process was confirmed by the
linear pseudo-20d order kinetic model. The negative values of AHO show the exo-
thermic nature and the positive value of ASY indicates increase in randomness of
the process. The overall study suggested that JSPB can be considered as eco-fri-
endly and good adsorbent for the removal of cationic dyes.

U3BO/

YIIOTPEBA BUOYTJbA Ol CEMEHA Syzyum cumini 3A YKJIAIBAILE ®YKCHUHCKE BOJE
W3 BOOEHOT PACTBOPA

DIVYA KOSALE, CHANDRAKANT THAKUR u VINOD KUMAR SINGH

Department of Chemical Engineering, National Institute of Technology Raipur, Raipur 492010,
Chhattisgarh, India

HnpycTpuja TekcTrIa, Koxe, d0ja U Apyre HHOYCTPHje UCIYIUTajy MHOTO 0ja y OTnagHe
BOJE KOje MOIy MMAaTH BEJIMKH YTHILaj Ha »KMBOTHY CPEJHHY M Jby[CKH JKUBOT. 300r Tora je
HEONXOJHO YKIOHUTH 00jy U3 OTIafiHUX BOJa Mpe HUXOBOT UCHYyIITaka U IOHOBHE yroTpede.
Y IpoIIOCTH je NpenoXKeHo HEKOJIMKO MIOCTyNaKa 3a yKkjlamalbe U MHaKTUBalKjy 0oja, anu je
azcopnuyja CTekia MOMyJapHOCT 300r cBoje eUKAaCHOCTH U jefHOCTaBHe yroTpede. Ymo-
Tpeba duoyripeBa kao agcopdeHara [oduja Ha MakKkby 300T BUXOBE HUCKE LieHe, JOCTYHOCTH
U BHUCOKe crocodHocTH apcopnuuje. OBa cTynuja je dokycupaHa Ha ykiamame 0asHOr Qyk-
cuHa (BF) nmytem ancopnuuje oBe Soje, kopuurhewmem OHOyIba Y ITpaxy Ol CeMeHa Syzyum
cumini kao ancopdeHTa. buoyram je okapakTepucaH pPa3THYUTAM aHajlHW3ama Kao IITO CY:
XRD, EDS, FTIR, TGA u SEM. Ancopriigja je mpoy4yaBaHa y3 Bapupame napaMmeTapa Kao IITo
cy pH, Tpajame KkoHTakTa, TeMmneparypa, fosa ajfcopdeHTa M Temmeparypa. M3oTepMHa,
KUHETHYKa W TepMONWHAMHUYKAa WMCIHUTHBama Cy Takohe crmpoBemeHa na OM ce pasymeo
MeXaHH3aM afcopnuuje. MakcuManHu KanmaguTeT agcopnudje 3a BF dojy je mokasao duoyrasm
cemeHa npoussefeH Ha 500 °C. OBo HCTpakuBame OTKpHBa Aa OHOyrab NPOMU3BENEH OFf,
ceMeHa Syzyum cumini ©UMa 3Ha4yajaH MOTeHNHjaj 3a enuMuHaudjy BF Boje u3 oTnagHux Boza.

(ITpumsseno 30. arycra 2022, pesupupano 25. oxTodpa 2022, mpuxsaheno 9. anpuna 2023)
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Abstract: Waste hemp and flax fibers, and cotton and cotton/polyester yarns,
available in large quantities from the textile industry, were used as cheap and
effective sorbents for the removal of methylene blue from wastewater. Waste
fibers and yarns were characterized by scanning electron microscopy, Fourier
transform infrared spectroscopy, iodine sorption, water retention, and point of
zero charge, as well as through the determination of crystallinity index and
degree of surface crystallinity. The adsorption of methylene blue was opti-
mized by examining the influence of contact time, initial concentration, tempe-
rature, and pH value. It was found that the more ordered structure of cotton and
cotton/polyester yarns leads to lower adsorption capacities and better agree-
ment with pseudo-second order kinetic and Langmuir isotherm model, while
the more heterogeneous structure of flax and hemp fibers shows higher cap-
acities for methylene blue adsorption, better described by the pseudo-first order
kinetic and Freundlich isotherm model. Based on the obtained results, waste
lignocellulosic fibers and yarns can be used for the discoloration of wastewater,
thereby solving the problem of waste generated in the textile industry.

Keywords: textile waste; natural-based fibers; chemical composition; organic
dye.

INTRODUCTION

The high consumption of energy and non-renewable natural resources, as
well as the resulting climate changes require a serious approach to sustainable
environmental protection criteria, in order to ensure a decent life in modern
society and preserve resources for the coming generations. Material reuse is an
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area of particular interest due to the large amount of waste produced around the
world in various industries. !-2

The textile industry is one of the oldest and largest industries in the world,
which tends to meet the ever-increasing demand for textile products that grow
with the increase of the world’s population.3-5 Textile waste, which can be gen-
erated directly from the textile industry during the textile production processes,
or post-consumer textile waste, which is created during consumer use and dis-
posal, represents a group of reusable materials that can have different application
possibilities.3:¢ The fact is that much more attention is paid to solving the prob-
lem of post-consumer textile waste (product reuse, material recycling, inciner-
ation and landfill)7-8 than the one of the waste generated directly during textile
production. Textile waste from production refers to raw textile materials, namely
cellulose, protein, and synthetic fibers. Cellulose fibers are of vegetable origin,
obtained from materials such as cotton, linen, hemp, ramie and straw; protein
fibers are of animal origin, obtained mainly from wool, cashmere and silk, while
synthetic fibers are obtained from petrochemical sources, i.e., materials such as
polyester, nylon, spandex, acrylic, and polypropylene.3 These wastes are mainly
disposed of by incineration and landfill, so, it is necessary to find ways to reuse
them as materials with added value.> Another major problem in the textile ind-
ustry is consuming a large amount of water used for scrolling, bleaching and
dyeing processes. The textile industry is the second-largest polluter of water
worldwide.? If contaminated water is not treated before discharge into natural
reservoirs, this wastewater, due to its intense color, higher pH value, and high
salt concentration, causes a decrease in photosynthetic activity, due to a defi-
ciency of oxygen, which can be harmful to the aquatic ecosystem and human
health.9-11 According to environmental regulations, industries are required to
remove dye from their wastewater before discharge into the environment.
Numerous physical, chemical and biological methods may be used to remove
dyes from wastewater in the textile industry. These methods mainly require spe-
cific equipment and high energy consumption, and an additional problem is the
safe disposal of the removed products.!!1=13 A process that provides low capital
and energy costs, simplicity and speed, as well as high removal efficiency is ads-
orption. 10,13

One of the effective ways to reuse textile waste is to convert them into
adsorbents for wastewater treatment. Cellulose-based fibers and yarns can have
exceptional adsorption properties and high absorption capacity, due to their spe-
cific structure and heterogenous chemical composition which implies the pre-
sence of different functional groups that acts as active sites for adsorption.l4
Summarizing all the above, it is concluded that the textile industry can be a
perfect example of the reuse of textile waste material, to solve the problem of the
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colored wastewater it creates. In this way, the needs for a cleaner environment
and a circular economy are met at the same time.

This work examines the possibility of using waste hemp and flax fibers and
cotton and cotton/polyester yarns, as cheap and effective sorbents for the removal
of methylene blue from wastewater, with an emphasis on the influence that struc-
tural characteristics and chemical composition have on the adsorption properties.

EXPERIMENTAL

Fibers and yarns obtained as waste from different textile industries were used as ads-
orbents for the removal of methylene blue (MB). Short flax fibers (F;) were obtained from
Banja Luka, Republic of Srpska, Bosnia and Herzegovina,'® while hemp fibers (Hy) were
obtained from ITES Odzaci, Serbia. Waste cotton (Cy) and cotton/polyester (C,/PES) yarns
were obtained from SIMPO Dekor Vranje, Serbia.

Scanning electron microscopy (SEM JEOL JSM-6610LV) was used to determine the
samples' morphological and structural characteristics.

The chemical composition of flax and hemp fibers and cotton yarns was determined by
sequential removal of individual components from the structure of the fibers and yarns, which
was in accordance with the Soutar and Bryden research. !

The surface functional groups’ content was examined by Fourier transform infrared spec-
troscopy (Nicolet™ iS™ 10 FTIR spectrometer, ThermoFisher Scientific), in the range of
400-4000 cm™!. The degree of surface crystallinity (Ci) was estimated based on the intensity
of characteristic bands from the obtained FTIR spectra.17 For flax and hemp fibers, and cotton
yarns Ci was calculated as a ratio of the intensity of bands at 1368 and 2885 cm! (/}34s//2335)
which were assigned to the in-the-plane C—H bending and C-H symmetrical stretching in
cellulose and hemicelluloses.!8 Additionally, for the sample C,/PES, the degree of surface
crystallinity of the polyester component!® was also calculated as the ratio between the inten-
sity of the band at 1120 cm’!, related to the O—CH, stretching, and the bend at 1100 cm™!,
related to the C—O stretching from amorphous polyester structure (£1120/7;100)-

Iodine sorption values (ISV), were determined using the Schwertassek method:!3 yarn
samples (0.3 g) were topped with iodine solution (2 cm? of KI3), squashed, and squeezed for 3
min. Thereafter, the saturated sodium sulfate (100 cm?, w(Na,SO,4) = 200 g dm™) was added
to the yarns and shaken for 1 h. The iodine concentration of the sample and blank was deter-
mined by titration with sodium thiosulfate (0.02 mol dm™3). ISV was calculated as follows:

(b—1)x2.04x2.54 N
mg g

m,

ISV = (M
where b and ¢ are the volumes (cm?) of Na,S,0; solution used for blank and sample titration,
and m, is the weight of absolute dry yarns (g). ISV was used for the determination of crys-
talline phase content (crystallinity index, Xi):20

ISV
X =100—| 10022 2
K [ 412) @

The standard centrifuge method (ASTM D 2402-01 2001) was used to assess the exam-
ined samples’ water retention value (WRYV).

The solid addition method?!-22 was used for the determination of pH at the point of zero
charge (pHpzc), for all the examined samples. To a series of PP tubes, 10 ml of 0.1 M KNO;
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was transferred, and the initial pH value of the solution (pH;) was adjusted from 2 to 10 by
adding either HC] or NaOH. 0.02 g of tested fibers and yarns were added to the tubes, which
were securely capped immediately. The tubes were constantly shaken for 48 h and the final
pH values (pHy) were measured. The dependence of pHy vs. pH; was plotted, along with the tie
line for which the final pH was considered equal to the initial pH. The intersecting point
between those two lines was recognized as pHpzc.

The adsorption was performed on 0.02 g of tested materials from 20 cm?> MB solution
(initial concentration of 20 mg dm), at 25 °C in the batch system for 3 h with constant shak-
ing (170 rpm). To examine the effect of pH on adsorption, the initial pH of the MB solution
was adjusted to 2, 4, 6, 8 and 10. The influence that initial concentration has on materials
adsorption capacities was examined under the same conditions, using the MB solution with
the initial concentration ranging from 10 to 75 mg dm™. The influence of contact time was
examined using 0.1 g of tested materials and 100 ml of MB solution (initial concentration of
20 mg dm3), while the effect of adsorbent mass (0.01, 0.02, and 0.05 g) was studied from 20
ml of MB solution (20 mg dm™). The concentration of MB solution was determined by UV—
—Vis spectrophotometry, while the amount of adsorbed MB (g, in mg g'!) was determined as:

go = (GG G)
m
where C, and C, (mg L!) are the initial concentration, and the MB concentration in the
solution after a defined time, respectively; V(L) is the solution volume and m (g) is the weight
of adsorbents (C,, C,/PES, Frand Hy).

Kinetic studies were conducted using the following kinetic models: pseudo-first-order,?
and pseudo-second-order kinetic model,2* Elovich?® and intra-particle diffusion model,2
while Langmuir?’ and Freundlich?® isotherm models were used to interpret the equilibrium
adsorption data and determine the maximum adsorption capacities of examined samples.
Equations for all models used are given in Table S-I of the Supplementary material to this
paper.

To evaluate the influence that surrounding temperature has on the MB adsorption, the
adsorption experiments were conducted in a temperature-controlled water bath, at 25, 35 and
45 °C. The thermodynamic parameters of the adsorption process were calculated using the fol-
lowing equations:2°

mg =25 _44 (4)
R RT
AG = AH ~TAS 5)

The values of AH and AS were obtained from the slopes and intercepts of In K vs. the 1/T
plot, and the values of AG were calculated from the corresponding values of AH and AS
following Eq. (5).

RESULTS AND DISCUSSION
Hemp, flax and cotton fibers are natural fibers that are characterized by com-
plex structures, and heterogeneous chemical compositions especially distinct for
hemp and flax fibers. The main structural component of these fibers is cellulose,

while secondary components are hemicelluloses, lignin, pectin, fats and waxes.
The content of these chemical components varies depending on the type of fiber,
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as well as on geographical location, cultivation methods, and primary processing.
Hemp fibers generally contain 67.0-78.3 % of cellulose, 5.5-16.1 % of hemicel-
luloses, 2.9-3.3 % of lignin and 0.8-2.5 % of pectin,!® while flax fibers may
contain 64.1-76.0 % of cellulose, 11.0-20.6 % of hemicelluloses and 2-5 % of
lignin and 1.8-2.3 % of pectin.!5 On the other hand, cotton fibers are mainly
composed of cellulose (83—99 %), and may contain some lignin (up to 6 %) and
hemicelluloses and pectin (up to 5 %).30

The quantity of these constituents and their location within the fiber structure
has an influence on fibers’ physicochemical and mechanical properties, espe-
cially sorption properties.

The chemical composition of the examined hemp and flax fibers and cotton
yarns are given in Fig. 1. It was found that cotton yarns (sample Cy, and cotton
component from sample Cy/PES) contain the highest amount of cellulose (94 %)
while the hemp fibers contain the highest amount of non-cellulosic components
(10.7 % of hemicelluloses, and 6.06 % of lignin).

I Ja-cellulose [ hemicelluloses L1 lignin

1004
90+
80+

70 I I Fa

54
0 , , h | , Fig. 1. Chemical composition of flax and

H, F C, hemp fibers and cotton yarns.

Content, %

The morphology of tested fibers and yarns is examined by scanning electron
microscopy (Fig. 2). The structure of flax and hemp fibers (Fig. 2a and b, res-
pectively) is characterized by partially separated elementary fibers, which seem
to be embedded in resinous substances (matrix of hemicelluloses, lignin and
some pectin), and rough, uneven surface. This liberation of elementary fibers is
more noticeable for flax than for hemp fibers, due to the higher content of lignin
and hemicelluloses in the structure of hemp fibers. The cotton fibers within the
Cy and Cy/PES structure are spirally twisted, with the structure looking like a
twisted ribbon (Fig. 2c). Additionally, the polyester component from the sample
Cy/PES is characterized by a straight filament, with a noticeable smooth surface.

The type, amount and availability of surface functional groups are influenced
by the chemical composition and the location of the chemical components in the
fiber structure. The qualitative examination of functional groups present on the
surface of tested materials was performed by FTIR analysis.
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10 urmy / 10 um

10 um

Fig. 2. SEM photographs of: a) Hy, b) Fy, ¢) C, and d) C,/PES.

FTIR spectra for all samples (Fig. 3) show a broad band around 3300 cm1,
originating from the stretching of the O—H bond in hydroxyl groups. Peaks at
2850 and 2920 cm! originate from the symmetrical and asymmetrical vibrations
of the C—H bond in methyl and methylene groups of cellulose and hemicellul-
oses3! in the structure of all examined fibers and yarns. The peak near 1730 cm™!,
attributed to C=0 stretching of carbonyl or ester groups of hemicelluloses,31-32 is
noticeable on the spectra of samples Fg and Hy. Bands in the region 1000-1370
cm!, are related to the C—O and C—C stretching in polysaccharides, cellulose,
and hemicelluloses, while the peak around 890 cm! indicates the presence of
glucopyranose ring in the structure of all examined samples. The broad band
around 1630 cm~!, observed for all samples, can be attributed to the aromatic
skeletal vibration, or C=O stretching vibrations of hemicelluloses carbonyl
groups.3! Owing to the presence of polyester component, FTIR spectra of sample

Fig. 3. FTIR spectra of flax and hemp
3500 3000 2500 2000 1500 1000 500  fibers, and cotton and cotton/polyester
Wavenumber, cm’ yarns.
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Cy/PES showed additional, intense peaks at 1710 and 1240 cm! that indicate the
presence of the ester group, while the peak at 1505 cm™! can be attributed to the
skeletal vibrations of the aromatic systems in polyester chains.33 Also, out-of-
-plane bending vibrations of the benzene ring in the polyester are displayed at
720 cm! (C-H and C=0) and 870 cm™! (C—C).33

The degree of surface crystallinity (Ci), estimated based on the intensity of
the characteristic bands obtained from FTIR spectra, is shown in Table I, along
with the iodine sorption values (ISV), crystallinity index (Xg), water retention
value (WRV), and point of zero charge (pHpzc). The highest values for the
degree of surface crystallinity and the crystallinity index were observed for
Cy/PES, due to the presence of highly ordered polyester components and the
highest content of a-cellulose in the cotton component. The highly ordered struc-
ture of Cy/PES results in lower iodine adsorption, while a smooth surface (Fig.
2), observed especially for the polyester component, leads to the lowest WRV. A
similar trend in the physicochemical characteristics, shown in Table I, is
observed for the sample Cy, whereby ISV and WRV show higher, and Ci and Xg
lower values than Cy/PES, due to the less ordered structure, which is a conse-
quence of the absence of polyester component. Samples Fr and Hf show much
higher iodine adsorption and water retention than Cy and Cy/PES samples, as
well as a lower degree of surface crystallinity and crystallinity index resulting
from the more heterogeneous chemical composition and the location of the
components in the fiber structure. Lower content of lignin in the secondary wall,
and hemicelluloses in the interfibrillar region of Fyr leads to the liberation of the
elementary fibers (Fig. 2) and higher availability of a-cellulose on the fiber
surface, making the F¢ surface more crystalline than Hy. The more liberated fiber
structure of F¢ than Hyf also results in better iodine sorption, while surface
roughens and the presence of micropores and microcracks in the Hy surface leads
to a higher WRYV.

TABLE 1. Material characterization: degree of surface crystallinity (Ci), iodine sorption
values (ISV), crystallinity index (Xg), water retention value (WRV), and point of zero charge

(pHpzc)

Sample Ci ISV/mgl, g} X¢ !/ % WRV | % pHpzc

H¢ 0.960 132.2 6791 51.20 5.12

F¢ 0.977 160.3 61.09 41.07 4.12

Cy 0.981 84.0 79.61 32.34 5.90

Cy/PES 0.9822 55.1 86.63 15.55 548
1.05b

Cotton component, °pES component

Adsorption characteristics of lignocellulosic fibers and yarns depend on the
content of amorphous regions in cellulose and non-cellulosic components, cracks
and cavities, as well as functional groups present on the absorbing surface.!6.34
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Accessible surface functional groups of fibers’ chemical constituents (celluloses,
hemicelluloses, lignin) are responsible for the surface charge and the acid—base
behavior of tested samples. The pHpzc values of tested samples were found to be
in the range between 4.12 for Fr and 5.90 for Cy (Table I), indicating that in the
water solution with pH higher than 5.90 surfaces of all tested samples will be
deprotonated and negatively charged, so the adsorption of cationic MB will be
favored.

The solution pH is an important factor that affects the adsorption of methyl-
ene blue through the ionization of surface functional groups along with the dis-
tribution and the morphology of dye molecules. The influence of the pH of MB
solution on the adsorption capacities of examined samples is shown in Fig. 4.

A+ 0 Bl c Elc pes

S L e P2 Fig. 4. Effect of the initial pH on the ads-
orption capacity.

Adsorption capacities increase rapidly with the increase of the solution pH
from 2 to 6, while a further increase of pH slightly increases the adsorption cap-
acities of tested samples, keeping the same trend of Fr > Hy > Cy > Cy/PES.
Methylene blue is a cationic dye that is in the molecular form in the solution
having a pH value lower than 4, while in the solution with a pH above 4, the
MB* becomes dominant.35 Additionally, in the solution having a pH above the
pHpzc value, the surface of tested samples is deprotonated and negatively
charged, so an increase in the pH value of the solution positively affects the
attraction and bonding of MB™ species.

The influence that contact time has on the MB adsorption on tested samples
is shown in Fig. 5a. Adsorption capacities follow the trend of F¢ > H¢ > Cy >
Cy/PES, and increase with the contact time, reaching the equilibrium after 60 min
of adsorption.

The process of MB removal from water solution using examined fibers and
yarns is relatively fast since over 80 % of adsorption capacity was reached in the
first 30 min. Experimental data were fitted with pseudo-first and pseudo-second
order models (Fig. 5a), as well as with the intraparticle diffusion (Fig. 5b) and Elo-
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Fig. 5. Adsorption kinetic data fitted with pseudo-first and pseudo-second order (a),
intraparticle diffusion (b) and Elovich (¢) model.

vich (Fig. 5¢) models, and the obtained kinetic parameters are given in Table S-II
of the Supplementary material. According to the correlation coefficients (R2),
adsorption of MB on all samples follow the pseudo-second order kinetic, while
calculated adsorption capacity values (ge cal) indicate that the adsorption of MB
onto Hf and Fr is better described by the pseudo-first order model. The values of
pseudo-first and pseudo-second rate constants indicate that the adsorption pro-
cess is faster on yarns than on fiber samples. This is also noticeable from the
values of Elovich constant a that is related to the rate of adsorption in the begin-
ning. Since the rate-controlling factor of the adsorption process may be the dif-
fusion of adsorbate particles through the structure of the adsorbent, the intrapar-
ticle diffusion model was applied to the adsorption data. Multi-linear plots
obtained by the intraparticle diffusion model indicate that MB adsorption onto H¢
and Fr occurs through the three consecutive steps of fast external adsorption,
intraparticle diffusion, and slow equilibrium adsorption, while the adsorption
onto yarn samples proceeds through the external adsorption and equilibrium pro-
cess. The highly ordered structure of yarn samples (C; and Xk values), featured
by smooth and nonporous cotton fibers and polyester filaments (Fig. 2), enables
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only the fast adsorption onto the external surface of the yarn samples without the
diffusion of the MB species into the yarn structure. Therefore, the adsorption
capacities of the yarn samples are lower than for Hf and Fy, and limited by the
number of active sites on the sample’s external surface. The higher surface cov-
erage of the yarn samples with MB species is confirmed by the values of Elovich
constant . On the other hand, higher adsorption capacities of F¢ and Hy are the
consequence of the more heterogeneous chemical composition and liberated fiber
structure characterized by the surface roughens and the presence of micropores
and microcracks.

Fig. 6 shows the influence that adsorbent mass has on the MB removal
efficiency and the adsorption capacities of examined samples. For adsorbent
mass 0.01 and 0.02 g removal efficiency is almost the same, while the highest
removal efficiency was obtained for adsorbent mass of 0.05 g. Nevertheless, the
adsorption capacities of all examined samples decrease with the increase of
adsorbent mass.

100+ 30
5 25
. Bl
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o
= . [EIH,
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Fig. 6. The influence of adsorbent mass on MB adsorption.

The adsorption capacities of Ff and Hy increase with the initial concentration
of MB solution (Fig. 7), while for samples Cy and C,/PES, an increase in a con-
centration above 30 and 20 mg dm 3, respectively, does not increase adsorption
capacities, due to the surface saturation.

The obtained values for Langmuir and Freundlich parameters (Table II) are
in agreement with the sample structure’s influence on MB adsorption. The more
amorphous and porous structure of Hy and F¢ samples leads to higher maximal
adsorption capacities (QJg) and surface heterogeneity (1/n), whereby the Freund-
lich isotherm better describes the adsorption of MB on these samples. Samples
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Cy and Cy/PES show lower adsorption capacities, more homogeneous surfaces,
and better fits with Langmuir isotherm.

a5 n Hf ° Ff A Cy v Cy/PES

---- Freundlich isotherm
30 o 7 —— Langmuir isotherm

T T T T
0 10 20 30 40 50 60 70

Fig. 7. The influence of initial concentration on MB adsorption: equilibrium adsorption data
fitted with Langmuir and Freundlich isotherm.

TABLE II. Langmuir and Freundlich isotherm parameters for MB adsorption on examined
fibers and yarns samples.

Sample Langmuir isotherm Freundlich isotherm

Oy / mg g! b R? K¢/ mgl-VnL Vgl q/p R?
Hg 104.063 0.0713 0.84306 7.350 0.337 0.89365
F¢ 142.625 0.0601 0.92953 8.569 0.389  0.95157
Cy 16.630 0.0712 0.99077 4.987 0.307  0.84602
C,/PES 6.618 0.000169 0.88299 4.502 0.105  0.50585

Thermodynamic studies revealed that MB adsorption onto tested fibers and
yarns is an exothermic process (Table III) and that an increase in surrounding
temperature leads to a decrease in the adsorption capacities (Fig. S-1 of the Sup-
plementary material). The increase in temperature leads to higher MB solubility
and a decrease in the attraction forces between the MB particles and the adsor-
bent surface.3¢ The adsorption process is spontaneous for Hy and Fy at all tested
temperatures, and for Cy at 25 and 35 °C, while the adsorption on Cy/PES is not
spontaneous.

CONCLUSION

The conducted investigation was focused on reusing short and entangled flax
and hemp fibers, and cotton and cotton/polyester yarns, obtained as waste from
the textile industry, as a sustainable and renewable adsorbent for the purification of
textile industry wastewaters. The adsorption properties of examined lignocellul-
osic fibers and yarns depend on chemical composition and the location of the struc-
tural constituents within the fiber structure. The higher content of a-cellulose and
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TABLE III. Thermodynamic parameters for MB adsorption onto examined fibers and yarns

Thermodynamic parameters

Sample /K g/ Mg g T AR/ molT AS/ K molT K
H; 298.15 15.20 2.95 21.994 ~0.064
308.15 14.47 231
318.15 12.88 ~1.67
F; 298.15 13.95 2.19 04.443 ~0.075
308.15 13.28 145
318.15 10.40 ~0.70
C, 298.15 11.01 ~0.72 ~17.931 ~0.058
308.15 10.23 ~0.14
318.15 8.90 0.44
C/PES  298.15 8.09 0.84 ~16.893 ~0.059
308.15 731 1.44
318.15 6.10 2.03

the presence of polyester component led to the lower adsorption capacities of
cotton and cotton/polyester yarns, while the adsorption process follows the
pseudo-second order kinetic and can be described by Langmuir isotherm. On the
other hand, more heterogeneous chemical composition and presence of non-
cellulosic components in the structure of flax and hemp fibers, as well as fibril-
lated structure and presence of cavities and cracks on the fiber surface led to the
higher capacities for removal of MB from water. The MB adsorption onto the
heterogeneous surface of hemp and flax fibers is well described by the pseudo-
-first order kinetic model and Freundlich isotherm, whereby the intraparticle dif-
fusion affects the rate of adsorption. Based on the obtained results, waste lingo-
cellulosic fibers and yarns can be applied for the discoloration of wastewater,
thereby solving the problem of wastes generated in the textile industry.
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U3BOJ
OTIIAJHA BJIAKHA KOHOIIJBE U JIAHA U ITPERE ITAMYKA U TTAMYK/TTOJIMECTEPA
3A YKIIABhAKLE METUJIEHCKO ITJTABOT U3 OTITAOHE BOJE: YIIOPEOJHA AHAJTU3A
ANCOPIIINOHUX KAPAKTEPUCTHKA

MAPHJA M. BYKYEBUR', MAPHHA M. MAJIETUR’, BUJbAHA M. IIEJUR', HATALLA B. KAPUR’,
KATAPHUHA B. TPUBYHALI' u AJIEKCAH/IPA A. [TEPUFR IPYJUR?

1Texuon0mrco—meu7aﬂypwxu paxynitewi, Ynueep3uitieii y beoipagy, Kapneiujesa 4, 11000 Beoipag, u
*Unosayuonu uenmap Texnonowxo—memanypuxol paxyniiewia, Kapueiujesa 4, 11000 Beoipag

OrnagHa BjIakHA KOHOIUBE U JIaHA U Mpehe mamyka U Mamyk/MmojuecTpa, HodujeHa Kao
0TIaj U3 TeKCTUIHE UHAYCTpHje, kopuinheHa Cy Kao je@TUHU U epUKacHU COPOEHTH 3a YKiIa-
Hhabe METWIEHCKOT IIIaBOT U3 OTIIAJHUX BOJA. Y30pLH BilakaHa U mpehe cy okapakTepucaHu
CKeHHPajyhoM elneKTPOHCKOM MUKPOCKONHjOM, HHMPAUPBEHOM CIEKTPOCKONHjoM ca Ddypu-
jeoBoM TpaHC(hOpMaLHjoM, COPILINjOM jofia, 3apKaBabEeM BOJiE, TAUKOM HYJITOT Ha€lIeKTpHU-
cama, kao 1 ongpehuBameM MHAEKCA KPUCTATUYHOCTH W CTENeHa MOBPLIMHCKE KPHUCTaIN4-
HOCTH. Y LWBbY ONTUMH3aLUje afCcopIiLHje MeTHIEHCKO IUIaBOT MCIHUTAH je YTHIa] BpeMeHa
KOHTaKTa, [0YeTHe KOHIIeHTpauuje, Temreparype ¥ pH BpenHOCTH Ha eHUKAaCHOCT ancopii-
nuje. ITokasaHo je na npeha mamyka M Iamyk/monuecrepa ca BehHM yIenom KpHUCTaTHHX
0071aCTH y CTPYKTYPH MMa HIKU a[ICOPNLUOHHU KamaluuTeT U JOo/be Ce Clake ca KUHeTHYKUM
MOJIEJIOM TICeyno-Ipyror pena ¥ JJaHTMUPOBOM afiCOPILIMOHOM H30TepMoM. C Opyre cTpaHe,
B/IakHa JlaHa U KOHOIUbE Ce OJUIMKYyjy Behum yzmenoM amopdHHX 0051aCTH U HELeNyI03HUX
KOMIIOHEHTH y CTPYKTYypH M MoKa3yjy Behu kanmanuteT afcopriuje U dosbe carame ca KuHe-
THYKHM MOZEIOM IICEYIO-IIPBOr pefia Kao U ca OpojHATMXOBOM aZiCOPIILIMOHOM H30TEPMOM.
Ha ocHoBy nodujeHux pe3ysTaTa II0Ka3aHo je Ja ce OTIafHa JUTHOLeIyI03Ha BilakHa ¥ mpeha
MOTY KOPHUCTUTH 3a 0de3dojaBame OTNAZHUX BOJA, YMMeE Ce€ peliaBa Mpodjaem OTHaga Koju
HacTaje y TeKCTWIHOj MHAYCTPHUjHU U 3a0BO/baBajy CBE CTPOKUjU 3aXTEBU Y 00IACTH 3aIUTUTE
KUBOTHE CpPeJUHe.

(TTpumssero 13. nenembpa 2022, pepunupano 15. mapra, npuxsaheso 22. mapra 2023)
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Waste hemp and flax fibers and cotton and cotton/polyester
yarns for removal of methylene blue from wastewater:
Comparative study of adsorption properties

MARIJA M. VUKCEVIC!*, MARINA M. MALETIC2, BILJANA M. PEJI¢1, NATASA V.
KARIC2, KATARINA V. TRIVUNAC! and ALEKSANDRA A. PERIC GRUJIC!

!Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11000
Belgrade, Serbia and ?Innovation Center of the Faculty of Technology and Metallurgy,
Karnegijeva 4, 11000 Belgrade, Serbia

J. Serb. Chem. Soc. 88 (6) (2023) 669683

TABLE S-I. Theoretical models used for data examination

Model Equation Reference
Pseudo-first-order qr=9q,- (1 —eht ) 1
! -1
Pseudo-second-order q,=9,— (— +hy- t} 2
9e
Elovich q; = iln(a’ﬁ) + 1 Int 3
B B
Intra-particle diffusion q; =kit"2+C 4
-b-C
Langmuir isotherm 9e = %l—b—C: 5
Freundlich isotherm g, =Kp-Cln 6

ge and ¢, (mg g") are the amounts of MB adsorbed at equilibrium, and at the
time ¢ (min), respectively;

* Corresponding author. E-mail: marijab@tmf.bg.ac.rs
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ki (min™), k, (g mg'min™), and k4 (mg g"' min™"?
C (mg g) is the intra-particle diffusion constant;
o (g (mg min)") and B (g mg") are Elovich constants related to the initial
adsorption rate and the extent of surface coverage and activation energy for
chemisorption, respectively;

C. (mg dm™) is the MB equilibrium concentration,

0, (mgg") is the amount of solute adsorbed per unit mass of adsorbent
required for monolayer coverage of the surface,

b (dm’® mg™) is a constant related to the heat of adsorption,

K (mg"""L""g™") Freundlich constant that indicates the adsorption capacity,
and

1/n Freundlich parameter that indicates the heterogeneity of the adsorbent
surface.

) are the rate constants,

Table S-1I. Kinetic parameters for MB adsorption onto Hy, Fr,C,, C,/PES

Sample Hy F¢ Cy C,/PES
Qeoxp/ ME g 13.01 13.94 9.49 6.31
Pseudo-first order model
Geca /Mg g 12.73 13.63 8.83 5.78
ki / min™ 0.06396 0.10777 0.19994 0.15134
R 0.96336 0.95320 0.67875 0.73348
Pseudo-second order model
Geca /Mg g 14.21 14.73 9.38 6.22
k»/ g mg 'min”! 0.00585 0.01102 0.03718 0.03795
R’ 0.98165 0.98712 0.93527 0.93455
Elovich model
o/ g (mg min)” 3.4699 17.078 262.30 23.473
plgmg’ 0.3930 0.48668 1.1194 1.3413
R’ 0.94105 0.8817 0.96306 0.97511
Intraparticle diffusion model
ki /mg g min™? 1.76973 1.80789 0.93665 0.74877
C/mgg’ 0.63086 2.95116 4.15123 1.92006
R/’ 0.98976 0.97795 0.96235 0.99202
ki»/mg g" min™"? 0.82096 0.44953 0.16184 0.15323
C,/mgg’ 5.89448 10.1698 7.45919 437612
Ry 1 1 0.90578 0.92013
ki3 /mg g" min™"? 0.13769 0.05198 - -
Cy/mgg’ 11.2638 13.2772 - -
Ry 0.73376 0.74817 - -
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164 I d25°cf A3s°c lEl45°C

H, F, c, CJPES

Fig. S-1. Effect of the initial temperature on the adsorption capacity.
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