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PREFACE

ABOUT CHANGING THE TITLE OF THE JOURNAL

Dear Readers, Authors, and Reviewers,

In 2022, the Editorial Board of the “Bulletin of the Karaganda University. Chemistry series”
journal decided to change its title to “EURASIAN JOURNAL OF CHEMISTRY” with the aim of
further development and promotion at the international level. This decision was supported by the
leadership of Karagandy University of the name of academician E.A. Buketov by the Rector’s Or-
der No.1708 dated December 28, 2022.

On January 30, 2023, the journal received a certificate of re-registration of the periodical print-
ed edition No.KZ95VPY 00063697 from the Information Committee of the Ministry of Information
and Social Development of the Republic of Kazakhstan.

On February 23, 2023, “EURASIAN JOURNAL OF CHEMISTRY” received new
ISSN 2959-0663 (Print), ISSN 2959-0671 (Online) from the ISSN International Center.

Today it is our greatest pleasure to introduce the first issue of the “EURASIAN JOURNAL OF
CHEMISTRY?”, which includes 9 articles by the authors from Kazakhstan, Russia, India, Czech
Republic and Saudi Arabia.

“EURASIAN JOURNAL OF CHEMISTRY” (ISSN 2959-0663 (Print), ISSN 2959-0671
(Online) continues founded in 1996 “Bulletin of the Karaganda University. Chemistry series”
(ISSN 2518-718X (Print), ISSN 2663-4872 (Online) journal. The founder and publisher of the jour-
nal is Karagandy University of the name of academician E.A. Buketov, Karaganda, Kazakhstan.

The main purpose of the “EURASIAN JOURNAL OF CHEMISTRY™ is to provide an authori-
tative internationally recognized open public platform for publishing the results of scientific re-
search in the field of chemistry for national and international authors.

Journal is published 4 times a year. The subject of the journal includes such sections as: organ-
ic chemistry, physical and analytical chemistry, inorganic chemistry, chemical technology. Manu-
scripts are accepted in English on an ongoing basis in accordance with the IMRAD structure in the
form of full research articles, as well as author reviews. Articles are published and distributed ac-
cording to the Gold Open Access model under Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International (CC BY-NC-ND 4.0) open license. Rules for authors are presented
on the journal website: https://chemistry-vestnik.ksu.kz/regulations

EURASIAN JOURNAL OF CHEMISTRY
Editorial Board


https://chemistry-vestnik.ksu.kz/regulations
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Simple and Efficient Method for One Pot Multicomponent Synthesis
of 3,4-Dihydropyrimidin-2-(1H)-One Derivatives Catalyzed
by Organocatalyst: Benzoic Acid

The Biginelli reaction is one the useful multicomponent reactions and a very appropriate reaction for the syn-
thesis of 3,4-dihydropyrimidin-2(1H)-ones derivatives. These 3,4-dihydropyrimidin-2(1H)-ones have biolog-
ical and pharmacological properties which make them a very important class of medicinal chemistry. Alt-
hough they are an important class of medicinal chemistry, the syntheses of these compounds have been cata-
lyzed by large number of strong Bronsted acids and Lewis acids under thermal conditions. Small organic
molecules, organocatalysts, have been used as catalysts for the Biginelli reaction in a small number as com-
pared to Bronsted acids and Lewis acid. Benzoic acid, which is a small organic molecule, although an acid,
has never been tested for the synthesis of 3,4-dihydropyrimidin-2(1H)-ones. Benzoic acid is an inexpensive,
non-toxic molecule, it has been successfully tested here as a catalyst for the one-pot three component synthe-
sis of 3,4-dihydropyrimidin-2-(1H)-one derivatives via Biginelli reaction between B-keto ester, a variety of
aromatic aldehydes and urea or thiourea under thermal conditions using 20 mol% benzoic acid in acetonitrile
solvent refluxed for 12 h to give good to high yields. This synthetic method includes inexpensive, non-toxic,
easily available benzoic acid as a catalyst and is carried out in a simple operational procedure.

Keywords: organocatalyst, benzoic acid, Biginelli, 3,4-dihydropyrimidin-2-(1H)-one, B-keto ester, aldehydes,
urea, thiourea.

Introduction

The Biginelli reaction is one of the multicomponent reactions. It is a very suitable reaction for prepara-
tion of the 3,4-dihydropyrimidin-2(1H)-ones. 3,4-Dihydropyrimidinones (DHPMs) are a very important class
since the recent discovery of their biological and pharmacological properties, namely antiviral, antitumour,
antibacterial, anti-inflammatory and antihypertensive ones. Dihydropyrimidinone cores are also found in
many natural products, highlighting important efforts aimed at the synthesis of these heterocycles [1-6].
These DHPMs have become a crucial basis for several calcium channel blockers, antihypertensives, oa-
adrenergic antagonists and neuropeptide Y (NPY) antagonists [7].

Conventionally, Biginelli reactions were performed under strong acidic conditions with heating, and the
yields were low to moderate (Scheme 1) [8].

Traditionally, there are several suitable reaction conditions with strong Bronsted acid along with the use
of Lewis acid in condensation to more efficiently synthesize these DHPMs molecules; e.g. H,SO, [7],
BF;-Et,O/CuCl [9], BiCl;[10], CeCl;-7H,0 [11], Cu(OTf), [12], TiCl, [13], LiBr [14], Gallium (I11) halides
[15], Metal triflimide [16], p-toluenesulfonic acid [17], polystyrenesulfonic acid (PSSA) [18], Cu(OTf), [19],

6 © 2023 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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ZrCl, [20], FeCl;3-6H,0 [21], RuCl; [22], Bi(NO3)s-SH,O-TBAF [23], Sml, [24]. In addition to these, the
Biginelli reaction has also been reported by using hanomaterials [25-27], nano-composite [28], zeolites [29-
31], polymers [32], ultrasonic irradiation [33, 34], microwaves [35-38] and ball milling [39].

o o Ph
o o o
H )J\ )J\/U\ Acid Catatlyst EtO | NH
+ + —_—
HoN w7 o /K
N o
H

Scheme 1

The use of small organic molecules known as Organocatalysts [40—44] is a very rapidly developing area
of synthetic organic chemistry that is replacing the use of metal-based Lewis acids. Organocatalysis offers
many advantages for synthetic organic chemistry. In contrast to many transition metal catalysts, most
organocatalysts are resistant to air and water, easily handled experimentally, relatively nontoxic, and readily
separated from the crude reaction mixture [45]. Given the growing interest in developing green processes
and procedures in organic synthesis [46], organocatalysts are considered to be a more eco-friendly and user-
friendly alternative to traditional counterparts. Because of these many advantages of organocatalysts, few
organocatlysts have been explored in the synthesis of DHPM derivatives such as bakers’ yeast [47], hydra-
zine type [48], oxalic acid [49, 50], citric acid [51], boric acid [52], phenylboronic acid [53], L-proline [54]
and Lactic acid [55].

In continuation of our work on new methodologies using organocatalysts [44, 56] in the synthetic or-
ganic chemistry we wish to report the efficient use of benzoic acid and a very simple effective approach for
the synthesis of 3,4-dihydropyrimidine-2-(1H)-ones derivatives via the Biginelli reaction under thermal con-
ditions having good to high yield.

In addition to those listed above, numerous methods for the synthesis of 3,4-dihydropyrimidin-2-(1H)-
one derivatives by the Biginelli reaction are available in the literature. However, few organocatalysts are
available for the synthesis of DHPMs. Benzoic acid is cheap, non-toxic and readily available in every labora-
tory. To our knowledge, so far the potential of benzoic acid as a mild organocatalyst has not been much test-
ed in organic synthesis. We decided to explore the potential of benzoic acid as an organocatalyst for the syn-
thesis of 3,4-dihydropyrimidine-2-(1H)-ones and their thione analogs as well as their derivatives by the
Biginelli reaction under thermal conditions.

Experimental

The following reagents were used in this work without additional purification; benzaldehyde, 4-chloro-
benzaldehyde, 3-nitrobenzaldehyde, 4-methoxybenzaldehyde, 4-nitrobenzaldehyde, 4-hydroxybenzaldehyde,
ethylacetoacetate, methylacetoacetate, benzoic acid, urea, thiourea, acetonitrile, ethanol (loba Chemie),
4-methylbenzaldehyde, 3-methoxybenzaldehyde (Sigma-Aldrich).

The general procedure for the Biginelli reaction is as follows: a solution of the appropriate aldehyde 1
(2.0 mmol), urea or thiourea 2 (1.5 mmol), B-keto ester 3 (1.0 mmol), benzoic acid (20 mol%, 0.2 mmol) in
acetonitrile (10 mL) is heated to reflux for 12 h. Then it is cooled to room temperature and poured into ice-
water about 50mL. The solid products are filtered, washed with ice water, dried and recrystallized from etha-
nol to give pure product 4 (a-m).

4a. 5-Ethoxycarbonyl-6-methyl-4-phenyl-3,4-dihydropyrimidin- 2(1H)-one, Melting point: Found 206—
208 °C (200-202 °C) [57] *H NMR (DMSO-d6): & = 9.18 (s, 1H), 7.73 (s, 1H), 7.20-7.30 (m, 5H), 5.14 (s,
1H), 3.98 (q, J = 7.2 Hz, 2H), 2.24 (s, 3H), 1.06 (t, J = 7.2 Hz, 3H). *C NMR (DMSO0-d6): 5 = 166.3, 152.1,
147.2,144.2,128.1, 127.2,126.5, 99.0, 58.1, 53.9, 17.9, 14.0. Mass m/z [M+1]" = 261.11.

4b. 4-(4-Chlorophenyl)-5-ethoxycarbonyl-6-methyl-3,4-dihydropyrimidin-2(1H)-one, Melting point:
Found 214-216 °C (210-212°C) [58]. 'H NMR (DMSO-d6): = 9.20 (s, 1H), 7.76 (s, 1H), 7.40
(d,J=9.0 Hz, 2H), 7.26 (d, J= 9.0 Hz, 2H) 5.16 (s, 1H), 3.95 (g, J = 7.1Hz, 2H), 2.19 (s, 3H), 1.10
(t, J=7.1Hz, 3H). C NMR (DMSO-d6): 6 = 167.1, 151.4, 146.4, 141.9, 130.1, 126.2, 125.5, 98.0, 56.1,
53.6, 19.7, 13.4. Mass m/z [M+1]" = 295.07.

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 7
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Results and Discussion

We started our study with the reaction of benzaldehyde, ethyl acetoacetate and urea using benzoic acid as
a catalyst under thermal conditions (Scheme 2) as a model reaction and the results are summarized in Table 1.

Initially, the reaction was carried out without a catalyst for an appropriate time and no progress was ob-
served in acetonitrile solvent (Table 1, entry 01). Catalyst 1 mole % was added and the reaction was carried
out up to 18 h, the obtained yield was very low (Table 1, entry 05).

The reaction gradually progressed with increasing the amount of catalyst while maintaining the reaction
time (Table 1, entries 06 & 07). Due to the gradual development of the reaction, the amount of catalyst was
increased to 7.5 mol % to see the reaction development, reducing the reaction time to 15 hours, a yield of
60 % was obtained (Table 1, entry 08). To obtain high and excellent yields, we continued to vary the amount
of catalyst (Table 1, entries 09 & 16). The best reaction conditions were obtained using 20 mol% catalyst and
the reaction was completed after 12 hours with a yield of 92 % (Table 1, entry 17). To our curiosity, we con-
tinued the reaction again up to 15 hours and also increased the amount of catalyst, but there was no any sig-
nificant improvement in either case (Table 1, entry 18 & 19). In addition to acetonitrile, we also optimized
the reaction conditions using different solvents as shown in Table 1. Without using a catalyst none of the re-
actions progressed to give any product (Table 1, entries 02, 03 & 04). Instead of introducing lower amount of
catalyst for solvents water, THF and ethanol, we purposefully used 10 mol% and 20 mol% catalyst for our
study. Yields were obtained relatively lower as compared with acetonitrile using 10 mol% catalyst for 15
hours (Table 1, entries 10, 11 & 12). Also, approximately the same results were observed using 20 mol%
catalyst for 12 hours (Table 1, entries 13, 14 & 15) as compared with acetonitrile solvent (Table 1, entry 17).

e) (0]
O Ph
OH

o o) o
H )J\ M c
at.
* H,N NH, + -~ g ~ . EtO | NH
Solvent /g
A H o

Scheme 2
Table 1
Optimization of the reaction conditions in the synthesis of DHPM?

Entry Solvent Catalyst (mole %) Time (h) Yield® (%)

01 CH,;CN None 18 0

02 H,O None 18 0

03 THF None 18 0

04 EtOH None 18 0

05 CH,;CN 1 18 20

06 CH,;CN 2 18 30

07 CH,;CN 5 18 46

08 CH,;CN 7.5 15 60

09 CH,;CN 10 15 72

10 H,O 10 15 20

11 THF 10 15 35

12 EtOH 10 15 30

13 H,O 20 15 32

14 THF 20 12 65

15 EtOH 20 12 54

16 CH,;CN 15 15 85

17 CH,;CN 20 12 92

18 CH,;CN 20 15 94

19 CH,;CN 25 15 96
#Reaction conditions: Benzaldehyde (1.0 mmol), Urea (1.5 mmol), Ethyl acetoacetate (1.0 mmol), catalyst, solvent (10 ml) re-

fluxed for the appropriate time.

P|solated yields.
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After obtaining the best reaction conditions; 1.0 mmol of benzaldehyde, 1.0 mmol of ethyl acetoacetate,
1.5 mmol of urea, 20 mol% benzoic acid as a catalyst in 10 ml of acetonitrile refluxed for 12 hrs, in order to
explore the scope and generality of the present reaction conditions, various aldehydes and an urea analog, i.e.
thiourea were taken for the Biginelli reaction using our optimized reaction conditions (Scheme 3). The re-
sults obtained are summarized in Table 2.

? X o o o R
)]\ )I\ )J\)J\ Benzoic acid
R H + H2N NH2 + ORl 20 mol % Rlo | /ﬁ
A
N X
(1.0 mmol ) (1.5 mmol ) (1.0 mmol ) A
X=0,S R; = Me-, Et-
Scheme 3

In addition to the parent benzaldehyde, aldehydes with electron-donating groups such as methyl-,
methoxy- and chloro-type groups, also electron withdrawing group such as nitro- were treated with ethyl
acetoacetate and urea, resulting in the formation of the corresponding DHPM derivative in 84-92 % vyield
(Table 2, entries 01-05). The urea analog, i.e., thiourea, was also tested in the same reaction with
benzaldehydes bearing chloro-, hydroxyl-, nitro- and methoxy-groups yielding the corresponding product in
82-90 % yield (Table 2 entries 06-10). Reaction with methylacetoacetate showed results similar to the reac-
tion with ethylacetoacetate and gave the corresponding DHPM (Table 2, entries 11-12) in high yield. This
reaction was also suitable for aldehydes with a-hydrogen, such as n-valeraldehyde (Table 2, entry 13), to
give the corresponding DHPM product in good yield, and a significant reduction in yield was observed com-
pared with aromatic aldehydes.

Table 2
Scope of Aldehydes with urea/thiourea and p-keto esters in the synthesis of DHPM derivatives®

Entry Aldehyde 1 (R) Urea/thiourea 2 (X) B-keto ester 3 (R,) Product 4 Yield® %
01 CeHs ) Et 4a 92
02 4-CIC¢H, ) Et 4b 90
03 4-CH3CgH,4 ) Et 4c 84
04 4-OCH3C¢H, ) Et 4d 87
05 4-NO,CgH,4 ) Et 4e 90
06 CeHs S Et 4f 84
07 4-OHCgH, S Et 49 82
08 3-NO,C¢H, S Et 4h 87
09 3-OCH;C¢H, S Et 4i 90
10 4-CICeH,4 S Et 4j 86
11 CeHs 0 Me 4k 86
12 4-CICeH, 0 Me 41 82
13 n-Bu o] Et 4m 72

®Reaction conditions: Aldehyde (1.0 mmol), Urea/thiourea (1.5 mmol), B-keto esters (1.0 mmol), benzoic acid 20 mol%, in ace-
tonitrile (10 ml) refluxed for the 12 h.
P|solated yields.

Conclusions

In conclusion, we have developed a simple and efficient method for one-pot three-component synthesis
of 3,4-dihydropyrimidinone derivatives from aldehydes with B-keto esters and urea or thiourea using benzoic
acid as an organocatalyst by refluxing in acetonitrile in high yields of 72-92 %. This method using benzoic
acid as an organocatalyst is very useful to explore diversified aldehydes for synthesizing derivatives of
3,4-dihydropyrimidinones as well as thione analogues, which can play crucial role in the field of medicinal
chemistry.
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Isolation and Spatial Structure of 5,7-Dihydroxy-6,3’,4'-Trimethoxyflavone

The article presents the results of a chemical study of semi-dry wormwood (Artemisia semiarida), an endemic
plant of Kazakhstan. The amount of extractive substances was obtained by extraction with chloroform from
air-dried crushed above-ground part of the plant collected in the vegetative phase. The compound was isolat-
ed using a column chromatography method. Silica gel of the KSK brand was used with the ratio of the sum of
substances — carrier = 1:10. When the column was eluted with a 13:7 petroleum ether — ethyl acetate mixture,
a yellow crystalline substance of the composition CygH;60; with m.p. 234-237° C was obtained (recrystalli-
zation from ethyl acetate). The structure of the obtained compound (5,7-dihydroxy-6,3',4'-trimethoxyflavone
or eupatilin) was established by analysis of IR and NMR spectra. The spatial structure of eupatilin was de-
termined by X-ray diffraction. In the crystal structure of 5,7-dihydroxy-6,3',4-trimethoxyflavone the rotation
of the phenyl ring relative to the main framework (chromene ring) was found to be only 4.1°. Four conform-
ers with different rotations of the phenyl ring (the torsional angles of O1C2C1'C2’ are 30°, 140°, 210° and
320°, respectively) and small energy barriers (about 8.4 kJ/mol) can be realized in the free state of the mole-
cule.

Keywords: NMR spectroscopy, IR spectroscopy, X-ray analysis, quantum chemistry, Artemisia semiarida,
endemic, 5,7-dihydroxy-6,3',4"-trimethoxyflavone, eupatilin, phenolic compounds.

Introduction

Natural phenolic compounds in the form of flavonoids are one of the potential sources of herbal medi-
cines. Flavonoids represent the most numerous class of natural phenolic compounds and due to their struc-
tural diversity exhibit high and versatile biological activity with low toxicity [1-3]. The wide range of bio-
logical activity of flavonoids is due to the presence in their structure of aromatic and double bonds, keto- and
hydroxyl groups in different positions [1-3]. In this regard, in Kazakhstan we continue works on the search
for natural biologically active phenolic compounds isolated from plant raw materials, including endemics. In
continuation of these works on isolation of polyphenolic compounds from plant raw materials, the chemical
composition of semi-dry wormwood (Artemisia semiarida (Krasch. & Lavrenko) Filatova), an endemic spe-
cies of the genus wormwood (Artemisia L.) was studied. The aim of this work is to study the stereochemistry
of 5,7-dihydroxy-6,3',4'-trimethoxyflavone (eupatilin), a widespread phenolic compound.

Experimental

The melting point was determined on a Boetius heating table. The IR spectrum was recorded on an Av-
atar 360 instrument (Thermo Nicolet) in KBr tablets. NMR spectra were obtained on a Bruker DRX-300
spectrometer. The X-ray diffraction experiment was carried out on a Bruker APEX-II CCD diffractometer.
Column chromatography was carried out on KSK silica gel using mixtures of petroleum ether with ethyl ace-
tate with an increasing (from 0 to 100 %) content of the latter as an eluent. Thin layer chromatography (TLC)
was performed using Sorbfil plates, imaging with a 1 % aqueous solution of KMnO, and a 3 % aqueous so-
lution of FeCls. The herb of Artemisia semiarida was collected in flowering period in May 2009 at
Betpakdala desert, Zhanaarka district, Karaganda region and air-dried for 2 weeks.

Isolation of 5,7-dihydroxy-6,3',4'-trimethoxyflavone (eupatilin) (1). Ground plant material (1.6 kg) was
extracted with boiled chloroform three times (2 h) with plant : solvent ratio of 1:10. The obtained extracts
were combined and filtered through a cellulose filter. The solvent was evaporated in vacuo to obtain a vis-
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cous green chloroform extract (105 g) and treated three times with an ethanol : water mixture (2:1) at 70—
75 °C (extract : mixture ratio 3:1 w/v).

The precipitated ballast substances were decanted and the solution was filtered off. The filtrate was ex-
tracted with chloroform (4 x 0.5 L) and the chloroform extracts were combined and evaporated to dryness.
The dry residue (65 g, yield 4.06 % of air-dry plant) was separated by open-air column chromatography on
silica (1235 g, 0.5 ml fraction, KSK, manufacturer LTD QihgdaoHiland Trading CO (China)) using petrole-
um ether : ethyl acetate (13:7) as an eluent to yield a yellow crystalline substance with m.p. 234-237 °C
(ethyl acetate). Molecular formula is C1gH1607; Rsis 2.25 (TLC, silica, petroleum ether : ethyl acetate 1:1).

IR spectrum (KBr, v, cm™): 3069 (OH group), 2949, 2839, 1654 (C=0), 1624, 1600, 1588 (C=C), 1505,
1466, 1440, 1428, 1412, 1376, 1334, 1305, 1269, 1215, 1175, 1149, 1109, 1093, 1044, 1023, 991, 945, 893,
837, 814, 770, 684, 633, 614, 593, 574, 518, 482, 434.

'H NMR spectrum (300 MHz, CDCI,/CD,0D, &, ppm, J/Hz): 6.70 (1H, s, H3), 6.67 (1H, s, H8), 7.05
(1H, d, J=2.0, H2"), 7.07 (1H, d, J=2.0, H5"), 7.22 (1H, dd, J=8.0. 2.0, H6"), 3.57 (3H, s, CH3-C6), 3.63 (3H,
s, CH;-C3'), 3.61 (3H, s, CH3-C6').

Quantum chemistry calculations were performed using the MOPAC version 9.0 software package. The
PM6 method was used to optimize the metric data of the molecule [4].

X-ray diffraction study of compound 1. Determination of unit cell parameters and intensity of 12324 dif-
fracted reflections (2689 independent, R 0.049) were measured on a Bruker Kappa APEXIlI CCD
diffractometer (MoK, graphite monochromator, w-scan, 1.74° < 6 < 25.85°) at 200 K. Monoclinic crystals,
space group P21/n, a =12.9763(9), b =8.7508(5), ¢ = 15.3679(11) A, p =113.998(2)°, V = 1594.4(2) A3,
Z = 4 (CyH450-), calculated density d = 1.434 g/cm?, absorption coefficient p = 0.112 mm™. The experi-
mental array of reflections was corrected for absorption. The absorptions were counted using SAINT [5] and
SADABS [6] programs (multi-scan method, T i, 0.9161, T sk 0.9780).

The structure was deciphered by direct phase determination. The coordinates of non-hydrogen atoms
were refined using the anisotropic approximation of thermal vibrations by the full-matrix least-squares meth-
od. The positions of hydrogen atoms, with the exception of hydroxyl ones, were calculated geometrically and
refined in the isotropic approximation of thermal vibrations (rider model). The H atoms of the hydroxyl
groups were revealed from the difference synthesis, and their positions were refined in the isotropic approx-
imation. The structure was deciphered and the coordinates were refined using the SHEL XS software package
[7] and the SHELXL-2018/3 software [8]. A total of 2040 independent reflections with I > 2c(1) were used
in the calculations; the number of refined parameters was 230.

The divergence coefficients were R;=0.0538, wR,=0.1521 (for reflections with 1> 2c(l)),
R;=0.0772, wR,=0.1756 (for all reflections), GooF = 1.243. Maximum and minimum residual density were
Ap = 0.623 and —0.457 e/A®. The coordinates of atoms in the crystal are presented in Table 1.

Table 1

Coordinates of atoms in fractions of the cell (x10*, Hx10°)
and equivalent thermal parameters (A%, x10%) in the structure 1

Atom X y z Ueq..
1 2 3 4 5
o1 6481(1) 9115(2) 867(1) 28(1)
02 4082(2) 6161(2) 937(1) 34(1)
03 4873(2) 6504(2) 2770(1) 34(1)
04 6558(2) 7810(2) 4399(1) 35(1)
05 7949(2) 9973(2) 4153(1) 34(1)
or 5028(2) 8108(2) -3352(1) 35(1)
02’ 6641(2) 9943(2) -3128(1) 37(1)
C2 5766(2) 8426(3) 54(2) 23(1)
C3 4957(2) 7448(3) 63(2) 27(1)
C4 4834(2) 7068(3) 915(2) 25(1)
Cda 5625(2) 7784(3) 1776(2) 23(1)
C5 5639(2) 7486(3) 2684(2) 26(1)
C6 6437(2) 8162(3) 3489(2) 25(1)
C7 7200(2) 9219(3) 3392(2) 27(1)
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Continuation of Table 1

Atom X y y4 Ueq..
1 2 3 4 5
C8 7203(2) 9540(3) 2511(2) 28(1)
C8a 6423(2) 8801(3) 1718(2) 24(1)
C9 5678(3) 8313(4) 4656(2) 60(1)
C1' 5991(2) 8868(3) —769(2) 23(1)
Cc2' 5358(2) 8246(3) -1676(2) 24(1)
C3' 5579(2) 8646(3) —2447(2) 25(1)
C4' 6458(2) 9690(3) —2334(2) 26(1)
C5’ 7062(2) 10324(3) —1446(2) 30(1)
C6’ 6832(2) 9920(3) —671(2) 28(1)
C7' 4068(2) 7151(3) —3546(2) 36(1)
C8’ 7454(3) 11082(3) -3070(2) 46(1)
H3 445(3) 613(4) 220(3) 52(1)
H5 808(3) 949(4) 469(3) 51(1)

Results and Discussions

A yellow substance with C1sH;60; molecular formula (1) was isolated from the extract of the aerial part
of Artemisia semiarida after separation of the chloroform extract by column chromatography on silica eluted
with petroleum ether : ethyl acetate (13:7) [9].

In the IR spectrum (KBr, v, cm ) (1), there were observed absorption bands, corresponding to the hy-
droxyl groups OH at 3069 and 3002 cm %, the carbonyl group C=0 at 1654 cm*, double C=C-bonds of aro-
matic rings at 1588 and 1505 cm™* conjugated with the C=0O group, methoxy groups OCH, at 1376 cm™
(bending vibrations), C-O-C bonds at 1094 cm™. The intensity of the absorption bands at wavelengths of
838, 771, and 685 cm™ indicated the presence of substituents at the C3’ and C4 atoms of the phenyl ring.

In the "H NMR spectrum of 1, the methoxyl group protons were observed as singlets at §43.57 (C6'-
OCHy), 3.61 ppm. (C4’-OCHj3) and 3.63 ppm. (C3'-OCHgs). The protons H3 and H8 protons of chromene
skeleton appeared as singlets at 6,6.70 and 6.67 and the protons of the phenyl ring were represented by the
spin system AMX at oy 7.05 (J=2.0 Hz, H2'), 7.07 (J=2.0 Hz, H5"), and 7.22 (J=8.0, 2.0 Hz, H6).

According to IR and NMR spectroscopy, substance 1 was identified as 5,7-dihydroxy-6,3',4'-
trimethoxyflavone (eupatilin). Eupatilin previously isolated from Eupatorium semiserratum DC (Asteraceae)
[10] has anti-inflammatory and antioxidant activity (Fig. 1).

Figure 1. Structure of 5,7-dihydroxy-6,3',4'-trimethoxyflavone (eupatilin) (1)

In continuation of the stereochemistry study of phenolic compounds, an X-ray diffraction investigation
of 5,7,3'-trihydroxy-6,3',4'-trimethoxyflavone was carried out. Previously, the spatial structure of molecule 1
was carried out by other authors [11]. In our work, we obtained more accurate data on the metric of the ele-
mentary lattice and the crystal structure of the molecule, which will be submitted into the Cambridge Crys-
tallographic Data Center.

The general view of the molecule 1 is shown in Figure 2.
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Figure 2. Crystal structural of 5,7-dihydroxy-6,3',4"-trimethoxyflavone (eupatilin) (1)
(thermal vibration ellipsoids shown with a probability of 50 %)

From the data obtained, it follows that the bond lengths (Table 2) and bond angles (Table 3) in com-
pound 1 are close to normal ones [12].

Table 2
Bond lengths (d, A) in the structure 1

Bond d Bond d
01-C2 1.358(3) C4a-C5 1.412(4)
01-C8a 1.368(3) C4a-C8a 1.395(3)
02-C4 1.269(3) C5-C6 1.382(4)
03-C5 1.360(3) C6-C7 1.406(4)
04-C6 1.377(3) C7-C8 1.384(4)
04-C9 1.422(3) C8-C8a 1.388(4)
05-C7 1.350(3) C1'-C2 1.462(4)
01'-C3'’ 1.363(3) C1’-C2' 1.407(4)
or-c7' 1.429(3) C1'-Cé’ 1.388(3)
02'-C4' 1.354(3) C2'-C3’ 1.373(4)
02'-C8' 1.427(3) C3'-C4' 1.416(3)
C2-C3 1.358(3) C4'-C5’ 1.383(4)
C3-C4 1.422(4) C5'-Cé6’ 1.385(4)

C4-C4a 1.446(3)
Table 3
Valent angles (o, deg.) in the structure 1

Angle ® Angle ®

1 2 3 4
C2-01-C8a 120.5(2) 05-C7-C6 121.4(2)
C6-04-C9 116.2(2) 05-C7-C8 117.4(2)
C3'-01'-C7’ 117.8(2) C8-C7-C6 121.2(2)
C4'-02'-C8’ 117.0(2) C7-C8-C8a) 118.3(2)
C3-C2-01 120.8(2) 01-C8a-C4a 121.3(2)
01-C2-Cl’ 112.1(2) 01-C8a-C8 116.2(2)
C3-C2-Cl’ 127.1(2) C8-C8a-Cda 122.4(2)
C2-C3-C4 122.2(2) C2'-C1'-C2 120.8(2)
02-C4-C3 123.1(2) C6'-C1'-C2 120.5(2)
02-C4-C4a 120.9(2) C6'-C1'-C2’ 118.7(2)
C3-C4-C4a 116.0(2) C1'-C2'-C3’ 120.9(2)
C5-C4a-C4 122.9(2) 01'-C3'-C2’ 125.9(2)
CB8a-C4a-C4 119.1(2) 01'-C3'-c4’ 114.2(2)
CB8a-C4a-C5h 118.0(2) C2'-C3'-C4’ 119.9(2)
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Continuation of Table 3

Angle ® Angle ®
1 2 3 4
03-C5-C4a 119.7(2) 02'-C4'-C5’ 125.9(2)
03-C5-C6 119.7(2) 02'-C4'-C7’ 115.0(2)
C6-C5-C4a 120.6(2) C5'-C4'-C3’ 119.0(2)
04-C6-C5 123.2(2) C4'-C5'-Co’ 120.8(2)
04-C6-C7 117.4(2) C5'-C6'-C1’ 120.7(2)
C5-C6-C7 119.4(2)

Flavones compared to other flavonoids have the lowest conformational mobility due to the presence of
a large number of double and aromatic bonds as well as substituents in the main skeleton. Thus, in structure
1, the chromene skeleton is flat with an accuracy of £0.017 A, and the oxygen atoms of the OH groups are
almost in the plane of the main skeleton. The deviation of O3 and O5 atoms from the middle plane is 0.008
and 0.037 A, respectively. An exception is the 04 atom of the methoxy group with the deviation of —186 A.
The phenyl ring is flat within +0.007 A with the deviation of O1' and 02" atoms by 0.009 and —0.078 A, re-
spectively. The methoxy groups in the phenyl ring are slightly outside of its middle plane (torsion angles
C2'C3'0O1'C7' 6.1° and C5'C4'0O2'C8" —6.8°). The angle of rotation of the chromene skeleton and the phenyl
ring is insignificant and amounts to —4.1° as well as in most flavones like 6,8-dimethyl-5,4'-dihydroxy-7-
methoxyflavone [13], 5-hydroxy-6,7,4'-trimethoxyflavone [14] and 5,6,7-trihydroxyflavone [15].

In the crystal, the molecules are linked by an intramolecular hydrogen bond O3-H....02 (x, y, z) (dis-
tances O3-H 0.89 A, 03.... 02 2.59 A, H3.... 021.80 A, angle O3-H.... 02 147°) and intermolecular hy-
drogen bonds O5-H.... 02 (0.5+x, 1.5-y, 0.5+7) (distances O3-H 0.88 A, 05....022.72 A, H5....02 2.91 A,
angle O5-H....02 151°), forming flat ribbons along direction [1 0 1] (Fig. 3).

Figure 3. Crystal packing of molecules 1

As is known, in the crystalline state, molecules of organic compounds can take a conformational state,
which is not the most energetically favorable, if based on the close packing principle, its change is beneficial
[16]. Based on this principle, quantum-chemical calculations were carried out to determine the various pos-
sible conformers of compound 1 using the semi-empirical PM6 method [4]. The conformers were determined
by rotating the phenyl ring about the C2-C1' bond and establishing the possible orientation of the methoxy
groups relative to the chromene skeleton.

From the calculations obtained, it was found that four conformers could be realized for molecule 1 at
various rotations of the phenyl ring along the C2-C1’ bond with the values of the torsion angle O1C2C1'C2’
30°, 140°, 210° and 320°, respectively. The energy barriers between them were insignificant and were about
8.4 kJ/mol. Similar rotations of the phenyl ring relative to the chromene skeleton were observed in
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6-hydroxy-1',2",3'-trimethoxyflavone (t (O1C2C1'C2") = 161.3°) [17], 5,4'-dihydroxy-6,7-dimethoxyflavone
(t (O1C2C1'C2") =337.8°) [18] and 5,6,7,4'-tetramethoxyflavone (t (O1C2C1'C2’) = 18.3°) [19].

Favorable orientations of the methoxy group in the chromene skeleton of molecule 1 fall on the position
of the methoxy group at the torsion angle T(C5C604C11) equal to 70° and 270°.

Conclusions

Artemisia semiarida, an endemic plant of Kazakhstan, was studied and 5,7-dihydroxy-6,3'4'-
trimethoxyflavone (eupatilin) was isolated and identified using IR and NMR data. Result of X-ray diffraction
studies showed that the chromene skeleton is flat with an accuracy of £0.014 A. The phenyl ring is slightly
unfolded relative to the chromene one, the dihedral angle between them is 4.1°. For free molecules of
5,7-dihydroxy-6,3',4'-trimethoxyflavone, four conformers with the values of the torsion angle O1C2C1'C2'
30°, 140°, 210° and 320°, respectively, can be realized. The energy barriers between them are insignificant
and are about 8.4 kJ/mol value. The smallest value of enthalpy during rotation along the C6-O4 bond falls on
the position of the methoxyl group at the torsion angle 1(C5C604C11) equal to 70° and 270°.
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Flash Chromatography and Semi-Preparative HPLC:
Review on the Applications and Recent Advancements over the Last Decade

Flash chromatography and Semi-Preparative High Performance Liquid Chromatography have showed them-
selves as promising separation tools. These techniques assist in the process of isolation, fractionation and pu-
rification of chemical, biological and pharmaceutical substances. The present article describes the recent ad-
vancements made in flash chromatography and semi-preparative HPLC techniques in the last decade with
specific focus on natural products. This article highlights the basics, instrumentation, current advancements
made to facilitate the separation, advantages and applications of these two techniques. Flash chromatography
is a versatile tool for the rapid but efficient separation and purification of analytes in relatively pure form.
Nowadays, there are even functionalized silica pre-packed cartridges with different silica weights and particle
sizes that are available to use. Flash separation using dual columns can be used to enhance separation of com-
plex mixtures and can be applied to numerous classes of compounds. The semi-preparative techniques, de-
spite their high cost, can be helpful in high purity separation and production of reference standards for the
pharmaceutical industry. This comprehensive review presents a brief analysis of all the recent research em-
ploying these two techniques for varied applications. This review will help chromatography specialists to
make the decision of applying these two techniques in order to accelerate their research and development
journey.

Keywords: Flash chromatography, Semi-preparative HPLC, Isolation, Fractionation, Purification, Recent ad-
vancements, Evolution, Applications.
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GLA-ME: Gamma-linolenic acid methyl ester

FG and F2G: Mono- and diferuloyl glycerol,

TF1: Theaflavin

TF2A: Theaflavin-3-gallate

TF2B: Theaflavin-3’-gallate

TF3: Theaflavin-3,3’-digallate

RP-HPLC: Reverse phase — High Performance Liquid Chromatography
HSCCC: High speed counter current chromatography
EA: Ethyl acetate

YMC: Octadecylsilane semi-preparative column
YMC ODS-AQ: Semi-preparative column

LDH: Lactate dehydrogenate

ALA: a-linolenic acid

LA, 18:2n6: Linoleic

BHP: Biohydrogenation products

RA: Rumenic acid,

VA: Vaccenic acid

Review plan

Inclusion and Exclusion criteria: The present review focuses on some of the recent advancements in
flash chromatography and semi-preparative HPLC over the last decade and also highlights various applica-
tions and advantages of these two chromatographic methods. The data reported in recent research publica-
tions is summarized to make better understanding of the applications and improvements made in these two
chromatographic techniques.

Various web search engines, including Google Scholar, PubChem, Science Direct Database, and others,
were used to collect data from researches in which both flash and semi-preparative HPLC are applied. The
data was gathered through papers published the last decade, from 2011 to 2021. The key words used in
search of the data included: liquid chromatography, flash chromatography, semi-preparative HPLC, evolu-
tion, applications, recent advancements, purification, fractionation. Few manufacturer application notes are
also summarized here. Collected data was further sorted on the basis of specific inclusion-exclusion criteria.
In this present review, we summarized research papers based on flash chromatography and semi-preparative
HPLC after 2010. The articles published before 2010 are excluded from our review.

Introduction

In the pharmaceutical industry, all manufactured products need to be of highest quality to ensure least
risk to the patients. To confirm that the pharmaceutical products meet the required standards, researchers,
manufacturers and developers across the globe apply numerous analytical tools and techniques during the
development process, for the qualitative or quantitative estimations and for elucidation of structures of com-
ponents in complex mixtures. Chromatography has a vital position in global research for its wide field of
applications. The last few decades presented tremendous technological advancements in chromatographic
instrumentation and techniques. Among these, the techniques of flash chromatography and semi-preparative
HPLC continue to grow, providing solutions to many analytical problems across varied research scopes. The
present review attempts to focus on some of the recent advancements in flash chromatography and semi-
preparative HPLC over the last decade and also highlights various applications and advantages of these two
chromatographic methods.

Flash chromatography

It is a modified version of column chromatography first proposed in 1978 by W.C. Still in order to puri-
fy desired products during chemical synthesis [1]. Due to its several advantages, including low cost, lesser
time consumption and high yield, it was later used in natural products extraction [2, 3], sample enrichment,
and purifying [4, 5] procedures. This technique is analogous to the traditional column chromatography, how-
ever with positive pressure being applied to drive the solvent through the column [6]. As this chromatograph-
ic technique operates at lower pressures compared to HPLC, it is also referred to as low or medium pressure
chromatography. It is now the most widely used approach for macroscale purifications in academic, research
and development laboratories [7]. Flash chromatography generally is an air-driven fusion of medium-
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pressure and short-column chromatography which has been successfully used for quick separations. It can be
applied to both reverse and normal phase separation [8]. Some of the recent advancements in flash chroma-
tography include the optimization of numerous operating parameters such as flow rate, mass of sample load,
and separation time using the binary gradient, binary solvent gradient slope, silica and modified silica based
stationary phases in order to isolate and purify milligram to few hundredth of gram amounts of analytes in a
relatively purified form [9]. The chromatogram obtained from a flash chromatographic run is represented in
Fig. 1.
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Figure 1. Flash chromatogram with fraction collection

Current reports using flash chromatographic separations

Selman et al. has reported the development of functionalized silica materials which allow the purifica-
tion of fullerenes [10]. Nowadays flash purification systems are equipped with pre-packed cartridges with
different silica weights and particle sizes, that are commercially available to assist versatile separation pro-
cesses [11]. Duckworth et al. (2017) utilized dual-column flash chromatography approach (i.e. reverse phase
absorption and size exclusion) to purify pyoverdine from Pseudomonas putida GB1 [12]. In modern flash
chromatography systems, the solvent is pumped through the cartridges which can also be bought pre-packed.
Preliminary purification and concentration of organic compounds [13], separation and purification of bioac-
tive compounds [14] are the two major applications of flash chromatography. Today, a wide range of indus-
trial flash chromatographic equipment is available, each featuring manually packed columns or pre-packed
cartridges, high-efficiency solvent pumps, automatic fraction collectors and microcomputer-controlled detec-
tors [15]. Reversed phase flash chromatography has been used to purify oregonin from aqueous solution of
spray-dried alder extract [16]. With the benefits of the improved instrumentation, nowadays flash separation
offers high loading capacity, increased speed of separation and ease of use, thereby making it viable for
large-scale separations.

There is also a report on the use of Molecular Imprinting Polymers (MIPs) for flash separation tech-
niques. In this study, Xue et al., 2013 extracted pure shikimic acid from Chinese star anise by simple flash
column chromatography using MIPs [21, 22] as the adsorbent produced by dispersion polymerization tech-
nique [23, 24]. MIPs were packed onto HPLC or Solid phase extraction (SPE) micro-columns [7] in order to
extract active ingredients from herbal plants. The extraction on an industrial scale, however, failed due to the
poor mechanical stability of MIP in the columns, complexity and discontinuity in SPE micro-columns. By
combining molecular imprinting technology and flash chromatography, Xue et al., 2014 developed a highly
selective flash chromatography method for separation of shikimic acid. Researchers used columns with MIP-
containing micropore filters, pre-equilibrated with acetic acid: water (5:95 %v/v) before loading the sample.
They loaded non-purified ethyl acetate extract onto the MIP-flash column with elution at 1.7 ml/min with
EtOH: water (40:60 %v/v), that leaded to the successful separation of shikimic acid enriched fraction [25].
The fractions obtained were then evaporated to dryness using a rotary evaporator. The study reported that the
MIP-flash column provided better capability and reusability than the HPLC columns packed with MIPs. This
method allows the large-scale isolation of highly purified active compounds from any herbal plant; is easy,
repeatable, and cost-effective.

In another study, Hossain et al., 2018 used the flash chromatography technique to separate polyphenols
from pure red onion extract. The 80 % methanolic extract of powdered red onion was loaded on a Telos C18
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reverse flash column and separated using water (A) : 0.5 % FA (formic acid) in ACN(B) as the mobile phase
at 40 ml/min flow rate. Polyphenols were isolated using a sequential gradient of 0—100 % B over 35 minutes,
with over 70 fractions recovered at a time scale of 0.5min/fraction. This study established the utility of flash
chromatographic fractionation for the effective separation of polyphenols [26].

Ma Xiaogin et al., 2016, has developed the flash chromatography method with large spherical MIPs
used as stationary phase for the extraction of highly purified solanesol from tobacco leaves. MIP activated
flash cartridges were loaded with methanolic extract of tobacco leaves and eluted at different flow rates (2, 4,
6 and 8 ml/min). Next, the un-absorbed solanesol was removed by leaching the column with MeOH at 2
ml/min flow rate for 20 min. Finally, the adsorbed solanesol was extracted with acetic acid/methanol mix-
tures in different ratios (3/7, 2/8, 1/9, 0/10 v/v) at specific flow rates for 1 h, and the highly purified solanesol
was obtained [27]. The reusability of these MIP-flash columns was tested by repetitive loading (n = 5) on the
same column under the optimal flash chromatographic condition. It was observed that these columns are re-
versible during five rounds of regeneration, with a standard deviation of 4 % for five separate adsorption rate
assessments, indicating that the MIP-flash column has excellent reusability capacity [27].

In other research, Jubie et al., 2015 utilized flash chromatography system to isolate gamma-linolenic ac-
id methyl ester (GLA-ME) from Spirulina platensis, a commercially well-known blue-green micro algae
[28] rich in phenolic acids, tocopherol and GLA [29, 30]. Using a high-performance flash chromatography
approach (Isolera system), omega-6 PUFA i.e., GLA was isolated as its methyl ester (GLA-ME), which acts
as a molecular target for lung cancer treatment. GLA-ME was isolated by loading the vacuum dried en-
hanced GLA fraction (0.5 g) in a 50 g KPSilBiotage SNAP cartridge, using 60 % hexane and 40 % acetone
as the mobile phase at a constant flow rate (50 ml/min). A total of 105 fractions, each of 22 ml, were collect-
ed at 254 nm, then each fraction was proceeded to TLC for additional analysis. GLA-ME was found to be
present in fractions 6-17. This high-performance flash chromatography method improved the productivity of
GLA-ME extraction from Spirulina platensis [31].

Compton et al., 2020 developed and optimized a flash chromatography method using silica stationary
phase with a binary gradient of acetone and hexane as the mobile phase to isolate and purify naturally occur-
ring phenylpropenoids i.e., mono- and diferuloyl glycerol, (FG and F2G respectively) which provide protec-
tion form UV radiations and oxidation in plants. Flash chromatography system (Teledyne,
CombiflashRF200) was used to purify the crude precipitate and Redisep column was used for the following
separation. The method was optimized with consideration to the size of used Redisep column, flow rate of
solvent, solvent gradient program and volume of the sample load. For purification of FG and F2G, the 3.0 ¢
crude precipitate dissolved in acetone was loaded onto the Redisep column (12 g) using syringe injection,
which was then aspirated to dryness for 1 hour before being pumped to the the Redisep separation load col-
umn (120 g) at 57 ml/min flow rate. Separation was performed in “liquid load” mode with 0-100 % acetone
in hexane gradient. The fractions that included target peaks were combined and evaporated to dryness to ob-
tain purified FG (yellow, oily liquid) and F2G (white solid) [32].

This solid sample loading provided great consistency with no pumping issues and leakages, assisting in
rapid purification and obtaining low concentrations of FG and F2G.

RediSepRf Gold® C18Aq columns are reported to be useful for removal of salts and buffers from sol-
vents that are commonly used to purify chemicals. The ability of these columns to adsorb chemicals under
highly aqueous conditions without phase collapse makes them excellent for desalting samples. This approach
was used to desalt brilliant blue using a methanol water gradient [33].

The application of CombiFlash® Rf-200 columns to purify C60 fullerene from soot is also reported. As
most solvents make it difficult to purify fullerenes, the isolation of C60 fullerene was accomplished by dis-
solving 25 mg sample of soot in carbon disulphide loaded on a CombiFlash® Rf 200 column using a
2-propanol/toluene mixture with ultraviolet detector at 310 nm [34].

A very practical and successful method for the purification of primary amines from a complex mixture
was achieved using a ledyne C-18 IscoRediSep reversed phase column with water/ACN as the mobile phase
[35]. A large number of the manufacturers of flash chromatographic systems are providing several advance-
ments in their instrumentation including multiple column ports, automated injections with multiple stationary
phase chemistries and solvent systems, multiple channel detections using UV, fluorescence and mass guided
separation in order to provide more effective and accurate fractionations and increase the purity of the frac-
tions collected through these separations. Robust method transfer from TLC to flash separation through vari-
ous computer controlled softwares are also being applied today [36].

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 23



A.B. Thomas, N.S. Surve et al.

Semi-preparative HPLC

Since its introduction several decades ago, HPLC continues to remain as one of the most versatile tools
in chemical analysis. Semi-preparative HPLC, which evolved in the early 1970’s, is now being used for nu-
meral applications including the isolation and purification of compounds from natural product extracts [17],
purification of drugs and their by-products during manufacturing process and impurity analysis. The capabil-
ity to scale-up from analytical operations is one of the key benefits of semi-preparative separation. In the
1970s, the first preparative HPLC system was created to enhance separation power. Semi-preparative HPLC
falls under the small scale preparative HPLC and is being used for the separation of small quantities of sam-
ple [19]. Using the optimized HPLC parameters (flow rate, mobile phase, stationary phase, maximum
amount of sample load, separation temperature), analysis specialists can improve preparative operations
thereby saving time and resources [20]. Semi-preparative HPLC allows the separation of high purity com-
pounds [18] which can be used as reference standards in pharmaceutical industries. A typical semi-
preparative high performance liquid chromatographic result graph is depicted in Fig. 2.
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Figure 2. Chromatogram showing isolation of compounds in semi-preparative HPLC

Scale-up process of Analytical HPLC to Semi-preparative HPLC

In the scale-up process, analytical runs are initially performed to establish the separation efficiency,
which includes determination and optimization of the appropriate mobile phase, flow rate, stationary phase,
separation temperature, and other HPLC parameters. Using the optimized HPLC parameters, this method can
be effectively scaled up from analytical to semi-preparative and preparative analysis [37].

The major steps involved in semi-preparative HPLC scale-up and optimization include the modification
of the analytical approach in terms of resolution, overcharging on the analytical column and extension of the
column size to semi-preparative and preparative scale. The prime parameters that need to be scaled up are
the flow rate of separation and the column loading.

The equations that are used to scale up the flow rate (1) and volume (2) are:

V1/V2 = I’lz/l’gz, (1)
where V; is the flow rate column 1; V, is the flow rate column 2.
Xo/(m % 11%) = Xol(m % ;%) x 1/Cy, 2)

where ry is the radius of column 1; X; is the max. volume column 1; r, is the radius of column 2; X, is the
max. Volume column 2; C, is the ratio lengths of columns = 1; Column 1 is the Analytical Column; Column
2 is the Preparative Column.

Current reports using Semi-preparative HPLC separations

In this study, Xu et al. (2010) applied the semi-preparative HPLC to isolate and purify four major
theaflavins found in black tea, including theaflavin (TF1), theaflavin-3-gallate (TF2A), theaflavin-3’-gallate
(TF2B), and theaflavin-3,3’-digallate (TF3). Black tea is at about 80 % of global tea output and has several
therapeutic effects, including antioxidant properties [38—40], inhibition of carcinogenesis [41], suppression
of lipid peroxidation [42] and protection against cardiovascular diseases [43] due to the action of these four
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primary theaflavins [44]. In this study, 35 g of the black tea extract TF50 was loaded on a Mitsubishi SP-207
resin filled column (highly porous modified adsorbent material). Progressive elution with a gradient of 20 %,
30 %, 40 %, 50 %, and 70 % aqg. EtOH at a flow rate of 33 ml/min, generated an 80 % pure mixture of these
theaflavins (TF80). Further separation on a C18 preparative column with ACN / dist. water / GAA
(26:73.5:0.5, v/viv) as mobile phase at 5 ml/ min flow rate resulted in isolation of the pure theaflavins. Com-
pared to the traditional isolation processes that lasted several hours, this semi-preparative HPLC method re-
quired only 45 minutes enabling effective separation of the theaflavins [45].

In another study, Basar et al. (2014) developed and validated a simple semi-preparative-RP-HPLC/
PDA method of isolation and quantification of glycyrrhizin from nine distinct samples of Glycyrrhiza glabra
root collected from different geographical regions. The isolation and quantification were proceeded on re-
versed phase semi-preparative column with octadecylsilane guard column using binary gradient elution with
30-100 % solvent B [0.1 % v/v trifluoroacetic acid in MeOH] in solvent A [0.1 % v/v trifluoroacetic acid in
water] at 3.00 mL/min flow rate at 25-28 °C for 30 min. Prior to loading, the residue obtained from the ex-
tracts of each sample was re-dissolved in methanol and filtered. For the analysis, 100 ul sample was injected
into the system and the runs were monitored at 254 nm. The study report also demonstrated the validation of
the method using nine different samples of Glycyrrhiza glabra roots. This method allowed the efficient and
quick isolation and quantification of glycyrrhizin with high accuracy and low cost [46].

High speed counter current chromatography (HSCCC) is a continuous liquid-liquid partition chroma-
tography method that works by isolating substances between two immiscible liquid phases. It has numerous
benefits, including irreversible adsorption, minimal potential of sample denaturation, complete sample re-
covery, and relatively low cost [47, 48]. In this study, for the semi-preparative isolation of 10 isomers of
caffeoylquinic acid derivatives obtained from the roots of Burdock (Arctiumlappa L.), Zheng et al. (2018)
developed and applied semi-preparative HPLC in combination with HSCCC. These 10 isomers were isolated
from the ethyl acetate (EA) extract of Burdock roots which was further fractionated using macroporous resin
chromatography yielding three fractions (Fraction 1-3) from the elution of 40 % MeOH. Fractions were col-
lected and purified by HSCCC using EA-petroleum ether-MeOH-water as a solvent system at different ratios
as shown in [49]. This revealed that Fraction 1 mainly contains compounds A-C, Fraction 2 mainly contains
compound D, and Fraction 3 mainly contains compounds E-J. So, After the separation of derivatives by
HSCCC, these collected fractions (i.e., blend of the derivatives) were further proceeded for the purification
and identification by YMC octadecylsilane semi-preparative column with mobile phase ACN — 0.1 % FA in
water (25:75, viv) and MeOH — 0.1 % FA in water (25:75, v/v) at 3.0 mL/min flow-rate, observed at 280 nm.
This research showed that combination of semi-preparative HPLC and HSCCC is a highly effective method
for isolation of ten bioactive caffeoylquinic acid derivatives from natural products [49].

Using semi-preparative HPLC system, Li Aifeng et al. (2014) extracted seven known flavonoids (main-
ly quercetin, apigenin, diosmetin, luteolin and their glycosides) from the dried T. kirilowii Maxim peel,
which is broadly used in traditional Chinese medication as a cure to a cardiovascular, cerebrovascular, and
respiratory diseases [50]. The EA fraction of dried peel of T. kirilowii Maxim was concentrated by elution
through a glass column wet-packed with polyamide resins with a gradient elution program consisting of
aqueous ethanol 10 % — 100 % EtOH. Fractions, eluted with 70 % and 90 % EtOH, yielded two subfractions
(I and 1), which were injected into the semi-preparative column (YMC ODS-AQ) for further isolation of
seven flavonoids (I to V1) using isocratic elution mode with MeOH-water as mobile phase in different ratios
[for subfraction-I (46:54, v/v) and subfraction-11 (66:34, v/v)] at a flow rate of 3.5 ml/min. The column elu-
ent was checked with the UV detector set to 350 nm and manually collected according to the chromato-
grams. The study suggests the suitability of this procedure for the large-scale isolation of flavonoids from
plant extracts [50].

In this study, Zhao Xu et al. (2020) applied semi-preparative HPLC to isolate high-purity anthocyanin
monomers from grape pomace [51]. To extract anthocyanin from grape pomace, ultrasonification (59 kHz)
with acidified methanol (500 ml methanol solution containing 2 % formic acid) was conducted for 10 min.
Obtained concentrated crude extract was purified by Amberlite XAD-7HP resin (28 mmx=400 mm) column
until the resin was saturated. High-purity anthocyanin monomers were isolated from the purified crude ex-
tract using semi-preparative HPLC system with gradient elution using ACN/ water/FA (6/92/2, viviv) (A)
and ACN/water /FA (54/44/2, viviv) (B) as the solvent system. Purified fractions of anthocyanin were col-
lected by the automatic fraction collector. This study is the first time report of the effective separation of an-
thocyanin monomers using a single-step semi-preparative HPLC technique [51].
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When a patient suffers from ischemic stroke, the level of LDH in their blood increases quickly, which
leads to organ damage. Exploration of LDH inhibitors derived from medicinal plants could be a promising
approach for invention of therapeutic drugs for those suffering from ischemic stroke [52, 53]. Isoflavonoids,
which have been mainly used to treat ischemic stroke, are powerful LDH inhibitors [54, 55]. So here, in this
study, Senlin Li et al. (2016) employed ultrafiltration HPLC coupled with PDA detection, and ESI-MS to
screen and identify sixisoflavonoids-l to VI (i.e., LDH inhibitors Tectoridin. Iristectorin A, Iridin,
Tectorigenin, Irigenin and Irisflorentin) which are the primary active compound of Belamcandaechinensis
[56]. Further semi-preparative HPLC was performed with the primal optimization of its conditions, including
composition of solvent system, flow rate, and injection volume, to separate and isolate these d LDH inhibi-
tors from the extract of B. chinensis rhizome. As per this study report, the optimized solvent system con-
tained solvent A (0.5 % acetic acid in water) and solvent B (ACN), with gradient elution times of 0—
3 minutes for 10 to 20 % B; 3—6 minutes for 20 to 23 % B; 6-9 minutes for 23 to % B; 9—15 minutes for 30
to 50 50 % B; and 15-20 minutes for 50 % B. The optimal separation was achieved using 10 ml/min flow
rate and 1.0 ml injection volume. This method proposed the isolation of the LDH inhibitors (% purity>92 %)
by applying ultrafiltration-LC-MS in combination with Semi-preparative HPLC, that proved to be of low-
cost and high-efficiency, indicating its significant potential for commercial applications [57].

The traditional process for identification of natural active compounds includes purification followed by
one-to-one screening, which takes longer time, affects the stability and sensitivity of the method [58]. Zhang
et al. (2018) developed a method for the rigorous screening, preparation, and evaluation of antioxidant po-
tential of natural products [59] by utilizing semi-preparative HPLC with two step separation approach fol-
lowed by on-line HPLC-radical scavenging detection. Rigol semi-prep-HPLC system was applied to separate
and purify seven representative antioxidants from Magnolia officinalis using a two-step separation procedure
that included both gradient and isocratic elution. The separation of compounds was achieved under specific
conditions, for compounds 1-4: injection volume (200 ul), 3.0 ml/min flow rate, detection wavelength of
275 nm with mobile phase solvent A (0.2 % CH;COOH in water, v/v) and solvent B (MeOH) in gradient
elution mode. Compounds 5-7 were obtained at flow rate (3.0 ml/min), injection volume 300 pL at 275 nm
with mobile phase composed of solvent A (0.2 % CH3;COOH in water, v/v) and B (MeOH) in isocratic elu-
tion mode [58].

Turner et al. (2014) used Silver ion solid-phase extraction (Ag*-SPE) and semi-preparative Ag*-HPLC
to isolate and collect pure isomers, including several t-monoenes (t12, t13, t14, t15, and t16-18:1) as well as
non-conjugated dienes (i.e. t10, c15, t11, t15-, and t11, c15-18:2) unique to a-linolenic acid ALA [57]. Lino-
leic (LA, 18:2n6) and a-linolenic acid (ALA, 18:3n3) [60] are two polyunsaturated fatty acids (PUFAS)
found in bovine feed that are metabolized by rumen microbes, leading to generation of various
biohydrogenation products (BHP) that can be found in milk and meat. Biological functions of LA-BHP,
which include conjugated linoleic acid [cis (c) 9, trans (t) 11-18:2 (Rumenicacid, RA) and t10, c12-18:2], as
well as trans fatty acid isomers [t9, t10, and t11-18:1 (Vaccenic acid, VA)], have been investigated, but the
influence of many BHP specific to ALA still has not been thoroughly researched, taking into consideration
that most ALA-BHP are not available in the marketplace. In this reported study, a semi-preparative silver ion
(Ag") HPLC approach was developed for the purification and collection of ALA-BHP. Researchers used
Ag’-solid phase extraction approach to fractionate the sample and collected the t-18:1, 18:2, and 18:3 frac-
tions. Collected fraction were further isolated using semi-preparative Ag*-HPLC, and the t-18:1 isomer, 18:2
isomer, and 18:3 isomers were obtained [57].

Conclusions

This review summarizes the effective application of flash chromatography and semi-preparative HPLC
for the fractionation, isolation and purification process. Enlisted research papers specifically discuss their
applications in the area of natural compounds. The flash chromatography with its ease of use, varied station-
ary phase chemistries, multiple columns and detectors, automated fraction collectors represents a very viable
tool for fractionation and purification. Semi-preparative separation can assist in obtaining highly purified
compounds which expands its applicability in diverse scopes. This review will help chromatography special-
ists to make decision of applying these two techniques to improve their research and development studies.
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Validated Stability Indicating HPLC Method for the Quantification
of Process Related Impurities of Ubrogepant in Pharmaceutical Formulations

Ubrogepant is a medical drug prescribed for the treatment of migraine in adults. Literature analysis has
shown, that no suitable analytical method has been published to date for the quantification of impurities of
Ubrogepant. Therefore, this study aims to develop a simple and sensitive stability indicating HPLC method
for quantifying Ubrogepant and its impurities 1 and 2. The optimized and best separation was achieved using
ProntoSIL ODS C18 (250%4.6 mm; 5 p id) column as stationary phase, phosphate buffer (pH 4.5) and metha-
nol in 65:35 (v/v) at 1.0 mL/min as mobile phase and 246 nm as detector wavelength. The method reports
0.015 pg/mL and 0.05 pg/mL as limit of detection (LOD) and limit of quantitation (LOQ) for both impurities.
This proves that the method has sufficient levels of sensitivity to detect impurities. The method passes all val-
idation parameters as recommended, confirming that the method is valid. The method can show very less %
degradation in various stress tests such as acid, base, peroxide, thermal and UV light conditions, and can effi-
ciently resolve different compounds generation during stress exposure, as well as its known impurities prove
the stability indicating nature of the method. Based on the experimental findings, it was shown that the meth-
od is significantly useful for the routine analysis of Ubrogepant and its impurities 1 and 2.

Keywords: Ubrogepant, HPLC impurity analysis, impurity A, impurity B, Method Development, Method
Validation, Formulation analysis, Stress studies.

Introduction

Ubrogepant is the first approved Calcitonin gene-related peptide antagonist prescribed for the immedi-
ate treatment of migraine in adults [1]. It was not indicated for the preventive treatment of migraine [2]. Dry
mouth, tiredness and nausea are the possible side effects occurred while using the Ubrogepant [3]. It has the
molecular formula of CyH,sFsNsO3 with molecular mass of 549.55 g/mol and IUPAC name of (6S)-N-
[(3S,5S,6R)-6-Methyl-2-0x0-5-phenyl-1-(2,2,2-trifluoroethyl)-3-piperidinyl]-2'-oxo-1',2",5,7-tetrahydrospiro-
[cyclopenta[b]pyridine-6,3'-pyrrolo[2,3-b]pyridine]-3-carboxamide. Molecular structure of Ubrogepant is
depicted in Figure 1.

Figure 1. Molecular structure of Ubrogepant
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Impurities in a pharmaceutical product are the unwanted chemical compound / substance that remain
along with active pharmaceutical ingredients (APIs). These were arise from source as starting material or
may be during the synthesis of API like reagents, solvents, catalysts, intermediates and reaction by-products.
The ultimate safety of a drug product depends on the quantity of various impurities present on it, and there-
fore the need to identify, quantify and control impurities plays an important role in drug development. High
performance liquid chromatography (HPLC) is a versatile analytical tool that has the ability to identify and
guantify a wide range of pharmaceutical impurities.

The extensive review of the available analytical methods for the evaluating of Ubrogepant confirms that
there is no analytical method reported / published on open access for the separation and quantification of im-
purities of Ubrogepant. Therefore, the present study aimed to develop a simple and economical HPLC meth-
od for the separation and simultaneous quantification of Ubrogepant impurities. Based on the availability, the
impurity 1 (4-Nitro benzoate salt of amine intermediate) with IUPAC name (3R,5R,6S)-3-amino-6-methyl-5-
phenyl-1-(2,2,2-trifluoroethyl)piperidin-2-one, 4-nitrobenzoic acid and impurity 2 (acid intermediate) with
IUPAC name 2'-0x0-1',2",5,7-tetrahydrospiro[cyclopenta[b]pyridine-6,3'-pyrrolo[ 2,3-b] pyridine] -3-
carboxylic acid were selected for the study. The molecular structure of impurities is shown in Figure 2.

OH
H,N \l|\|l+
e}
Impurity 1 Impurity 2
(4-Nitro benzoate salt of amine intermediate) (Acid intermediate)

Figure 2. Molecular structure of Ubrogepant impurities under study

The synthesis mechanism given by Chi et al. (2018) in patent owned by Merck Sharp & Dohme Corp.,
Rahway, NJ, USA [4], confirms that possible route of formation of impurities in the final product. The impu-
rity 1 was the intermediate product whereas the impurity 2 was used as intermediate reactant in the synthesis
of Ubrogepant. The unreacted and leftover of these compounds will remain in the final product of
Ubrogepant. Therefore, there is a need to quantify these impurities in the Ubrogepant final product in order
to obtain high quality and pure APi of Ubrogepant.

Experimental

Chemicals and reagents:

The 98.26 % pure Ubrogepant API with its two studied impurities, and its 100 mg tablet form under the
brand Ubrelvy® were purchased from Allergan India Private Ltd, Bangalore. The ultra-pure (Milli-Q®) wa-
ter and other HPLC grade solvents used in the study were purchased from Merck chemicals, Mumbai. The
analytical reagent grade chemicals used in the study such as hydrogen peroxide, sodium hydroxide, hydro-
chloric acid and buffer chemicals were also purchased from Merck chemicals, Mumbai.

Instrumental conditions:

The study was carried out on an Agilent (USA) 1100HPLC instrument, which includes a G1311
Aquaternary pump for delivery of solvents, a 0.1-1500 puL volume injectable auto-sampler with thermostat
and UV detector (G 1314 A). Various configurations of stationary phases were used for the method devel-
opment studies and the column eluents were integrated using Agilent chem-station software.

Sample preparation:

Standard solution: An accurately weighed 50 mg of Ubrogepant, impurity 1 and 2 were dissolved sepa-
rately in a 50 mL clean and dry volumetric flask. Then, 25 mL of methanol were added separately to each
flask, and the flasks were sonicated for 2 min to completely dissolve the analytes in the solvent. Then the
content was filtered through 0.2 p membrane filter in a separate clean and dry flask and the final volume was
made up to the mark with the same solvent. The standard Ubrogepant, impurity 1 and 2 solution at a concen-
tration of 1000 png/mL was obtained separately. The combined standard solutions were prepared by accurate-
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ly mixing equal volumes of individual known standard stock solutions in a separate flask and were used to
develop and validate the method.

Sample solution: Ubrelvy®™ 100 mg tablets were made in to a fine and uniform powder using a clean and
dry mortar and pestle. The tablet powder, weighed so that the powder sample contained 10 mg of
Ubrogepant equivalent, was taken into a dry 100 mL volumetric flask. Then diluent (50 mL) was added and
sonicated at room temperature for 10 min. Then the content was filtered through a 0.2 pm membrane filter
and the solution was brought to the mark with the same diluent. The standard formulation solution at a con-
centration of 1000 pg/mL was obtained and was further diluted to the required concentration using the same
diluents, and the selected concentration solution was used for the quantification of Ubrogepant and its impu-
rities in the formulation sample.

Method development:

The systematic method development strategies were applied to develop a method for the analysis of
Ubrogepant and its impurities. While developing the analytical method, the maximum absorbing wavelength
for the detection of analytes was assessed using spectrophotometer. The iso-absorption wavelength of impu-
rities 1, 2 and Ubrogepant was determined using a spectrophotometer, and the iso-absorption wavelength
was fixed as the detection wavelength during the development of HPLC method. During the initial method
development steps, the mobile phase flow rate was fixed as 1.0 mL/min, and after the completion of the de-
velopment the flow was further optimized in the range of 0.5 mL/min to 1.5 mL/min. The analytes in the
study were polar in nature, also non-polar columns were used as stationary phases in the method develop-
ment. The high non-polar ¢18 columns of various brands and configurations were studied as stationary phase
in the development study. The solvent ratios and its pH was finalized by change in various ratios of the mo-
bile phase with different pH ranges was studied.

In all the method development studied conditions, the standard solution was injected at a concentration
of 100 ug/mL and the chromatographic response was recorded. The peak area response, peak intensity, peak
shape, and the system suitability were summarized in all the studied conditions. The method conditions
providing the best system suitability with high peak intensity and significant absence of noise were consid-
ered as suitable conditions for the separation and analysis of Ubrogepant and its impurities [5-11]. These
developed method conditions were further studied for method validation study.

Method Validation:

The Ubrogepant standard solution spiked with 0.1 % of both the impurities was analyzed by the opti-
mized method, and the chromatographic response of the obtained chromatograms was summarized to evalu-
ate the system suitability. The Ubrogepant standard solution without impurities, blank (only solvent), place-
bo solution prepared with commonly used formulation excipients, was analyzed in the developed method to
evaluate method specificity.

A series of dilution of Ubrogepant standard solution spiked with 0.1 % of both the impurities was pre-
pared in various concentration levels. The prepared dilutions were analyzed in the developed method and the
peak area response of standard and both the impurities were tabulated separately. The calibration curve was
plotted for Ubrogepant and its impurities separately by taking the peak area response of analyte in y-axis and
its concentration on x-axis. The correlation coefficient and the regression equation of standard Ubrogepant
and its impurities were obtained from its corresponding calibration curves.

The method accuracy was evaluated by conducting the spiked recovery study and was performed at
50 %, 100 % and 150 % spiked levels. The spiked level solution of Ubrogepant containing 0.1 % of
Ubrogepant solution was spiked to a 100 % formulation solution and the recovery solution was analyzed in
the optimized method. The peak area response of the recovery solution was compared with the calibration
curve results in the same level and the % recovery of each analysis results and in each spiked level the %
relative standard deviation (% RSD) was calculated. The % recovery of 98-102 and %RSD of < 2 was con-
sidered as acceptable.

The reproducibility of the method was evaluated in terms of precision and was carried as intraday and
interday precision. At the same time, the standard Ubrogepant solution containing 0.1 % of studied impuri-
ties was spiked, and the spiked solution was evaluated six times in one day for intraday precision and 6 times
in three consecutive days for interday precision. The peak area response of standard and both impurities was
tabulated and the %RSD of the peak area response was calculated. The %RSD of less than 2 in both the pre-
cision studies for all the analytes was considered as the method was precise and repeatable.

The efficiency of the developed method that remains unaffected when there is a small change in the es-
tablished method conditions as well as the change in analyte was assessed in ruggedness and robustness
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study. In ruggedness, the solution at precision level was prepared and analyzed by three different analysts
and the peak area values were tabulated and %RSD of < 2 was acceptable. In robustness study, both positive
and negative minor variations in the established method conditions made intentionally and the standard solu-
tion at precision level was analyzed in each changed condition. The % change in peak area of each analyte in
each changed condition was determined and a value of < 2 was acceptable.

The smallest analyte concentration that can detect and quantify in the established method was consid-
ered as limit of detection and quantification respectively. This information of the method confirms its sensi-
tivity. The signal (s) to noise (n) ratio method was adopted for the evaluation of sensitivity.

The stability indicating nature of the method was assessed by performing stress degradation studies.
Stress studies such as acid, base, peroxide, thermal and UV light degradation was performed for the standard
drug. An accurately weighed 50 mg of standard Ubrogepant was mixed separately with 50 mL of hydrochlo-
ric acid (0.1 N), sodium hydroxide (0.1 N) and hydrogen peroxide (3 %) in acid, base and peroxide degrada-
tion studies respectively. The solutions were incubated for 24 h in dark, neutralized and then bring it to
standard concentration prior to the analysis. The standard Ubrogepant was exposed to 60 °C for 24 h in an air
oven and UV light at 254 nm for 24 h in thermal and UV light degradation studies, respectively. Both these
standard drugs after stress exposure were diluted to standard concentration before analysis. All the stress ex-
posed Ubrogepant dilute solutions were evaluated by the established method, and the chromatograms ob-
served in each analysis were used to confirm the acceptability of the method. The resultant chromatograms
provides the number of stress degradation compounds generated as a results of stress exposure, and the
method applicability for the separation of stress degradation compounds was assessed. The peak area in each
stress study was used for calculating the % degradation of Ubrogepant by comparing with unstressed peak
area response of Ubrogepant in the developed method [4-10].

The developed method was applied for the separation, detection and quantification of Ubrogepant and
its impurities in formulation. The formulation sample solution prepared from 100 mg tablets of Ubrogepant
(Ubrelvy™) was assessed in the developed method. The peak area response was used to calculate the % con-
tent in the sample by comparison with the corresponding standard calibration curve results.

Results and Discussions

The wavelength overlay scan spectrum of the individual wavelength scans of Ubrogepant and its impu-
rities confirms that 246 nm is the appropriate wavelength for the detection of analytes. Therefore, 246 nm
was initially confirmed as a suitable wavelength and was fixed as detector wavelength in the method devel-
opment study.

Initially, Kromasil C18 (250x4.6 mm, 5 pm) column was selected as stationary phase, pH 5.2 sodium
acetate buffer and methanol in equal volumes were selected as mobile phase. The chromatogram identified in
this condition (Fig. 3A) does not show a clear separation of the analytes. A single asymmetric split peak was
detected on the chromatogram, confirming that the used column could not separate the analytes and therefore
was not suitable for further study.

The column was replaced with Phenomenex Luna C18 (250x4.6 mm, 5 um) and the same mobile phase
was continued in sample 2. In this case, the peaks correspond to Ubrogepant and its impurities were identi-
fied, but no clear separation of analytes was observed. Baseline on the chromatogram was unstable and re-
tention time of identified compounds was very high (Fig. 3B). The peak symmetry was also observed to be
asymmetric, and hence the conditions were not suitable for the separation of analytes.

The method development was continued with the same column with change in buffer. In this case,
pH 5.5 phosphate buffer and acetonitrile in the ratio of 75:25 (v/v) were used as mobile phase. The obtained
chromatogram in this case (Fig. 3C) doesn’t show a peak for Ubrogepant, whereas the peaks for both impuri-
ties were detected and well resolved. This proved that the column in the study could not separate the
analytes, and therefore further study was proposed with change in the column as well as the mobile phase
composition.

Further method development was continued with ProntoSIL ODS C18 (250x4.6 mm; 5 um) column as
stationary phase, and pH 4.5 phosphate buffer and methanol in 20:80 (v/v) were selected as mobile phase. The
chromatogram observed under these conditions (Fig. 3D) shows clear separation of the peaks corresponding to
Ubrogepant and its impurities. The baseline throughout the run time was noticed to be little fluctuated and the
identified peaks were slightly broad with high tail factors. The peak area response corresponding to impurity 2
was smaller compared with the other analytes in the study. Therefore, the conditions were not suitable for the
analysis. Figure 3 represents the chromatograms observed in the method development study.
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Fig. 3A & 3B: No clear separation of analytes was observed in this trail condition;
Fig. 3C: Ubrogepant peak was not identified and the peaks corresponding the impurities were detected in this trail;
Fig. 3D: Peaks corresponds to standard and impurities were identified but it doesn’t pass system suitability
and base line fluctuations identified throughout the run time

Figure 3. Chromatograms observed during method development

The method development study was continued with increase and decrease in the composition of buffer
in the mobile phase, flow rate of mobile phase and detector wavelength for achieving the best chromato-
graphic separation with acceptable system suitability. The separation was achieved on the ProntoSIL ODS
C18 (250x4.6 mm; 5 um) as stationary phase, pH 4.5 phosphate buffer and methanol in 65:35 (v/v) as mo-
bile phase at 1.0 mL/min and UV detection at 246 nm. Under these optimized chromatographic conditions, a
clear separation of Ubrogepant and its impurities was achieved without additional detection of impurities or
other co-eluting compounds. The analytes were identified at a retention time of 7.05 min, 3.54 min and
8.14 min respectively for Ubrogepant, impurity 1 and 2, whereas the blank chromatogram does not show any
chromatographic detection throughout the run time. This confirms the specificity of the established method
for the detection of Ubrogepant and its impurities in the study. The chromatogram of the blank and standard
observed under the developed method condition is shown in Figures 4A and 4B, respectively.

The signal-to-noise (S/N) approach was adopted for the evaluation of LOD and LOQ of method opti-
mized for analyzing Ubrogepant with its impurities 1 and 2. The LOD was determined as 1.5 pg/mL and
0.015 pg/mL respectively for Ubrogepant and impurities. Based on LOD, the LOQ was calculated as
5 ng/mL and 0.05 pg/mL respectively for Ubrogepant and impurities. This confirms that the method can ef-
fectively detect the impurities down to a very low concentration of 0.015 pg/mL and can quantify down to
0.05 ug/mL. The sensitivity levels of analytes were taken into account when preparing the standard dilution
of Ubrogepant and impurities. The standard calibration curve solutions of Ubrogepant containing 0.1 % of
each impurity was prepared and analyzed by the optimized method. The high correlated calibration curve
was obtained in the analyte range of 50-300 pg/mL and 0.05-0.30 pg/mL for Ubrogepant and both the im-
purities, respectively. The regression equation was derived as y=2896.9x + 570.22 (R?=0.9999),
y = 315628x +4223.9 (R*=0.9993) and y = 288800x + 3864.8 (R* =0.9993) respectively for Ubrogepant,
impurity 1 and 2. The peak area results identified in the linearity study are presented in Table 1.

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 35



U. Nagababu, D. Sujatha et al.

10.00 5

(mau] |
S.DD—-
2.00—-
-2.00-
-6.00—-
—10.00—-.........|....|....|....|....|....|....|....|....|
0.00 1.20 2.40 3.60 4.80 5.00 7.20 2.40 9.50 10.80 1[r2n|g]u
Fig. 4A (Blank chromatogram)
(SRS g
=

Ubrogepant

580.80 4
43080 4

28040 4

-

Impurity 1

3.54
Impurity

814

130.20 4

"

4.80 5.00 T.20

[

-20.00 4T
0.00 120 240 36

T T T T T
9.60 1080 12.00
[min]

=L

e
|

Fig. 4B (Standard chromatogram)

Figure 4. System suitability chromatograms of Ubrogepant and its impurities in the developed method

Table 1
Linearity results
Ubrogepant Impurity 1 Impurity 2
S. No Concentration Peak Concentration Concentration

. . Peak Area . Peak Area

in pg/mL Area in pg/mL in pg/mL
1 50 145159.1 0.05 19683.7 0.05 18010.6
2 100 290576.2 0.10 35683.1 0.10 32650.0
3 150 436957.4 0.15 51352.9 0.15 46987.9
4 200 575874.5 0.20 68961.5 0.20 63099.8
5 250 727493.1 0.25 82574.6 0.25 75555.8
6 300 869157.8 0.30 98496.9 0.30 90124.7

A 100 pg/mL Ubrogepant standard solution spiked with 0.1 % impurities was assessed in an optimized
system suitability method. The system suitability parameters of the chromatographic results were summa-
rized and the method system suitability was assessed. As shown in Table 2, the developed method passes the
system suitability, which confirms the suitability of the developed method.
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System suitability results

S No Parameter Results achi_eved for _
Ubrogepant Impurity 1 Impurity 2
1 |Concentration prepared 100pg/mL 0.10 ug/mL 0.10 pg/mL
2 |Retention Time 7.05 min 3.54 min 8.14 min
3 |Theo plate 7961 5127 9068
4 |Tail Factor 1.07 0.95 0.98
5 |Resolution 16.9 - 6.4

Table 2

The 100 % solution of Ubrogepant containing 0.1 % of both impurities was evaluated in the precision
and ruggedness study. The peak area response of each analyte was summarized in each study. The % RSD
was calculated as 0.44, 0.96 and 1.07 for intraday precision, 0.59, 0.88 and 1.44 for interday precision and
0.62, 1.08 and 1.52 for ruggedness for Ubrogepant, impurity 1 and 2 respectively. The %RSD was achieved
at acceptable levels for all the analytes in each study, proving the precision and ruggedness of the method.

The effect of the variations in the developed method conditions on the chromatographic response was
assessed in robustness study. In robustness study, the composition of mobile phase was altered as 60:40
(MP 1) and 70:30 (MP 2) of buffer and methanol. The pH of buffer was altered as 4.4 (pH 1) and 4.6 (pH 2)
as well as the detector wavelength was changed as 241 nm (WL 1) and 251 nm (WL 2) (Table 3).

Table 3
Robustness results
SNo| Compound Change Peak Area % Change Plate Count Tail factor Resolution
1 MP 1 288484.1 99.28 7968 1.07 16.8
2 MP 2 287554.2 98.96 7847 1.09 16.5
3 Ubrogepant pH 1 286944.0 98.75 7625 1.08 16.7
4 pH 2 288571.2 99.31 7691 1.07 16.8
5 WL 1 287815.7 99.05 7719 1.07 16.9
6 WL 2 288338.8 99.23 7835 1.08 16.8
7 MP 1 35069.4 98.28 5230 0.96 —
8 MP 2 35194.2 98.63 5154 0.95 —
9 Impurity 1 pH 1 35251.3 98.79 5196 0.95 —
10 pH 2 35533.2 99.58 5085 0.96 —
11 WL 1 35436.9 99.31 5176 0.96 —
12 WL 2 35358.4 99.09 5144 0.95 —
13 MP 1 32539.0 99.66 9162 0.98 6.5
14 MP 2 32153.8 98.48 9418 0.99 6.4
15 Impurity 2 pH 1 32235.4 98.73 9685 0.98 6.4
16 pH 2 32222.3 98.69 9472 0.98 6.5
17 WL 1 32016.6 98.06 9825 0.98 6.6
18 WL 2 32274.6 98.85 9326 0.99 6.5

The method accuracy was evaluated in a spiked recovery study and the experiment was performed at
50 %, 100 % and 150 % spiked levels. The solutions were evaluated by the optimized method and the peak
area response was compared with the standard calibration results at the same level. The % recovery for each
injection and the % RSD in each spiked level was calculated. The % recovery was observed to be at accepta-
ble levels of 98-102 % and the % RSD was less than 2 for each spiked level (Table 4), confirming the meth-
od accuracy.
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Table 4
Recovery results
S. No.| Compound | Recovery Level Concentrati(?n in pg/mL Amount found* % recovered™ % RSD
T Target | Spiked | Final Mean £+ SD Mean £+ SD of Recovery
1 50 % 100 50 150 148.77+0.716 99.18+0.478 0.48
2 | Ubrogepant 100 % 100 100 200 198.12+1.140 99.06+0.570 0.58
3 150 % 100 150 250 246.05+0.737 98.42+0.295 0.30
4 50 % 0.10 0.05 | 0.15 0.14840.0002 98.44+0.11 0.12
5 Impurity 1 100 % 0.10 0.10 | 0.20 0.19940.0004 99.56+0.18 0.18
6 150 % 0.10 0.15 | 0.25 0.24740.0009 98.70+0.35 0.35
7 50 % 0.10 0.05 | 0.15 0.147+0.0003 98.24+0.20 0.20
8 Impurity 2 100 % 0.10 0.10 | 0.20 0.19940.0007 99.37+0.33 0.33
9 150 % 0.10 0.15 | 0.25 0.24940.0006 99.50+0.22 0.22
Note: *n =3

The method was evaluated for its applicability for the separation and analysis of various compounds
generated due to stress degradation of Ubrogepant. The Ubrogepant standard drug was exposed to various
stress conditions and then the stressed sample was evaluated by the developed method. The resultant chro-
matograms (Fig. 5) and their results were analyzed to evaluate their applicability for the separation of stress
degradants. In acid degradation study, three additional compounds were identified at 5.1 min, 5.9 min and
9.1 min with % assay of 91.85 and % degradation of 8.15. In base degradation study, the % degradation was
observed to be 7.32 % with three addition degradation products retained at 1.1 min, 9.1 min and 9.6 min. In
peroxide degradation study, less % degradation of 3.8 min with two degradation compounds retained at 2.4
min and 9.6 min. In thermal and UV light degradation study one and four degradation compounds were iden-
tified with a % degradation of 4.15 % and 6.63 %. In all stress conditions, the standard Ubrogepant was de-
tected along with the two impurities in the study. It was noticed that the % degradation is less than 10 under
all stress conditions, and the method can effectively resolve the known studied impurities along with the
stress degradants, effectively proving that the method is stable.
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Figure 5. Forced degradation chromatograms

The analytical method optimized in the study was applied for its applicability to the estimation of
Ubrogepant and its impurities. The formulation solution prepared with 100 mg of Ubrelvy®™ was used for the
formulation assay study. The resultant chromatogram (Fig. 6) shows clear identification and resolution of
both impurities in the study along with standard Ubrogepant. The % assay was observed to be 98.75 % for
Ubrogepant, 0.09 % for impurity 1 and 0.07 % for impurity 2. The impurities were observed to be under the
permissible levels and there is no detection of additional compounds, additional impurities as well as the
formulation excipients on the chromatogram. This confirms that the method was significantly used for the
evaluation of studied impurities and Ubrogepant in dosage forms.
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Figure 6. Formulation chromatogram

Conclusions

A simple and novel stability indicating analytical RP-HPLC method was optimized for separation and
guantification of two potential impurities, i.e. impurity 1 and 2 of Ubrogepant. The method reports a very
sensitive calibration range of 0.05 pug/mL to 0.30 ug/mL, which was achieved for impurity A and B. This
confirms that the method can detect impurities at very low levels. Other validation parameters such as speci-
ficity, system suitability, accuracy/recovery, repeatability and reproducibility results were under the accepta-
ble level. The method can efficiently resolve, detect and quantify unknown stress degradation products and
known impurities of Ubrogepant. Based on the obtained validation results and method application studies, it
can be concluded that the method can be effectively utilized for the analysis of Ubrogepant and its impurities
in stress samples, bulk drug as well as in formulations.
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Moisture Transfer During its Evaporation from Sugar Solutions

In this work, studies were carried out on the water evaporation from concentrated solutions of such sugars as
sucrose, fructose, glucose, galactose, to determine the evaporation mechanisms. Differential scanning
calorimetry (DSC) method in the temperature range from —70° C to +200° C, as well as the combined
thermogravimetric analysis with differential scanning calorimetry under isothermal conditions at tempera-
tures of 30°, 45°, 60 °C were used. The analysis of the DSC curves of sucrose solutions at low temperatures
shows that in sugar solutions with a concentration of 65 %, water does not produce melting peaks. Therefore,
it can be considered bound in the first hydration shells of sucrose. Isothermal thermogravimetric measure-
ments give close to linear dependences of mass loss on time, and their slope being determined by tempera-
ture. At higher concentrations of sucrose solutions DSC curves for disaccharides are shifted relative to the
curves for monosaccharides. This may be due to the lower permeability of the film surface for water. The
evaporation model based on the vacancy mechanism of water molecules movement in concentrated sugar so-
lutions was proposed. According to this model, the region enriched with vacancies of water molecules gradu-
ally penetrates deep into the sample. In this case, the number of water molecules in each layer of the region
sets at a certain level. The given model constructions are applicable to the initial stages of water evaporation
from concentrated sugar solutions.

Keywords: moisture, bond, sugar solutions, mathematical model, process, evaporation, thermal analysis, dif-
ferential scanning calorimetry, differential thermal analysis, concentration, glass transition.

Introduction

The study of phase transitions, such as evaporation, and in particular water evaporation from various
materials is one of the important problems of physical chemistry. It can be considered as moisture transfer
from the liquid to the gas phase. This process is both of great theoretical and practical value.

The processes of moisture transfer and, in particular, evaporation, play an important role, for example,
in food production. However, unlike many other cases of moisture transfer, for example, water evaporation
from natural reservoirs, in food technology moisture is often transferred in systems containing not only free,
but also the so-called bound water, that is, water present in the hydration shells of food material molecules.
For example, the productivity of membrane technological processes, accompanied by the formation of polar-
ization layers at the membrane boundary, depends directly on their rheological characteristics (viscosity, ul-
timate shear stress), which, in turn, depend on these particles hydration. Drying of food systems is greatly
slowed down at a certain stage of dehydration, which is caused by some peculiarities of moisture transfer in
materials containing bound water.

In recent years, bound water was actively studied by modern physical methods, such as X-ray
microtomography, analysis of the microbalance of quartz crystals with a deposited material that binds water
[1], absorption spectroscopy of electromagnetic radiation in the terahertz range [2], proton nuclear magnetic
resonance [3], T -2 magnetic resonance relaxometry [4], etc.

Differential scanning calorimetry DSC [5] and differential thermal analysis DTA in combination with
thermogravimetry are of special importance among the physical methods that can be effectively used for
bound water characteristics measuring [6].

Isothermal DSC methods are of particular interest for the analysis of the bound water state [7]. They
make it possible to choose the temperature which does not cause any structural transformations of the sam-

ple.
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DSC is a very informative method for studying physical characteristics of intermolecular bonds in vari-
ous materials. Thermal effects associated with phase transitions and chemical reactions depending on tem-
perature are studied within the framework of this method. Information about the composition and
thermophysical properties of food systems can be obtained with the help of DSC curve (heat flux versus
temperature). Some researchers used DSC and DTA methods to study water binding in various food materi-
als and additives, for example, in beef [8] and starch-gelatin food films [9]. Oxygen-functionalized porous
activated bio-carbons with a large surface area obtained from grape seeds with the DSC method were studied
in [10].

These bio-carbons are aimed to absorb CO, from the atmosphere. Samples with the largest surface area,
pore volume, and the maximum number of surface oxygen functional groups showed the largest endothermic
peak in terms of area according to DSC data, as well as the largest weight loss in the range of 80-100 °C.

The authors of [11] studied the sludge remaining after wastewater filtration by DTA and DSC methods.
It was found out that the average binding power of water with the dry matter of sludge at a sufficiently high
moisture content (above 50 %) ranges from 38 to 68 kJ/kg, depending on the type of sludge, and increases
almost 10 times in the moisture range of 0-50 %.

Some modern thermal analysis instruments allow simultaneous thermal analysis (STA), i.e. combine the
DSC or DTA method with the thermogravimetry (TG) method. Attempts to quantify bound water in food
systems by this method were made earlier. Thus, in [12], thermogravimetry (TG) data were processed by the
method of nonisothermal Kinetics. It consisted of determining the logarithm dependence of the transfor-
mation degree o on temperature with thermogravimetric curves. The slope tangent of this graph, up to a con-
stant factor, is equal to the amount of energy spent on the sample dehydration. The type of water binding
with the material studied is determined by the range of dehydration powers. Therefore, this method can be
used to characterize the distribution of water in a sample according to binding forms. However, an enormous
spread in the values of kinetic parameters is considered to be one of the disadvantages of the non-isothermal
approach [13].

However, there are no works using DSC and DTA methods that would clearly describe the mechanism
of moisture transfer in systems with bound water.

The purpose of this work is to study a particular case of moisture transfer (evaporation) in systems with
bound water, namely in concentrated solutions of food sugars such as sucrose, glucose, fructose, lactose,
galactose.

Experimental

Samples of sugar solutions were produced in the laboratory at FSBEI HE VSUET (Federal State Budget
Educational Institution of Higher Education “Voronezh State University of Engineering Technologies™).

DSC analysis at low temperatures and simultaneous thermal analysis (hereinafter STA) (DSC+TG)
were performed on a STA 449 F3 Jupiter® simultaneous thermal analysis apparatus from NETZSCH (Ger-
many). Calibration of the E-sensor by temperature and enthalpy taken from calibration substances (C10H16,
C12H10, In, Bi, Zn) was previously carried out. Samples of raw materials weighing 15-22 mg were taken
for analysis and placed in aluminum crucibles.

Differential scanning calorimetry (DSC) in the temperature range from —70° to +20° C, heating rate of
5 deg/min was used in the DSC method of analysis. The system was cooled with liquid nitrogen at a rate of
5 deg/min. The measurements were taken in a helium atmosphere (purge gas flow rate 10 ml/min, shield gas
flow rate 10 ml/min). Temperature measurement accuracy was +0.3° C.

Isothermal conditions at temperatures of 30°, 45°, 60° C were used in TG measurements. Measurements
were carried out in the high-purity nitrogen atmosphere (purge gas flow rate 50 ml/min, shielding gas flow
rate 10 ml/min).

Isothermal conditions at temperatures of 30°, 45°, 60° C were used for STA (TG+DSC) measurements.
The measurements were taken in high-purity nitrogen atmosphere (purge gas flow rate 50 ml/min, shielding
gas flow rate 10 ml/min).

Statistical processing of the experimental results was carried out as follows.

The experiment standard error was determined by the formula:

Z:le:]:lyisz
(ny _1)(ny ) |

SE.=
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where s is the number of array; i is the number of point in the array; m is the array number for point y on the
chart; n is the number of points in each array, vy, is the data value of array s and i-th point;

n, is the total number of data values in all arrays.

Results and Discussion

Studies by differential scanning calorimetry method at low temperature were carried out to determine
the concentration of sugar solutions at which all water molecules are bound in the first hydrate shells.
The results of differential scanning calorimetry of a 45 % sucrose solution are shown in Figure 1.

DSC /((mW/mg)

exo
0.8 )

0.7
0.6
0.5
0.4
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0.2

o4y

Complex Peak:

Area: 100.1 J/ig
Peak: -4.1°C
Onset: -11.1°C
End: -26°C
Width: 7.2 °C(37.000 %)
Height:  0.6644 mW/mg
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Figure 1. Thermogram of a 45 % mass concentration of sucrose solution melting DSC, mW/mg-10?

As can be seen in Figure 1, the frozen sucrose solution melts in the temperature range of —35...0 °C, and
the largest area of the melting peak falls in the range of —7°...-3 °C. Comparing the peak melting area for the
sigmoidal baseline (100.1 J/g of solution) with the corresponding pure water surface area (334.3 J/g), we
come to conclusion that it is only 0.30 of this value.

Taking into account the water content in a 45 % sugar solution and comparing the peak areas, we obtain
approximately 55 % of the water frozen and then melted in this solution. The rest part is hon-frozen and con-

sidered to be bound water.

The DSC curve for a 65 % sugar solution (Fig. 2) shows the presence of two exo- and endothermic
peaks of approximately the same area. These areas are very small compared to the peaks corresponding to
ice melting. This dependence is characteristic of the glass transition of a sugar solution [14] and is not direct-
ly related to water melting. Therefore, we can conclude that all water is in a bound state in a 65 % solution.

Heat Flow {102 W/g )
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Exotermic -
25

process
¥

20

Temperature (°C)

Figure 2. Thermogram of a 65 % mass concentration of sucrose solution melting
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If we count the number of water molecules bound with hydroxyl groups per one sucrose molecule, their
mass assessment will give about 35 % of the entire solution mass, i.e. all water in the 65 % sugar solution is
hydrogen bonded to sucrose.

TG measurements in isothermal mode were also carried out. To do this, a container with a sugar solu-
tion was placed in the measuring cell of the calorimeter, which was openly placed in a nitrogen atmosphere
and thermostated at a temperature of T, =29 °C. The sample mass relative to the initial mass was recorded as
a function of time (the value of TG in Fig. 3).

Figure 3 shows that the sample temperature sets at a level close to 29 °C in approximately 12 minutes
after the experiment start.

change in the mass
of the solution (%)
o
(%)

0 5 10 15 20 25 30 35

time (min)

& experiment = theory

Figure 3. TG measurements in the isothermal mode of a sucrose solution
with a mass concentration of 65 % at 30 °C

In practice, water evaporation usually occurs from systems containing both bound and free water.
Therefore, we took isotherms of water evaporation from solutions of various sugars with a concentration of
20 % at a raised temperature. Under such conditions, water from the crucible is almost completely evapo-
rated during the experiment, i.e., the solution concentration increases with time due to evaporation.
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— galactose & glucose
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30

20
0 20 40 60 80 100

time (min)

Figure 4. Results of simultaneous thermal analysis (TG + DSC) of measurements of sugar solutions
with a mass concentration of 18 % at a temperature of 60 °C

Figure 4 shows that the curves slope remains constant both over time and for different sugars up to a
sugar concentration of 60-70 %. However, the slope of m versus t graph turns out to be smaller than that one
for distilled water under the same conditions (Fig. 5). The reason for this phenomenon requires further re-
search. However, a monolayer sugar film is possible to be formed on the surface of solutions with a weak
concentration, preventing partially the evaporation of water. The level at which the mass stabilizes at an
evaporation time of more than 50 minutes is different for all solutions. It is the highest for lactose solution.
This means that a certain amount of water still remains in it after the end of active evaporation.

Great differences between sugars appear at 62—67 % solutions concentration. This is especially evident
in the DSC curves. The amount of heat used to evaporate moisture decreases rapidly at a certain concentra-
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tion due to a sharp drop in the evaporation rate. The DSC curve for lactose disaccharide runs more to the left
than for a mixture of lactose and galactose monosaccharides. A similar pattern is observed for sucrose and its
hydrolysis products — glucose and fructose (Fig. 5).
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= == glucose

(Sl e))
o o
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o

Heat Flow (102 W/g )
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o
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Figure 5. DSC curves of 20 % mass concentration of sugar solutions and distilled water at 60 °C

This means that unlike monosaccharides a dense, weakly permeable film begins to form on disaccharide
solutions surface at a lower concentration. In other words, disaccharides films are less permeable to water at
the same concentration.

Let us present some model ideas about the evaporation process from such solutions.

Let there be a solution where all water molecules are bound in sugar molecules first hydrate shells, i.e.,
they are attached to the hydroxyl groups of the sugar molecule by a hydrogen bond. Since water molecules
are much smaller than sugar molecules, let us imagine the sugar molecules as immobile, and the water mole-
cules moving relative to them and then moving into the gas phase in the process of evaporation. Water mole-
cules movement can be as follows in such a system. If a water molecule leaves the solution due to evapora-
tion, a vacancy forms in the hydrate shell of the sugar molecule. It is filled with a water molecule from the
hydrate shell of the same or neighboring sugar molecule, leaving a vacancy filled by the next water mole-
cule, and so on. That is, the sucrose molecules hydroxyl groups, to which water molecules can be attached by
hydrogen bonds, can be represented as a positions grid that can or cannot be filled with water molecules.

Let us consider the solution volume, imagining the evaporation mechanism as shown in Figure 6. There
are fixed positions, marked with light circles, in which molecules can reside (dark circles).

R ® o
©
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00000000000
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Figure 6. Graphical representation of the mechanism of evaporation from sugar solutions
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As an initial approximation, we accept that a molecule transition in some characteristic time is possible
only horizontally and vertically to an unoccupied place. Let Nq be the total number of seats in one layer, N;
be the number of occupied seats in the layer with number i. Let there be three probabilistic parameters:

— probability r of the molecule exit from the first layer into the gas;

— probability p of a molecule transition from one layer to another, and the motion direction along the z
axis does not matter;

— probability s of a molecule transition within one layer.

Let us consider changes kinetics in the population of layer i in one “cycle” of time. We will take the
directions as shown in Figure 7.

Figure 7. Graphical representation of the directions of the layer i population for one time “cycle”

The probabilities that the positions indicated in the figure will be free are, respectively, for positions 1

and 3: 1-% zl—% ; for position 2: 1— ; for position 4: 1——'\,1;*1 .

0 0 0 0
Let us take into account the probabilities of molecular migrating accepted in the model. Then, with a

one-step movement, we get:

N. . N. . . N. . N,
ANi:NOp_[ ._1(1_m} '+1[1—ﬂj—ﬂ[1— ._1J_ﬁ(l_ 1}] M
N, N, ) N, N,) N, N, | N, N,

Let us take into account the probabilities of molecular migrating accepted in the model. Then, with a
one-step movement, we get:

AN, =N,p- N, 1—m N 1—& —Nor-m. (2)
NO NO NO NO NO

After simplification, we obtain the system of equations
AN, =p (N, +N;,; =2N);

Ni -1

' (©)
AN, =p-(N,=N,)-rN,.
After introducing the notation v, = N—' these equations can be written as differential equations
0
dv, dv
{E:_p(zvi ~Vii=Via); d—tlz—p(vl =v,)=rvi; v, (t)=1. (4)

It is easy to write the system of equations for three layers together with the initial and boundary condi-
tions in an explicit form:

{E‘ﬁ (t)==p(vi(t)=v, (t))-rv, (1), %vz (t)==p(v,(t)=v,(t)) = vs (), v, (0) =1, v, (0) =1, v, (0)=1} (5)

dt
The third layer is assumed to be always filled. We can write the solution in the form:
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1
p+r o 2P [2ch(tq) +2 pq_ r sh(tq)]
t)= ; 6
vi(t) p+2r ©)
1
per.e 2 (ch(tq)+ 3pz+ d sh(tQ)]
v, (t)= . , @)
p+2r

where the g parameter is:

q=%,/5p2—2pr+r2 :

Graphs for arbitrarily chosen values of the parameters p = 0.03, r = 0.1 are shown in Figure 8.
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Figure 8. Graphs of the dependence of layers 1, 2 and 3 population on time (s)

Figure 8 shows that the number of molecules in the first layer tends to a certain stationary value in the
interval of 0—20 minutes. That is, in some time after the process start, we can assume that % =0.

At the same time, the number of water molecules in the second layer decreases in this time interval,
while in the third layer it remains at the maximum level. This means that the front of the area depleted of
water molecules penetrates gradually deep into the sample, the number of water molecules in each layer of
this area setting at a certain level.

The probability r included in system (5) can be expressed in terms of the binding power of water with a
sucrose molecule in a layer of sucrose solution adjoining air with the Boltzmann distribution:

r=e K, (8)
In this case, a water molecule bound to a sucrose molecule is represented as a particle in a potential well
with depth U, , where U, is the binding power of a water molecule with a sucrose molecule

The probability p can be expressed in a similar way:

p=e . (9)
Here U, is the binding power of a water molecule with a sucrose molecule in the solution second layer.

Let us introduce the value 6 as the ratio of the number of molecules leaving the layer to the total number of
molecules in the layer:
g=AN (10)
NO
where AN is the number of molecules leaving the layer in some time t,, equal to the particle oscillation
period in the potential well.
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Expressing 6 in terms of water mass Am leaving the layer in time t, and the water molecule mass
m_, we obtain:

me !

Am

0= N, (112)

On the other hand, it is obvious that:
O=v,r. (12)
Taking into account expressions (10)—(12), for the stationary case, the solution of the system of equa-

tions (5) is as follows:
(i —ek;jek; —2. (13)
7,0

If the evaporation process is carried out at temperatures T, and T,, then the following equations will
take place in the first and the second cases, respectively:

1 U —U,

—— " =M : (14)
Tr0;
1 e i
—ez =2e'"
T020,

Here 6, and 6, are the values determined by formula (11) by the mass loss of the sample at tempera-
tures T, and T,, respectively. Having determined their values from the experiment and taking into account
(11), we can find the binding powers u, and u,, and then the values r and p respectively with formulas
(14).

The value Am included in equation (11) can be determined from the slope of the experimental graph
m(t) during 12-15 minutes from the start of the experiment.

Substituting the obtained values Am, for a temperature of 29 °C and Am, for a temperature of 45 °C in-
to formula (11), and solving the system of equations (14), we obtained the following values of the binding
power of water with a sucrose molecule in the layer, adjacent to air U, = 2875 J/g and in the second layer

U, = 3520 J/g.
In this case, the characteristic period of thermal vibrations of a water molecule near a sucrose molecule
was t,=0,32:10°c.

The theoretical graph m(t), built with the found values, is shown in Figure 8.

It is linear, while the slope of the experimental graph decreases with time. This means that the above
considerations can be applied to the initial stages of the evaporation process. Apparently, at a sufficiently
large depletion area width, stationary diffusion of water molecules occurs through the depletion area. How-
ever, it is necessary to choose the vacancy mechanism for the movement of water molecules in solution as a
basis for diffusion describing process. To build a theoretical graph of m versus t, for example, for sucrose
solutions, it is necessary to know the specific values of p and r for solutions of a certain concentration.

The binding powers values obtained here are approximate, since it is not known exactly which part of
the curve Am versus t corresponds to the stationary filling of the upper layer. However, it is obvious that
E __ inthe sample depth is much larger than that one on the surface.

One water molecule falls on one OH- group of the disaccharide molecule at concentrations of 62—67 %.
This means that if at lower concentrations there is free water, which is not bound to hydroxyl groups, in the
surface film, then in this case, on the contrary, vacancies of water molecules appear in hydrate shells of sugar
molecules. At the same time the mechanism of water diffusion through the surface film changes greatly.

The water molecule evaporates, forming a vacancy in the hydrate shell of the sugar molecule.
A molecule of water occupies the vacated seat from the hydrate shell of the neighboring sugar molecule.
Then another water molecule gets there, and thus the diffusion flow of water from the depth to the surface of
the solution goes. Since disaccharide molecules are larger than monosaccharide molecules, in the first case,
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the water molecule moves mainly from one OH-group to another within one molecule. And only after a few
jumps they move on to another. And in the second case, the number of jumps from one molecule to another
is greater. It is possible that the stereometry of the molecules in the film is such that the latter transition is
more probable. Then the diffusion coefficient of water in monosaccharides films will be higher than in the
case of disaccharides, which is observed experimentally.

Conclusions

Thus, the results of the work show that the parameters of bound water transfer can be determined from
dehydration isotherms not only at the boundary with the gas phase, but also in the bulk of the water-binding
material. The vacancy mechanism of moisture movement in high concentration sugar solutions was proposed
and mathematically substantiated in the work. The surface film with an increased concentration of sugar in
the case of disaccharides solutions is less permeable to water than to monosaccharides.
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The Effect of Liquid Active Media on the Character of Equilibrium Swelling
of Copolymers Based on Polypropylene Fumarate Phthalate with Acrylic Acid

The article is devoted to the study of the influence of external factors on copolymers based on poly(propylene
fumarate phthalate) with acrylic acid. In the present work, the effect of low-molecular salts on the swelling
rate of the synthesized copolymers was studied. The surface morphology was examined using SEM. The
swelling rate of the studied polymers depends on many factors, including the nature of the polymer and the
solvent, the presence of electrolytes, changes in pH and ambient temperature, the molecular weight of the
polymer, etc. It is assumed that the polymer network of copolymers mainly consists of links of unsaturated
polyester resin. The results show that the ratio of monomer units in the copolymer significantly affects the
susceptibility of the polymer gel to the presence of low-molecular salts. Changing the properties of the
comonomer has been shown to produce hydrogels that can swell or collapse due to changes in ionic strength
or the thermodynamic quality of the solution. By varying the ratio of the comonomeric units, the intervals of
swelling and contraction of polymer meshes inherent in polyelectrolyte bodies with the same charges were
adjusted. It was also found that the polymers under consideration belong to anionic meshes.

Keywords: polypropylene fumarate phthalate, low-molecular weight salts, discreteness, anionic meshes,
acrylic acid, radical copolymerization, polar organic solvents, swelling, collapse, unsaturated polyester resin.

Introduction

Nowadays significant effort is made to study and synthesize copolymeric materials sensitive to ambient
environment changes. Distinguishable compounds of this kind are “smart” polymers which are negatively
sensitive to environment changes (pH, solution ionic strength, temperature, light, electromagnetic impact
etc.) and are characterized by first stepped phase shift with rapid change of macromolecule volume fraction.
Multiple researches have been dedicated to studying “smart” polymers; however, there is no information on
unsaturated polyester resins-based copolymers study and synthesis prior to our research. That being said,
unsaturated polyester resins-based copolymers study is of theoretical and practical interest because of their
simplicity and efficiency as well as the presence of unsaturated ethylene bonds allows obtaining cross-linked
polymers by reacting with ionogenic monomers. Such materials can keep their properties in high tempera-
tures, aggressive environments, humidity and other destructive factors [1-4]. It is stated in [5] that the pres-
ence of a low-molecular salts component in the solution can cause either swelling or collapsing of the poly-
mer network.

According to data [6-13], adding low-molecular salt has a significant influence on polyelectrolyte gels
which leads to shielding of effects related to the charge state of the network. This suggests that the nature of
the cross-linked polymer interaction with mono- and polyvalent salt ions depends on its chemical composi-
tion. This makes further work in this area promising.

The purpose of the research was to study the swelling process of p-PFPh:AA polymers depending on
various aqueous solutions and properties of technological medium, to study the water-binding properties of
p-PFPh:AA components during swelling at different temperatures.

Experimental

Synthesis of poly(propylene fumarate phtalate) and copolymers based on it was described in authors’
previous works [14-15].
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Agueous solutions of low-molecular weight salts (LMS) were prepared in calculated amounts to deter-

mine the swelling rate of copolymers in solutions.
CuSQ,, FeCls, and Pb(NOs), were used as low-molecular weight salts.

Table 1
Concentration of low-molecular weight salts solutions (per 100 ml)
Concentration, mol/l (100 ml)
CuSO,, g 1.60-107° 1.60-10°° 1.60-10 1.60
FeCls, g 1.62-10° 1.62:10° 1.62-10°" 1.62
Pb(NO3), 3.31-10° 3.31-10° 3.31-10° 3.31

The equilibrium swelling rate of p-PFPh based copolymers with acrylic acid in the low-molecular salts

solution was also determined gravimetrically [16].
The degree of polymer swelling was measured gravimetrically [17]. The dry polymers (mo) were incu-
bated in salt solution, and their swollen masses (m) were recorded after 24 h. All samples were taken in sam-

ples to reduce errors. The swelling ratio («) of polymers was calculated by:

SR(%) =0 = m-my
md
The morphology of the polymers was observed using a scanning electron microscope (SEM, Auriga
Crossbeam 540, Carl Zeiss).

Results and Discussion

The swelling rate of polymers (p-PFPh:AA) is important for studying the swelling processes. Knowing
its value will allow predicting the behavior of polymers in various liquid media.
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Figure 1. Dependence of the degree of swelling on the contact time of p-PFPh:AA copolymers
with tap water (pH 7.1) at reference ratios M;:M,, mol. %

As can be seen from the data presented in Figure 1, the kinetic curves of the degree of swelling depend-
ence on the contact time of p-PFP:AA copolymers with tap water (pH 7.1) corresponded to the process of
limited swelling. The curves showed a linear increase in swelling during the first 5 minutes, which was char-
acteristic of the hydration stage and formation of the bound water layer, further gradual increase in the de-
gree of swelling up to the maximum value corresponded to the osmotic stage, when free water diffused into
the polymer matrix until reaching equilibrium and the swelling limit.
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The kinetic curves (Fig. 1) in the coordinates of the degree of swelling versus contact time of p-PFP:AA
copolymers with tap water (pH 7.1) are described by the equation:
i-T

o=0, . -———, 1
™ 14 (i-1) @

where a,,, is the maximum degree of swelling (%); t is the time (min); i is the empirical constant.
To determine the constants included in the equation data (1), the dependence o = f (1) is approximated
and then plotted in coordinates do/dt from t. The result is a dependence of the swelling rate on the swelling
time (curve a, Fig. 2). Calculation of constants (o, and i) is performed using a graphoanalytical method.

ax

To do this, the experimental data (Fig. 2, a) are reconstructed into coordinates 11 (curve b, Fig. 2) and
a T

described by the equation:

)

1 1 1 1
i - R
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Figure 2. Diagram of constants determination for graphoanalytic approximation
method p-PFPh:AA copolymers at initial ratios of M1:M2, mol.%

When extrapolating (Fig. 2, b) 1=0 the maximum swelling of the p-PFPh:AA copolymer is deter-
T

mined (6.77:93.23 mol.%) amax = 370.34 %, and the tangent of the slope angle is a straight empirical constant
i =0.16. From the data presented in Figure 2, (curve, a) it can be seen that the swelling rate is determined by
the diffusion of solvent molecules in the p-PFPh:AA copolymer, then swelling can be described by first-

order kinetic equations analogous to chemical reactions of type A—B, that is, the rate of swelling d_a will
T

be directly proportional to the degree of swelling i—a =k (ocmaX - a).
T

The average rate of the process was calculated using the formula obtained by differentiating Equation 1:

((jj_a =% (Fig. 2, a). Analysis of the obtained data showed (Fig. 2, a) that with an increase in the con-
T +i-1

tact time of the p-PFPh:AA copolymer (6.77:93.23 mol.%) with tap water (pH 7.1) the swelling rate de-

creased and after 17 minutes decreased significantly to 4.15 %/min. This indicated that during this time of

d T
contact d_a tends to zero and the process reaches equilibrium, and o becomes constant and reaches the
T
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maximum value. Analysis of kinetic calculations showed (Fig. 3) that the swelling process of p-PFPh:AA

copolymers in tap water proceeded at a sufficiently high rate (k = 9.72:10?s™). It should be noted (Fig. 1)
that the contact time of the p-PFPh:AA copolymers with tap water, during which the maximum degree of
swelling is achieved, is fast enough (5-10 minutes), which indicates the hydrophilic nature of the compo-
nents included in the p-PFP: A copolymer in a ratio of 6.77:93.23 mol.%.
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Figure 3. Dependence of swelling rate constant on time
for p-PFPh:AA copolymers at initial ratios of M;:M,, mol.%

In order to verify the correctness of the obtained data, we made an attempt to match experimental kinet-
ic curves with calculated ones using mathematical technique. The possible form of kinetic curves, i.e. the
dependence a = f (1) of the p-PFPh:AA copolymers (6.77:93.23 mol.%) is shown in Figure 4.

350
1 —— experimental curve
3004 —— theoretical curve
250
_ 200 1 o
= /
"8 Model: Poly
150 ~ y=a,+ax+ax>+amx+a, X+

agx>+agxi+a,x +agxt+agx®
100

50

T, min

Figure 4. Experimental and calculated dependence of the degree of swelling on contact time
of p-PFPh:AA copolymer with tap water (pH 7.1) at initial ratios of 6.77:93.23 mol.%

As can be seen from Figure 4, the p-PFPh:AA (6.77:93.23 mol.%) swelling degree values calculated by
model function — Poly(function type: y=a,+a,x+a,x*+a,x’+a,x*+a x’+a,x’+a,x’ +a,x*+a,x’)
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have satisfactory similarity with the experimental data, the same pattern is typical for other p-PFPh:AA co-
polymer with reference ratios of 44.17:55.17 mol.%; 86.67:13.33 mol.%.

As a further investigation of the swelling kinetics of p-PFPh:AA copolymers, we predicted swelling
rates in the temperature range of 291, 295 and 303 K when exposed to salt and fresh water (Fig. 5, Table 1).
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Figure 5. Dependence of swelling rate on inverse temperatures in fresh (1) and salty (2) water

Table 2
Values of physical constants of p-PFPh: AA copolymers

Mlzl\/i?triw?ol. % Liquid medium Type of impact E, kJ mol™ A, min?
05
6.77:93.23 stifthvﬁifr 18063;.0380 ?:Zigi
e i oL e
05
671333 Saltvater s So1 10"

Table 2 shows that the swelling characteristics of the p-PFPh:AA copolymers depend on the polymer
mesh density and water composition. As shown in Table 2, when the p-PFPh:AA copolymer (at a ratio of
6.77:93.23 mol.%) swells in salt water, the invariant kinetic parameters have high values of
E = 103.30 kJ-mol™ and 4 = 8.57-10%, which indicates a greater rate of their swelling. For the p-PFPh:AA
copolymer (at a ratio of 86.67:13.33 mol.%) the swelling activation energy is low.

For comparative analysis, the surface morphologies of the p-PFPh AA copolymers were investigated
before (Fig. 6, (a and b)) and after swelling (Fig. 6, (c and d)) (Fig. 6).

The study of the surface morphology of the copolymer showed that the latter is a rather complex struc-
turally morphological organization. During cryostructuring, copolymers with a characteristic openwork
structure with a large pore content were formed (Fig. 6, a and b), and systems in a different phase of
circulation — after swelling (Fig. 6, ¢ and d), in the structure of which the main field of the pattern was
occupied by a large number of smaller macropores.

Considering that the existing types of superabsorbents cannot be used effectively enough in the climatic
conditions of arid zones, since they do not have sufficient thermal stability required for their use at tempera-
tures above 35 °C, and at the same time, these products are highly sensitive to changes in ionic composition
and soil pH, therefore, there has been a need to study the effect of inorganic salts on the swelling of
p-PFPh:AA polymers.
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Figure 6. Micrographs of p-PFPh: AA copolymer structure at initial ratios
of 6.77:93.23 mol % before (a, b) and after (c, d) swelling

Figure 7 shows the dependence of the external dimensions of the lattice on the concentration of the add-
ed low-molecular weight electrolyte, namely Pb(NOs),, CuSO, and FeCl; for gels based on p-PFPh with AA
of different molar composition. According to the presented experimental data, an increase in the ionic
strength of the solution in the region from 0.001 to 1.0 mol/I has a significant effect on the external dimen-
sions of the samples under consideration.
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Figure 7. Effect of low molecular electrolyte (Pb(NOs),, CuSO4and FeCly)
on p-PFPh:AA copolymer swelling at initial ratios of 6.77:93.23 mol. %

The graphical dependencies (Fig. 7) show that at the lowest concentrations of added salt, the size of the
gels varies slightly, a smooth contraction is observed. Further, at a certain critical concentration of the p-
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PFPh used, a sharp collapse of the meshes is observed. A further increase in salt concentration does not af-
fect the course of the curves. Based on the nature of the curves inherent in polyelectrolyte gels with the same
charges, it can be concluded that the polymers we are considering should be attributed to anionic meshes.
The shrinkage of the samples with increasing p-PFPh content in the mesh can be due to several reasons: first,
the thermodynamic quality of the solvent — water, in which the samples are most swollen, deteriorates with
increasing salt concentration; second, as low-molecular weight substrates are added to the surrounding solu-
tion, the polyelectrolyte effect may be suppressed as a result of shielding of charged ions by low-molecular
weight ions.

As the proportion of p-PFPh units in the polymers increases, the sorption capacity of the gels decreases.
The increase in the number of carboxyl groups in this series increases the sensitivity to additives of the low-
molecular weight salt, while the concentration of the latter increases. The transition of hydrogels from the
swollen state to the most contracted state is characterized by discreteness. It should be noted that for copol-
ymers containing AA units, this phenomenon is observed at lower p-PFPh concentrations.

Conclusions

The results obtained demonstrate the possibilities of controlling the physicochemical properties of co-
polymers based on poly(propylene fumarate phthalate) and acrylic acid induced by the polymer composition,
which allows creating new materials with a predetermined program of behavior. The swelling rate of the
polymers we studied depends on many factors, including the nature of the polymer and solvent, the presence
of electrolytes, ambient temperature, the molecular weight of the polymer, etc. It is assumed that the polymer
network of copolymers mainly consists of links of unsaturated polyester resin.

The results show that the ratio of monomer units in the copolymer significantly affects the susceptibility
of the polymer gel to the presence of low-molecular weight salts. It has been proved that changing the prop-
erties of the comonomer allows obtaining hydrogels capable of swelling or collapsing under the influence of
changes in the ionic strength or thermodynamic quality of the solution. By varying the ratio of the
comonomeric units, the swelling and contraction intervals of the polymer meshes inherent in polyelectrolyte
bodies with the same charges were adjusted. It was also found that the polymers in question belonged to the
anionic meshes.
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Recent Advances in Layered Na,Mn;O,; Cathode Materials
for Sodium-lon Batteries

There has been an increasing amount of attention paid to the different technologies that are used in energy
production and storage in the context of day-to-day operations, which range from small-scale applications to
large-scale applications, which are all equally important. As far as energy storage systems are concerned, Li-
ion batteries are the market leader due to their high energy and power density, making them one of the most
popular choices. Despite this, a significant concern is the scarcity of lithium resources and other metals that
are needed for cathode material, such as cobalt and nickel, in the long run. Recent research has focused on al-
ternative energy storage systems to mitigate these concerns. Due to sodium's widespread availability and sim-
ilar chemistry to lithium-ion batteries (LIBs), sodium-ion batteries (SIBs) are considered the most promising
next-generation alternatives. Being competitive in the market today requires the development of cathode ma-
terials that are of high performance. Among the studied materials, the Na,Mn;0- electrode displayed high ca-
pacity. In addition, the low price of sodium and manganese makes it even more attractive. In this work, we
summarized the recent progress in studying and enhancing the Na,Mn30; cathode material.

Keywords: rechargeable batteries, sodium-ion battery, redox reaction, layered structure, cathode, low voltage,
high voltage, oxygen redox.
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EES: electrical energy storage

HC: hard carbon

CV: cyclic voltammetry

GITT: galvanostatic intermittent titration technique
XANES: X-ray absorption near edge structure

Review Plan

Inclusion and Exclusion Criteria: The present review discussed the current progress in the sodium
cathode materials, specifically the Na,Mnz;O;. The review data are based on very recent scientific publica-
tions from 2017 to 2022. Some older literature sources (2001-2013) provide information about the first at-
tempts to synthesize Na,Mns;O; and other materials with oxygen redox. A large-scale study of diazonium
sulfonate salts began with the work of Barbero (1998) and continues now. We searched and analyzed articles
from Scopus, and Web of Science. The keywords used for the search were “sodium cathodes”, “Na,Mn;0;”,
“layered structure”, “oxygen redox”, “Manganese based”, etc. The resultant data were discussed in this work.
No statistical methods were used in this review.

Introduction

Modern generations use rechargeable batteries to supply power and power any modern electronics (such
as mobile phones, laptops, etc.) that require electricity to function without the need for an external source of
electricity [1-6]. When compared to other rechargeable battery technologies, LIBs combine the advantages
of high energy density, a compact, and lightweight design, and excellent cycle life compared to other re-
chargeable battery technologies. However, due to the increasing number of applications, from small to a
larger scale, the pressure for the production of LIBs is getting tougher every year since the resources of lithi-
um and other transition metals such as cobalt and nickel are limited, which negatively affects the price [7—
11]. This has led to an extensive study of a variety of different types of rechargeable batteries, such as the
Na-, K-, Zn-, Ca-, and Mg-ion batteries, to take advantage of their availability of resources over LIBs so that
they may serve as alternatives to LIBs.

In this regard, sodium-ion batteries (SIBs) possess distinct advantages over LIBs, namely relative abun-
dance and low electrochemical potential standing at —2.71 V compared to a standard hydrogen electrode
(SHE) negligibly above that of LIBs (330 mV); thus, enabling SIBs to fulfill demands for large-scale electri-
cal energy storage (EES) [12]. The SIBs commercialized by the Faradion company can be an example of a
successful trial that could surpass the energy densities of Li-ion batteries (LiFePO,/graphite) with a quickly
convergent cycle lifetime, comparable rate performance and charge acceptance [13]. Additionally, laminated
batteries and coin cells were exemplified by Sumitomo Chemical Co. Ltd. employing O3-type
NaFey4Mng sNij 30, cathode and hard carbon (HC) anode. When the laminated battery was charged beyond
200 percent of its functional capacity and reached 12 V, neither explosion nor ignition occurred. Even
though these SIBs demonstrate high-rate capabilities and cycle life, they perform worse than their LIBs
counterparts. Then, Faradion produced storage with an aimed capacity of 418 Wh utilizing 48 cells and a
3 Ah pouch prototype SIB to charge an electric bicycle [14]. Despite the weaknesses of SIBs lacking in
LIBs, such as insufficient energy density due to low operation voltage, SIBs are still considered a prospec-
tive alternative to surpass high-cost LIBs in a large-scale application. The energy density of the battery can
be enhanced by utilizing cathode materials with high redox potentials using electrode materials that possess a
high specific capacity. Since most cathode materials store sodium ions through intercalation, the number of
sites for storage is limited, leading to the challenge of increasing the specific capacity of cathode materials.
In addition, the utilization of cathode materials with high redox potentials is restricted due to the decomposi-
tion of electrolytes at high potentials.

In this review, we have focused on Na,Mn;O--based cathode materials since they displayed high capac-
ity (>200 mAh g*). Moreover, sodium and manganese are cheap elements. However, the material suffered
from rapid capacity fading, which hindered its commercialization. Many approaches have been addressed,
such as doping to stabilize the structure. A detailed look into these approaches will be discussed in this work.

1. A low voltage cathode: based only on Mn**/Mn*" redox

The electrochemical activity of Na-Mn-O ternary layered metal oxide (Na,Mnz05) is an important phe-
nomenon in the research of Mn-based cathode materials for SIBs as manganese-based cathodes have gained
some attention because of its effective environmental-friendly aspect and low price. As a cathode material,
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Na,Mn;0; possesses a layered structure where layers build by Mn-O bonds in each corner of the octahedra.
As redox reaction is central chemistry, it is critical to investigate whether the intercalation and
deintercalation process only with Mn** oxidation surrounded by octahedral oxygen or whether SIBs are ac-
companied by the release of oxygen.

As Adamczyk et al. [15] the first well-studied counterpart of sodium cathode was Li,Mn;O; prepared
by the ionic exchange method by Raekelboom et al. [16] from Na,Mnz;O-. As synthesized material was crys-
tallized in the layered structure with the space group of R3m. The assembled half-cell with Li,Mn3;O- cathode
material delivered an initial capacity of 160 mAh g™, where a plateau appears at 3.0 V. However, due to the
unstable crystal structure where layered structure transferred to the spinal structure, the long-term cycling
displayed poor performance. On the other hand, this phase transition is not noticed in the SIBs systems, and
because of this given novelty, researchers synthesized Na,Mn;O; by the conventional solid-state method
[15]. By sintering at 600 °C for 4 hours, they obtain the material with triclinic space group P1. Figure 1 illus-
trates the galvanostatic charge and discharge curves of the given material for the initial five cycles, where
detected the main plateau at 2.1 V, which provides the 160 mAh g capacity. The cyclic voltammetry peaks
prove the above-detected plateau region which is consistent with the Mn**/Mn** couple. The polarization
degree of described peaks was around 20 mV which was 2.1 V for the reduction peak and 2.2 V for the oxi-
dation peak. As well known, the layers of the cathode material consist of transition metals with d orbitals.
During the redox reactions, the d-orbitals mentioned above start to convert to degenerate states and, at the
low voltage, lead to the asymmetrical location of transition metal layers. In the degenerate states, electrons of
the d-orbital may occupy XY, XZ, or YZ orbitals. In simple words, the geometry of equatorial and axial
bonds alters and leads to the shortening or elongation of axial bonds compared with equatorial bonds. Due to
these changes during the cycling, the performance was not satisfying.

Recent studies by Sada et al. [17] used Na,Mn3O; as an appropriate positive carrier for reversible redox
reactions of Li, K, and Na batteries. They cut the voltage window to 3.0 V and excluded the oxygen release.
As illustrated in Figure 2, the galvanostatic experiments in the shortened voltage window started with the
discharge cycle of the coin cell batteries as the oxidation state of the Mn in the cathode obtained the highest
(4+) state. Figure 2 demonstrates the specific capacities where specific discharge capacities reached
160 mAh g™ for Li and 140 mAh g™ for Na and K batteries. Interestingly, compared to Na, and K, Li-ion
exhibited a jumping of the working voltage almost to 1 V, which boosts the energy density of the lithium-
based half-cell battery. However, LIBs systems exhibit irreversible phase transitions, which lead to a fast
decline of the irreversible capacity in the following cycles [18].
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Figure 1. Galvanostatic charge and discharge profile Figure 2. Comparison of the first discharge curves of
of SIBs. Reprinted with permission from [15]. Na,Mn;O; with Li*, Na", and K" half-cells.
Copyright {2017} American Chemical Society Reprinted with permission from [19].

Copyright {2018} American Chemical Society

The studies mentioned above concerned the possibility of using Mn-based material for non-aqueous
electrolyte systems where electrolytes are toxic and have safety problems because of exothermic reactions.
By considering aqueous Zn-ion batteries, researchers proposed an alternative way to exclude such issues in
developing Na,Mn3;O; materials as a cathode for aqueous Zn-ion batteries [19]. In their preparation, they use
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600 °C for the tablets prepared by the solid-state method. Figure 3 demonstrates the interesting phenomenon
with initial discharge capacity and following increase upon cycling. This phenomenon can be explained by
the low wettability degree of active material and activation of Na,Mn;O-, followed by phase transformations
illustrated in Figure 4. The characteristic peaks appeared at 1.3 and 1.44 V in the reduction reaction and
symmetric peaks at 1.5 and 1.5 V in the oxidation reaction. These peaks match with the Mn**/Mn** redox
reaction and provide overlapped symmetric peaks. Further cycling until 400 cycles provide a retention rate of
around 65 % of the initial capacity. If we compare the energy density of non-aqueous and aqueous electro-
lytes for SIBs and Zn-ion batteries, we detect comparable 300-350 Wh kg™ results.
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Figure 3. Galvanostatic charge and discharge curves Figure 4. Cyclic voltammograms with six different scan
at C/20 rate. Reprinted with permission from [19]. rates from 0.1 to 0.6 mV s*. Reprinted with permission
Copyright {2018} American Chemical Society from [19]. Copyright {2018} American Chemical Society

To sum up, research on cathode for SIBs field proves the capabilities of the Na,Mn;O- to use as a prom-
ising candidate. The capacity of redox reaction at shortened cut-off voltage window came from reversible
intercalation and deintercalation of two sodium ions through a so-called biphasic process where material
structure can be explained by the formula Na,,Mn;O; with Na" state. As described above, a long plateau at
2.1V for the galvanostatic test and a peak with a low polarization in the cyclic voltammetry test provide the
160 mAh g™. With an average working voltage of 2.1 V and energy density of 330 Wh kg™, other properties
such as non-toxicity, low price, and simple preparation ways increase the interest in a given material.

2. A high voltage cathode: based on the combination of Mn**/Mn** and Oxygen redox

Another interesting study indicates that when the theoretical limit of the M-redox reaction is exceeded
in alkali metal excess transition metal oxides (A1.xM O,), additional capacity can be obtained as a result of
additional oxygen redox reactions. [20]. A good example of this is the material Li;»Nig13C0013Mngs40,,
where 0.2Li" are located in the transition metal layer. This material delivered a specific capacity of
270 mAh-g™, of which 150 mAh-g™ of capacity was derived via oxygen redox. [21]. Ceder's research group
provided a theoretical explanation for reversible oxygen-redox reactions. The redox activity of oxygen in
layered materials with an excess of lithium arises from Li-O-Li bonding, which creates orphan states of oxy-
gen that rise from the oxygen-binding manifold [22]. There is still some uncertainty regarding oxygen-redox
reactions, but it is generally accepted that in AMO,, oxygen is coordinated by three transition metals, and its
2p orbitals are primarily involved in bonding states located below Fermi's level. Consequently, oxygen oxi-
dation removes a bonding electron from an M-O bond. On the other hand, it is important to note that two
transition metal atoms are coordinated by two oxygen atoms in A;.xM;O, unlike in the case of AMO,. By
having a nonbonding 2p orbital along the A-O-A axis and a position below the Fermi level, this oxygen con-
tributes to the oxygen-redox reaction without causing M-O bonds to become easily broken [23, 24].

In 2018 Prof. Yamada’s research group studied the reversible oxygen redox capacity of Na,Mn3;O; at
~4.1 V versus Na/Na*, and DFT calculations were used to confirm nonbonding oxygen 2p orbitals [25, 26].
The authors predicted that oxygen has so-called nonbonding 2p orbitals in manganese vacancy, which deliv-
ers this extra capacity. As shown in Figure 5a, during the initial cycle, there were no changes in Mn L-edge,
which indicates that the Mn does not contribute to the capacity. On the other hand, the O K-edge (Fig. 5b and
5c) displays that during charge, the intensity of the shoulder peak increased, and during discharge, it returned
back to the initial state. These changes are associated with reversible oxygen redox. In addition to the exper-
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imental data, it was confirmed by the theoretical calculations, which are shown in Figures 5d and 5e [25].
The charge-discharge curve between 1.5-3.0 V verified that reaction occurred due to Mn*”** redox, which
corresponds to previous French scientist's investigations [15]. However, in this paper, they observed another
part of the cut-off voltage (3.0-4.7 V) where an extra 75 mAh g™ capacity (at ~4.1 V versus Na/Na") is ob-
tained (Fig. 6). Considering that Mn can not be oxidized upper 4+, considered that it happened due to re-
versible oxygen redox. Combining Mn and O redox Na,MnzO; can deliver a high reversible capacity
(>200 mAh-g™) [27].
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for O K-edge. Schematic illustration of the electronic structures of d) Na,Mn;0; and ) NaMn3O;. Densities of states
are labelled based on the molecular orbitals of OMn, in a C,, symmetry. Reprinted with permission from [25].
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Even so, the chemical state of oxidized oxygen in this material is still debatable. Because of the high
voltage hysteresis (JrGox | [rGred |), oxidized oxide ions (Oe) form stable peroxide-like O,* dimers when
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charged. Following discharge, the O,> dimer may be reduced to O,* and then decomposed to O,. In addition,
this hysteresis, when transition-metal migration and/or surface cation densification happen simultaneously,
the overlapping kinetic hysteresis caused by concentration overpotential, makes overall mechanisms chal-
lenging [28].

The Na,_,Mn3;0; was recently investigated to exhibit a high reversible oxygen-redox capacity with little
voltage hysteresis (0.04 V) and thus a good counterpart (Fig.7), [rGox | [rGred |) for gaining an understanding
of the cause of the normally high voltage hysteresis observed following oxygen redox. Why Na,.xMn3;O- ex-
hibits the reversible oxygen-redox reaction in this mechanism O*”O*? To answer this question, Prof. Yama-
da’s group again investigated this material and aimed to confirm the existence of O in Na,.xMn30; as the
dominant state in the reversible oxygen redox in the thermodynamical view of analysis. By the DFT calcula-
tion, it was confirmed that the calculated magnetic moments of Mn and O gradually appear on O atoms dur-
ing dissociation, which indicates the formation of O". In comparison, the multiorbital Mn-O bond ((c + 7)
helps to stabilize the formed O " in the structure Na,,Mn3;O; [26].

Partially substituting the Mn** with other elements with different oxidation states, such as Mg**, AI*,
Ti*, etc., is one efficient method for further deeply studying the redox-active oxygen atoms. For efficient
substitution, Mn and element should have similar ionic radii [24].

P. Siriwardena et al. studied a series of Mg** doped Na,Mn;0-. The results imply that Mg** doping can
positively affect capacity enhancement and rate capability. 2 mol. % Mg?** doped material exhibited the best
specific capacity of 143 mAh g™ after 30 cycles. However, with long-term electrochemical cycling, a some-
what negative effect on capacity retention was observed, which was associated with increasing Mn** in the
system. As we know that Mn** can form Mn®* in an acidic solution, which can easily dissolve in the electro-
Iyte, which causes structural instability. In addition, GITT and CV studies for NaMnO, NaMnMg, 0, and
NaMnMg,O materials have shown that Mg** doping can reduce the Na* vacancy ordering, resulting in im-
proved diffusion. Also, a NaMnMg,s0/ HC anode full cell was investigated that exhibited 80 mAh g™ [29].
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Figure 8. CV curves of Na, 4Mn, ¢Aly 40 at a scan Figure 9. Cycle performance of Al-doped NaMnO
rate of 0.1 mV s™ in the voltage range 1.5-4.7 \V vs. in the voltage range 1.5-4.7 V. Reprinted with
Na+/Na. Reprinted with permission from [30]. permission from [30]. Copyright {2021} Royal
Copyright {2021} Royal Society of Chemistry Society of Chemistry

Soares et al. have studied the effects of partial substitution of AI* ions in the Na,Mn;O; cathode mate-
rial. During experiments (Fig. 8), two redox couple of Mn*/Mn** and O%QO™ was confirmed on CV,
XANES, and computational studies. The electrochemical characteristics showed the 215 mAh g™ initial ca-
pacity between the voltage range 1.5-4.7 at C/20 and 90 % capacity retention after 40 cycles, as shown in
Figure 9. Modeled structure gave observation that AI** is more electronegative than Mn** which can let dif-
fusion of Na* in various directions. And diffusion kinetics can be improved through the shorter length Al-O
bond that helps widener the Na* pathway [30].

Redox-inactive Ti*" chemistry was investigated by Liu et al. and used to partially substitute Mn** to
form Na,TipsMn, sO-. The results indicate that Ti** can reduce objectionable interlayer gliding at a high volt-
age, and this material showed ultra-slow volume change (0.11 %), revealing structure stability.
Na,TigsMn,s0; delivered good cycling performance with 79.1 % capacity retention after 60 cycles at
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50 mA-g’l. Moreover, after storing in the air for 60 days, the cyclic stability of Na,TiysMn,s0; showed
77.0 % capacity retention after 60 cycles which indicates the air stability of doped material [31].

Conclusions

In summary, Na,Mn;O; material is very attractive as a cathode material not only for SIBs due to the
low price and high capacity. The manganese redox can be used if the cutoff voltage is limited up to 3V and
the capacity of about 160 mAh g™ is delivered. However, due to the Jahn-Telle distortion associated with
Mn*, the cycling performance still needs to be improved. When the cut-off voltage increased over 3 V (up to
4.7 V), the participation of the oxygen redox increased the capacity to over 200 mAh g™. The enhancement
of the cycling performance was done by partial substitution of the manganese with other metals such as Mg,
Al, and Ti. Furthermore, coating the material with carbon or other materials is one of the ways to improve
cycling performance.
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Development of Energy-Efficient “Cold” Curing Method
for Polypropylene Glycol Fumarate Using an Optimized Initiating System

The possibility of using the polymeric matrix obtained as a result of “cold” polymerization of polypropylene
glycol fumarate (p-PGF) with methacrylic acid (MAA) as a polymeric base for obtaining new adhesives of
domestic production was demonstrated. The starting reagent (p-PGF) was synthesized by condensation
polymerization of fumaric acid with propylene glycol in the presence of a catalyst, which reduced the temper-
ature and shortened the process time. A number of solutions of p-PGF in MAA of different mass composi-
tions were obtained and their rheological properties were determined. Curing of the studied solutions was car-
ried out by radical polymerization at room temperature in the presence of the “cold curing” initiating system.
The optimum composition and amount of components of the “cold” curing initiating system consisting of an
initiator (benzoyl peroxide) and a promoter (dimethylaniline) were established. Technological parameters of
curing (temperature, lifetime and curing time, the value of volume shrinkage) were determined. The obtained
compounds were identified by infrared spectroscopy. The surface morphology of the cured samples was stud-
ied by scanning electron microscopy. It was found that varying the composition of the initial polymer-
monomer mixture allows controlling the physicochemical properties.

Keywords: sealant, unsaturated polyester, polypropylene glycol fumarate, unsaturated carboxylic acid,
methacrylic acid, radical copolymerization, “cold” curing, initiating system.

Introduction

With the widespread increase in the rate of construction, sealants and adhesives derived from polymer
matrices by incorporating various fillers, plasticizers and others have gained great importance [1, 2]. At the
same time, the polymer matrix-base has meet a number of requirements, namely optimal size of polymer
network cells, structure stability under the influence of negative external factors, including the effect of UV
radiation, resistance to organic solvents and alkalis, heat and cold resistance, resistance to mechanical load-
ing and other deformation changes, low shrinkage and a sufficiently long lifetime and curing time [3, 4]. It is
more preferable that the system is capable of curing with air oxygen [5] at room temperature or under low-
temperature conditions without using additional curing conditions (increased pressure, photo or UV initia-
tion, etc.).

Thus, promising co-reagents for obtaining a polymeric matrix are unsaturated polyesters of various
compositions, which cure with vinyl monomers to form a polymer network with good elastic properties [6].
The undoubted advantages of the solutions of unsaturated polyesters in vinyl monomers before curing in-
clude the ability to control the consistency of solutions in a wide concentration range by varying the compo-
sition of the initial polymer-monomer mixture [7]. With their sufficiently low viscosity and ability to enter
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into reaction of radical copolymerization with reactive vinyl monomers of hydrophilic and hydrophobic na-
ture both when heated and at room temperature, the unsaturated polyesters become suitable co-reagents for
obtaining polymer bases for sealants and adhesives. Thus, the resulting cured products have abrasion re-
sistance and high resistance to mechanical stress, high resistance to aggressive environments, UV- and frost-
resistance and heat resistance, and as a result of the absence of by-products in the curing process their opera-
tion is environmentally friendly and safe. Given the wide range of co-reagents used for the synthesis of ini-
tial unsaturated polyesters and their good compatibility with vinyl monomers due to the presence of a highly
reactive double bond, it is possible to obtain final products with the required physicochemical and mechani-
cal properties and performance characteristics [6].

Previously, the physicochemical characteristics of polymer bases obtained from polyethylene glycol
maleate and acrylic acid solutions were studied, and the parameters of “cold” curing kinetics depending on
the initial composition of co-reagent solutions were established [7].

The aim of this work is to study a number of rheological properties of the solutions of polypropylene
glycol fumarate with methacrylic acid, to select the optimal composition of the initiating system and to estab-
lish technological parameters (temperature, lifetime and curing time, volume shrinkage) of the “cold” curing
of the solutions of above said co-reagents.

Experimental

The reagents used in the study were propylene glycol, methacrylic acid, benzoyl peroxide, dimethyl-
aniline (“Sigma-Aldrich”), fumaric acid (“Vekon”), aluminium chloride (“Reachem”). All reagents were
used without additional purification.

Synthesis of the initial unsaturated polyester, namely polypropylene glycol fumarate (p-PGF) was car-
ried out by polycondensation reaction of propylene glycol with fumaric acid at 423-433 K in a four-neck
flask equipped with a stirring shaft, two reflux condensers, thermometer to control reaction temperature,
Dean-Stark trap to collect water removed during the process and a tube to supply nitrogen. Polycondensation
was carried out according to the procedure given in [8] under constant stirring in the presence of aluminum
chloride catalyst in an inert nitrogen environment, which was fed into the system to avoid undesirable gelati-
nization processes.

Determination of the molecular weight of the obtained p-PGF in dioxane solution was performed by gel
permeation chromatography on a VISCOTEK 270 DUAL DETECTOR MALVERN chromatograph, where
polystyrene was used as a standard. Molecular mass was M,, ~1488 Da.

Radical copolymerization of p-PGF with methacrylic acid (MAA) was carried out in bulk at various ini-
tial mass ratio of co-monomers at 293 K in the presence of “cold” curing initiation System consisting of ben-
zoyl peroxide (BPO) initiator and dimethylaniline (DMA) promoter.

The dynamic viscosity of the initial p-PGF-MAA solutions was determined at 293K using a vibrating
viscometer SV-10 equipped with a liquid thermostat VT3, which allows to maintain the set temperature dur-
ing the entire process [9].

Density values of the initial solutions and p-PGF-MAA copolymers were studied by pycnometric and
hydrostatic methods according to all-Union State Standard 18329-2014 [10].

The total volumetric shrinkage was determined by calculation, according to State Standard 18616-80
[11] based on the difference in density of the initial solution and the mixture in the cured state:

X :[1—&]-100% Q)
p
where py is the density of initial solution; p is the density of cured solution.

The gelatinization time (lifetime) of p-PGF-MAA solutions was recorded automatically on a GelTimer
Gelnorm GT-S instrument according to 1ISO 57884-2017 [12]. Curing time was measured according to ISO
2535-2017 [13].

The presence of functional groups in the cured p-PGF-MAA samples was determined by analyzing in-
frared spectra performed in KBr tablets on a FSM 1201 spectrometer [14].

The surface morphology of p-PGF-MAA samples was studied using a MIRA 3 TESCAN scanning
electron microscope at an accelerating voltage of 20 kV [15].
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Results and Discussion

The field of application of sealants is determined by their physicochemical and mechanical properties
and is not limited to the construction industry only. Thus, sealing materials are also used for sealing aquari-
ums, in engines and gearboxes. However, the main consumers are organizations engaged in repair and finish-
ing and repair-decorative works.

Not depending on the composition of sealing materials and direct field of application there are general
operational requirements, among which are good adhesion to different surfaces and other physico-
mechanical properties (according to regulatory standards): gas and vapor permeability [16], water resistance,
the ability to retain sealing properties under the influence of negative external factors for a long period of
time [17]. From an economic point of view, important indicators are also quite low price and availability of
initial reagents for their production [18].

Given the ability of unsaturated polyesters to interact with vinyl monomers to form a three-dimensional
polymer network, the resulting products are called thermosetting composites [19]. This implies the need for a
number of conditions for their curing. Thus, the curing process of thermosetting plastics to form a three-
dimensional network of copolymer occurs as a result of exposure to elevated temperature, radioactive or UV
radiation, or in the presence of curing agents and catalysts — when the curing occurs in air [20].

Therefore, the development of techniques and research of new polymer sealants curing at room temper-
ature (so-called “cold” curing) should take place in stages, including the following tasks:

1. Synthesis of one of the reagents used as a p-PGF filler;

2. Preparation of the solutions of p-PGF in vinyl monomer of different composition and study of their
rheological properties;

3. Optimization of technological parameters (temperature, solution lifetime, and curing time) of curing
process for the unsaturated polyester-vinyl monomer (p-PGF-MAA) binary system by selecting the composi-
tion and concentration of the “cold” curing initiating system;

4. Curing of the studied solutions at room temperature by radical copolymerization in the presence of an
optimized “cold” curing initiating system;

5. Identification of reaction products and study of a number of their physicochemical properties.

According to earlier studies [7], it was found that the most optimal compositions for obtaining adhesion
materials were solutions of unsaturated polyesters in vinyl monomer with the amount of the first co-reagent
30-45 mass. %. In this study, p-PGF-MAA ratios where the unsaturated polyester content was in the above
range were chosen as test samples.

Rheological properties are the main physicochemical characteristics of polymer compounds the
knowledge of which is of great importance for improving the technologies of preparation and operation pro-
cesses of the final polymer product. Knowledge of rheological characteristics is necessary in the chemical
engineering industry to control the kinetics of chemical reactions, phase transitions, etc. [21]. In this regard,
the dynamic viscosity and density of initial solutions of unsaturated polyester (p-PGF) in MAA of different
compositions were studied. The results obtained are presented in Table 1.

Table 1
Rheological properties of initial solutions of p-PGF-MAA, T = 293 K

Cg[gpgéltlon of initial SO|UIIOI\T;I,AI'\H:SS.% Dynamic viscosity (1), mPa-s|  Density of solution (p), g/em®
30.32 69.68 48.2+0.2 1.3019+0.075
34.96 65.04 59.3+0.2 1.3193+0.066
41.27 58.73 107.9+0.2 1.3301+0.073
45.14 54.86 213.7£0.3 1.3405+0.077

Analyzing the data presented in Table 1, it should be noted that the obtained values of dynamic viscosi-
ty and density correlate well with each other, as well as with what p-PGF contains in the solution. Thus, the
results obtained indicate rather low values of dynamic viscosity and density, which are 48.2 mPa-s and
1.3019 g/em?®, respectively for the ratio with the minimum amount of p-PGF (~30:70 mass. %), whereas in-
creasing its content in the initial polymer-monomer mixture to ~45 mass.% leads to increasing the values of
the studied parameters to 213.7 mPa-s and 1.3405 g/cm®, respectively. This can be explained by the high vis-
cosity values of p-PGF, the increase in the content of which in the studied solutions provokes a jump in their

70 EURASIAN JOURNAL OF CHEMISTRY. 2023. No. 1(109)



Development of Energy-Efficient “Cold” Curing Method ...

viscosity and density values. Dependence of the dynamic viscosity and density of the studied solutions on the
p-PGF content is shown in Fig. 1.

Currently, in automobile and construction structures, as well as in technological processes for repairing
equipment in oil-gas-, mining and mountain fields there are used synthetic sealants based on phenol formal-
dehyde, epoxy and polyester resins, which can be divided into two classes, namely containing solvent and
solvent-free. Despite the good adhesion properties to metals and other surfaces, sealants containing solvent
(phenol formaldehyde), have a number of drawbacks, the most important of which is the presence of traces
of solvents (water or organic solvents) in the adhesive composition. In this regard in many cases there are
empty spaces, micro pores and micro cracks in the sealing seam. They are formed during evaporation of sol-
vent and water eliminated as a result of polycondensation of phenol formaldehyde resin. Therefore, this type
of packing seams cannot always provide a high degree of sealing the compounds. Another disadvantage of
similar sealants containing a solvent is often the high curing temperature and the high degree of shrinkage of
a polymer layer, which is also due to the evaporation process.
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1 — dependence of the dynamic viscosity of the solution on the content of p-PGF in it;
2 — dependence of solution density on the content of p-PGF in it

Figure 1. Dependence of rheological properties of initial solutions
of p-PGF-MAA on the content of p-PGF in them

The above disadvantages are absent in sealants that do not contain solvent, have high adhesive proper-
ties and can cure without heating or at rather low temperatures. Sealants based on epoxy oligomers, polyure-
thanes and unsaturated polyesters are widely used.

The curing of sealants of this group (without solvents) occurs during the polymerization reaction of the
oligomers or monomers contained in its composition. It is not accompanied by elimination of by-products
such as low molecular compounds unlike in polycondensation.

At the end of the curing process, the reaction product is a monolithic polymer with high cohesive hard-
ness. The curing process of a solvent-free sealant is accompanied by negligible shrinkage. Sealants of this
type by their characteristics meet the operating conditions in the construction industry, as well as in the car
and tool building, so their use for the repair of technological devices is more promising [5]. Another charac-
teristic indicator of sealant quality is its lifetime (the gelation time and gelatinization time), i.e. the time in-
terval during which the thermosetting polymer retains the ability to be applied and processed in viscous-flow
state after the introduction of compounds that facilitate its transition to a cured state.

In this regard, the main technological parameters for obtaining high-quality adhesive polymer bases are
temperature, gelation time and curing time, the control of which is possible by using an optimally selected
initiator system. Considering the possibility of interaction of unsaturated polyesters with vinyl monomers at
low temperatures in the presence of an initiator and a promoter, a number of studies were carried out to se-
lect the optimal ratio of the components of the initiating system consisting of benzoyl peroxide (BPO) and
dimethylaniline (DMA).

The results are presented in Table 2.
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Table 2

Dependence of the influence of a promoter on gelatinization time and curing time of the solution of p-PGF-MAA

(30.32:69.68 mass. %) (BP + DMA, T = 293 K)

Content, % Gelatinization time Curing time

BPO DMA (Tgelat.), Min. (Teuring.), MinN.
1 0.05 141.24+5.37 207.18+£8.70
1 0.1 98.31+3.74 169.06+7.10
1 0.15 82.36+3.13 145.13+6.09
1 0.2 49.15+1.87 78.17£3.28
1 0.25 14.25+0.54 26.03+1.09

Thus, the activity of the “cold” curing initiating system consisting of BPO as an initiator and DMA as a
promoter is preserved over a wide temperature range, which allows varying the gelatinization and curing
times of the binary p-PGF-MAA system in order to identify the most optimal values. It should be noted that
when choosing the quantitative content of the components of the initiating system, only the amount of the
DMA promoter was varied (from 0.05 to 0.2 % by mass of the initial solution of the p-PGF-MAA mixture),
while the amount of the initiator was constant and equal to 1 %.

The choice of this amount of BPO was based on the analysis of a number of works [6, 22] and literature
sources [23-25]. At the same time, as noted above [7], the BPO concentration affects a number of mechani-
cal properties of the final product, in particular, at its high content the cured polymer is capable of a partial or
a complete loss of elasticity and reduction of the numerical values of stress-strain indicators.

Analyzing the data in Table 2, we can say that with the minimum amount of DMA in the initiating sys-
tem, which is 0.05 %, the gelatinization time (tge.e) and curing time (teuring) Of the initial solution of p-PGF-
MAA of 30.32:69.68 mass.% are 141 min and 207 min, respectively, whereas increasing the amount of the
promoter to 0.25 % reduces the parameters under study to 14 min (Tgea) @nd 26 Min (Teuring): in the first case
the curing time is rather long, while in the second case it is very short, which may cause significant difficul-
ties during operation.

According to the data given in Table 2, the most suitable values of gelatinization and curing times of the
p-PGF-MAA binary systems under consideration are 49 min and 78 min, respectively, which determines an
optimal composition of initiating system in the amount of 1 % of initiator and 0.2 % of promoter (out of
mass of initial solution of p-PGF in MAA).

The dependence of the effect of the amount of the DMA promoter on gelatinization time and curing
time for the p-PGF-MAA binary system of the composition of 30.32:69.68 mass.% in the presence of the
BPO initiator at 293 K is clearly presented in Fig. 2.
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1 — the effect of the amount of the DMA promoter on gelatinization time of the solution of p-PGF in MAA,;
2 — the effect of the amount of the DMA promoter on curing time of the solution of p-PGF in MAA

Figure 2. The effect of the amount of the DMA promoter on curing time
of p-PGF-MAA in the presence of BPO at 293 K
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To continue the research, a radical copolymerization reaction of initial solutions of p-PGF in MAA was
performed at 293 K in the presence of a “cold” curing initiating system with a BPO content of 1 % and DMA
of 0.2 % (of the mass of the initial curing solutions). Thus, a promoter DMA (0.2 %) was added to the stud-
ied p-PGF-MAA solutions of various mass ratios (Table 1) and the mixture was stirred until homogeneous
mass was obtained. After that, the initiator was added with constant vigorous stirring for 1 min and then the
gelatinization and curing times were determined according to 1SO 57884-2017 [11] and ISO 2535-2017 [12].

Schematically the copolymerization process of p-PGF in MAA with the formation of three-dimensional
cross-linked products is shown in Fig. 3.

o T T /
]
0—C—C=C—C—0—C—C—0+ * H:C=C—C—OH ——>

H H H
v
P N S N S
| T
WwWAr0—C—C—C—C—0—C—C—0—C—C—C—C—0—C—C—0vv\©\
| I | | ||
H O H H H
—_—
CH, ﬁ CH, O
H;C—C——C—OH HsC—C—C—-OH
m n
' R LY
I Il
R A O A R A A B A A
H R O H H H R O H H

Figure 3. Scheme of p-PGF-MAA synthesis

Identification of the cured p-PGF-MAA binary systems with different mass ratios was carried out by
analyzing the corresponding IR spectra. Figure 4 shows the IR spectrum of the solidified reaction product of
p-PGF with MAA at the initial ratio of the co-reagents in the solution of 45.14:54.86 mass.%, respectively.
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Figure 4. IR-spectra of the cured p-PGF-MAA system with an initial ratio
of co-reagents in solution 45.14:54.86 mass. %
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Hence, there are absorption bands in the 1720-1740 cm™ (1724 cm™) and 3300-3600 cm™ (3308 cm ™)
ranges in the IR spectra, which is a confirmation of the presence of —-COOH groups. The presence of absorp-
tion bands at 2935 cm ™ is characteristic of MAA methylene groups. Also in the IR spectra there are charac-
teristic stretching vibrations of ether groups C—-O-C and —C=C- characteristic of fumarate (1268 and
1468 cm™) as well as C-H groups at 2824 cm™.

Further, Table 3 shows the data for determining the gelatinization time (tgei) and curing time (Teuring),
as well as the densities of the obtained cured p-PGF-MAA products of different mass composition in the
presence of the initial “cold” curing system (BPO 1 % and DMA 0.2 %).

Table 3
Dependence of kinetic curing parameters and properties of cured reaction products
on the mass composition of p-PGF-MAA, BPO+DMA (1 % +0.2 %), T = 293 K

Composition of initial . 3 Gelatinization time P _ . Volume

solutions, mass. % Density (p). g/em (Tgelar), MIN. Curing time (Teuring), MIN. shrinkage, %
30.32 69.68 1.4485+0.074 49.15+1.87 78.17+£3.28 10.1
34.96 65.04 1.4594+0.074 58.36+2.22 90.43+3.71 9.6
41.27 58.73 1.4802+0.075 68.04+2.59 102.08+4.19 10.1
45.14 54.86 1.4889+0.076 77.13£2.93 118.14+4.84 10.0

Therefore, analyzing the data obtained, it can be noted that with the increase of p-PGF content in the in-
itial mixture the density value of the cured reaction product increases, hence, the gelatinization time (work-
ing life) and curing time increase. This dependence can be explained by comparing the activities of the initial
co-reagents p-PGF and MAA. Thus, according to earlier studies [20], the copolymerization constant r;
(p-PGF) in the p-PGF-MAA system is 0.72, and the constant r, (MAA) is 1.33. The obtained data correlate
well with the studies of the copolymerization kinetics of the considered binary system at T = 333 K, which
allowed to establish an inverse dependence of the reaction rate on the unsaturated polyester content in the
initial polymer-monomer mixture.

Analyzing the data in Table 3, it should be noted that, despite the difference in gelatinization and curing
time of solutions, this difference is not significant and varies in the range of 25-30 minutes.

According to the data in Table 3, we can conclude that the density of the cured product increases de-
pending on the amount of p-PGF in it, which also correlates well with the indicators of the dynamic viscosity
of the initial solutions. In particular, the highest value of dynamic viscosity was determined in the solution of
p-PGF in MAA of 45.14:54.86 mass.% (with the maximum content of the first co-reagent — p-PGF) and
was 213.7 mPa-s, which was characterized by the minimum curing rate.

Based on the obtained values of final product densities, the total volumetric shrinkage of the solutions
of p-PGF in MAA during curing was calculated. So, a significant disadvantage of most polymeric materials
is their high shrinkage during curing [23], which is characterized by a change in linear dimensions as a result
of system curing and which causes a decrease in their adhesion strength. During the operation of sealants,
this indicator becomes particularly important because of not only a decrease in the level of tightness of the
seam during curing, but also the appearance of additional adhesions directly in places of contact of the seal-
ing material with the product surface. In this regard, the permissible range of the value of the volume shrink-
age indicator for sealants is 4-10 %.

Thus, the data presented in Table 3 indicate that the volume shrinkage values of the solutions of p-PGF
in MAA during transition to the cured state are within the acceptable limits used for sealants. It should be
taken into account that the cured products were obtained for the purpose of their use as a polymer base for
the creation of filled sealant materials. Inclusion of fillers, plasticizers and other additives in polymer matrix
contributes to significant reduction of volume shrinkage value of the final product, i.e. highly filled sealant,
which will give an opportunity to obtain sealing material with low volume shrinkage, not exceeding 3 %.

Then, the dependence of gelatinization time (tgls) and curing time (teuring) ON the p-PGF content in the
stock solution in the presence of the initiating system (BPO+DMA) at 293K was plotted based on the data in
Table 3 (Fig. 5).

The surface morphology of the cured p-PGF-MAA binary systems of different mass composition was
studied by scanning electron microscopy (Fig. 6). SEM image analysis (Fig. 6, b) shows some differences in
surface morphology, i.e., a denser structure of the cured sample with the maximum p-PGF content was ob-
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tained, while the SEM image of the sample with the lowest amount of unsaturated polyester has a more cel-
lular structure (Fig. 6, a).

The figures show that the copolymers with a higher p-PGF content of 46.04:53.96 mass. % (in the right)
are characterized by a denser structure, which correlates well with the results of dynamic viscosity and densi-
ty of cured samples.
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1 — the effect of p-PGF content on gelatinization time of the solution of p-PGF in MAA,;
2 — the effect of p-PGF content on curing time of the solution of p-PGF in MAA.

Figure 5. Dependence of gelatinization and curing time on the content of p-PGF
in the stock solution in the presence of BPO+DMA initiating system at 293 K
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Figure 6. SEM images of surfaces of cured samples of p-PGF-MAA of the following compositions:
a— 30.32:69.68 mass. %; b — 45.14:55.86 mass. %

The established rheological and some other physico-chemical properties of the initial solutions of poly-
propylene glycol fumarate in methacrylic acid at different mass ratios of co-reagents and cured reaction
products justify the prospects of using the considered p-PGF-MAA binary system as an adhesive polymer
base. The study found that by varying the content of co-reagents in the initial solutions of polypropylene gly-
col fumarate in methacrylic acid, it is possible to control the rheological properties of the cured mixture and
the kinetic parameters of the curing reaction. In particular, increasing the amount of p-PGF in the stock solu-
tion from 30.32 mass.% to 45.14 mass. % leads to a more than 4-fold increase in the dynamic viscosity index
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from 48.2 mPa-s to 213.7 mPa-s. It should be noted that all the results obtained during the study correlate
well with each other. Therefore, the values of the dynamic viscosity of the solutions of p-PGF in MAA of
different mass composition are in good agreement with the values of the densities of both these initial solu-
tions and the cured reaction products. The gelatinization time (lifetime) as well as curing time of the p-PGF-
MAA binary system increased from 49 to 77 min. (tg,) and from 78 to 118 min (teyring), respectively, when
the amount of p-PGF in the stock solution was increased from 30.32 mass.% to 45.14 mass. %.

Analysis of IR-spectra and SEM images showed qualitative and quantitative “cold” curing of the solu-
tions of p-PGF in MAA in the presence of BPO+DMA initiating system (1 % and 0.2 % by mass of the
cured solution, respectively).

Conclusions

The optimized composition and concentrations of the components of the “cold” curing initiating system
BPO+DMA (1 % and 0.2 % by mass of the curing solution, respectively) is the most energy-efficient for cur-
ing p-PGF-MAA solutions, not requiring additional reaction conditions (UV-emitter, high temperature, ex-
pensive catalysts, etc.). The resulting polymerization products can later be used as a polymer base for the
production of filled sealing composites.
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Green Synthesis, Characterization and Environmental Application
of Copper Oxide Nanoparticle obtained Using Aqueous Extract
of Schrebera Swietenioides Roxb.

The goal of the present study was to synthesize the nanoparticles using green methodology with the use of the
aqueous plant extract of S. swietenioides. The copper oxide nanoparticle has been synthesized using aqueous
root extract of S. swietenioides as a green reducing agent and copper sulfate as source of the metal ions. For-
mation of the nanoparticles in the reaction mixture was preliminary confirmed by the UV-Vis spectroscopy
method. The FT-IR analysis of the synthesized nanoparticles shows the involvement of various bioactive
functional groups in the formation of nanoparticles. The UV-Vis absorption spectra indicate the characteristic
maximum absorption peak at a wavelength of 340 nm. This confirms the formation of nano-sized copper par-
ticles. The SEM analysis of the synthesized copper oxide nanoparticles confirms that the particles have most-
ly spherical shape with rough surfaces and the size of 21-43 nm. The copper nanoparticles in the media of the
aqueous root extract of S swietenioides have been studied for their applications in the photo catalytic reduc-
tion of pollutant dyes and metals. The synthesized nanoparticles have been characterized and it was proved
that the particles were nano-sized and contained high metal percentage.

Keywords: green synthesis, plant extract, S. Swietenioides, copper oxide nanoparticle, UV-visible spectro-
photometer, FT-IR, SEM, Photo catalytic activity.

Introduction

Plants are considered as cost-efficient and eco-friendly chemical reagents. Plants act as potential heavy
metal detoxificants and are being to overcome the problems caused by various environmental pollutants.
These pollutants are very toxic even at the trace levels [1]. The synthesis of NPs using plant extracts consid-
ered as clean and environmentally accepted “green chemistry” concept [2].

The synthesis of NPs using plant extracts has considerable advantage on the synthesis with the use of
microorganisms due to the complex preservation process of the microbial strains as well as contamination-
free maintenance of the culture [3]. The kinetics of the NPs synthesis using plant extracts was higher than in
the other green synthesis approaches and equal to the NPs synthesis using chemical methods. The different
parts of the plant such as seeds, fruits, leaves, stem, bark, roots etc., are widely used in the synthesis of NPs
due to the excellent phytochemicals they produce [4]. A wide range of metal NPs, such as silver, gold, iron,
zinc, copper etc. have been synthesized using green approach.

Plant extracts are widely used in the synthesis of CuO NPs nowadays. The synthesis of CuO NPs using
plant extracts involves simple, convenient and easy procedure with low energy consumption that produces
more stable NPs. During the synthesis of CuO NPs by green methodology, cupric acetate, copper chloride di-
hydrate, and copper sulphate pentahydrate were generally used as metal ions source [5]. In the process of
synthesis and storage of copper NPs, copper tends to oxidize easily and hence stabilizing or capping agent is
needed for preventing oxidation and agglomeration. Various properties of NPs such as light absorption, sur-
face morphology, size, shape, crystalline nature etc., were characterized using various techniques. The di-
verse properties of the NPs were greatly influenced by their shape which was determined by the microscopy
techniques. The morphology, surface information and dispersion of the NPs were determined with scanning
electron microscope (SEM). Formation of the nanoparticles in the reaction mixture was preliminary con-
firmed by the UV-Vis spectroscopy method. The UV-vis absorption spectra shows the characteristic maxi-
mum absorption peak at a wavelength of 379 nm, which confirms that the nanoparticles are mono-dispersed
and narrow in size. The copper and CuO NPs are multifunctional in nature and hence are having wide range

78 © 2023 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.31489/2959-0663/1-23-2
mailto:tulasi13111986@gmail.com
https://orcid.org/0000-0001-6130-7215
https://orcid.org/0000-0001-7230-4976
https://orcid.org/0000-0003-0712-8907

Green Synthesis, Characterisation and Environmental Application ...

of applications in varies field. The photo catalytic activity of the copper nanoparticles in the media of the
aqueous root extract of S swietenioides were determined using different pollutant, carcinogenic dyes and
heavy metals. The copper nanoparticles in the media of the aqueous root extract of S swietenioides were
studied for their photo catalytic degradation efficiency on pollutant dyes (sudan red (Ill) and azure A) and
pollutant metal lead. These NPs were applied as antimicrobial agents, photo catalytic agent for degradation
of pollutants, anticarcinogenic agent and were used in the formation of biofilms [6, 7]. These NPs can be
successfully applied for the improvement of agriculture [8, 9] and food packaging.

Experimental

Chemicals and reagents:

The chemicals used in the study such as copper sulphate pentahydrate, sodium hydroxide, hydrogen
peroxide, dibasic disodium phosphate, monaobasic sodium di-hydrogen phosphate, sudan red dye, azure A
dye, lead nitrate were of analytical reagent grade and were purchased from Merck chemicals and SD fisher
scientific, Mumbai.

Collection of plant material:

The roots of the plant Schrebera swietenioides Roxb., were collected in the hill area located in
Tirumala, Tirupati, Andhra Pradesh. The collected plant sample was authenticated by Dr.Ch. Srinivasa Red-
dy, Assistant Professor, Department of Botany, SRR & CVR Government Degree College (A) Vijayawada
with plant authentication number SRR-CVR/ 2019-20/Bot/31. The collected roots surface was cleaned using
sterile cotton and distilled water in order to remove the sand and dirt. Then the water particles on the cleaned
material were removed using tissue paper and the plant material was cut onto the small pieces, which were
dried up under the shade and preserved.

Extractions of plant materials:

An accurately weighed 10 grams of plant powder was put in a 250 mL beaker containing 100 mL of
double distilled water. The plant material with water was boiled on a hot plate at 40 °C for 80 min. The phy-
tochemical constituents present in the plant material were extracted to the water solvent. Then the extract
was filtered, the plant material obtained as sediment was discarded and the clear filtrate was made up to
100 mL with distilled water. The clear filtrate obtained was used for the synthesis of nanoparticles [10].

Root Extract Mediated Copper oxide Nanoparticles:

The synthesis of copper oxide nanoparticles using aqueous root extract of S swietenioides was carried
based on the methodology [11] with minor modifications. After the addition of the 400 mL of 5 mM copper
sulphate and 50 mL of aqueous root extract into the 500 mL volumetric flask, the pH of the solution was ad-
justed to 7 with the 1N sodium hydroxide solution. The change in the colour of the reaction mixture and the
formation of particles was observed as an indication of the formation of copper nanoparticles. Then it was
centrifuged, supernatant was discarded and precipitate was collected carefully. Residual plant extract was
removed by washing the precipitate with excess distilled water. The purified precipitate was collected and
dried at 60 °C for 2 h in a hot air oven. Dark brown colour copper nanoparticles were obtained and character-
ized (Fig. 1).
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Figure 1. Colour changing observed during the synthesis of copper oxide nanoparticles
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Characterization of nanoparticles:

The synthesized copper nanoparticles were characterized using various characterization technigues such
as UV-vis spectroscopy (JASCO spectrometer, Japan), FT-IR(Bruker, USA), SEM (NOVA NANOSEM450,
FEI USA), XRD(Rigaku Corporation, Japan). The size, shape, surface morphology, functional groups and
chemical composition of the copper nanoparticles in the media of the aqueous root extract of S swietenioides
were also determined [12, 13].

Photo catalytic activity of nanoparticles:

The photo catalytic activity of the copper nanoparticles in the media of the aqueous root extract of S
swietenioides were determined using different pollutant, carcinogenic dyes and heavy metals. Copper nano-
particles in the media of the agueous root extract of S swietenioides were studied for their photo catalytic
degradation efficiency on pollutant dyes (sudan red (I11) and azure A) and pollutant metal lead [14-16].

UV-visible spectrophotometer:

The UV-vis spectroscopy analysis of the colour change observed during the addition of aqueous root
extract of S. swietenioides and copper metal solution was carried out. The UV—Vis absorption spectra shows
the characteristic maximum absorption peak at a wavelength of 340 nm. This confirms the formation of
nano-sized copper particles [17]. The similar type of absorption peak was not identified in the absorption
spectra of plant root extract as well as the aqueous copper metal solution. Hence it can be confirmed the
characteristic wavelength maximum is due to the formation of copper oxide nanoparticles. Figure 2 shows
the absorption spectra of synthesized copper oxide nanoparticles.
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Figure 2. UV-visible absorption spectra of copper oxide nanoparticles

FT-IR analysis of synthesized nanoparticles:

The FT-IR analysis of the copper nanoparticles in the media of the aqueous root extract of
S swietenioides was conducted in order to identify the bioactive functional groups in the root extract that are
responsible for the reduction of metallic copper to the copper oxide nanoparticles. The FT-IR spectrum is
given in Figure 3 and the functional groups that were identified by the FT-IR are given in Table 1.

Table 1

Bioactive functional groups identified by the FT-IR spectrum

S No Absorption, cm™ Functional group
1 3667 & 3616 O-H bond in free and intermolecular bonded alcohols
2 3500 N-H bond in primary amines
3 3395 O-H bond in carboxylic acid
4 3330 N-H bond in aliphatic primary amines
5 1655 C-H bond in aromatic compounds
6 1317 C-0 bond in aromatic esters
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Figure 3. FT-IR spectrum of copper oxide nanoparticles synthesized using aqueous root extract of S. swietenioides

The functional groups determined by the FT-IR analysis of copper oxide nanoparticles were in correla-
tion with the phytochemical solvent extracts of S swietenioides leaves. Hence the results confirm the in-
volvement of the plant based biomolecules in the formed nanoparticles.

SEM analysis:

The SEM analysis was performed to determine the size and shape of the copper oxide nanoparticles
synthesized using aqueous root extract of S swietenioides. The SEM analysis of the copper nanoparticles in
the media of the aqueous root extract of S swietenioides gives the information about their shape and the size.
The FE-SEM analysis was conducted to determine the morphology of Cu NPs. Analysis results are given in
Figure 4. The particles were observed to be aggregates with spherical shape and some of them were unde-
fined shape nanoparticles.

Figure 4. SEM micrograph of the copper nanoparticles in the media of the aqueous root extract of S swietenioides

TEM analysis:

TEM is the perfect analytical tool for the chemical and structural characterization of the nano-scale ma-
terials. Diffraction, imaging and micro analytical information was obtained from the TEM analysis. The
combination of these results describes the behaviour of the nano-sized and nanostructured materials. Thus,
TEM analysis of the copper oxide nanoparticles synthesized using aqueous leaf and root extract of
S swietenioides was carried out.

The TEM analysis of the copper nanoparticles in the media of the aqueous root extract of
S swietenioides confirms the synthesized nanoparticles were spherical shape. The surface of the individual
particle was also studied and it was confirmed the surface of the nanoparticles is smooth. The average parti-
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cle size was observed to be 75 nm. The size of the nanoparticles was distributed broadly in the range of 20-
95 nm. The result achieved in the TEM analysis was in correlation with the results reported for the same

sample in SEM. The TEM micrograph observed for the synthesized copper oxide nanoparticles is given in
Figure 5

b ' == Y°' TEM

-
- cuones” oe-i12020@ _ 750m
Figure 5. TEM micrograph of the the copper nanoparticles in the media of the aqueous root extract of S swietenioides

XRD analysis:

The lattice phase, crystalline structure, crystalline particle size and crystal lattice parameters of the syn-
thesized nanoparticles were determined by the XRD analysis. Scherrer equation was used for the calculation
of the lattice parameters of nanoparticles. The XRD analysis of the copper oxide nanoparticles synthesized
using aqueous root extract of S swietenioides was carried out.

The XRD spectra of the copper oxide nanoparticles synthesized using aqueous root extract of
S swietenioides shows the 26 characteristic peaks corresponds to planes as same as the crystal lattice struc-
ture. The peaks identified at 26 value of 16.38°, 32.15°, 39.81°, 49.87° and 53.20°, which corresponds to
(110), (111), (220), (800) and (713) planes of the crystal lattice. Identified peaks and their corresponding
planes confirm that the nanoparticles are in monoclinic configuration and their identified planes are in good
correlation with the JCPDS standard card number 89-5899. The Scherrer formula (D = 0.9 A/ cos 0, where
B = full width at half maximum at the 6 angle and A = wavelength) was used in calculation of the average
crystalline size of the CuNPs and obtained results were at 32+4 nm on the (111) plane. The results achieved
in the XRD analysis for the copper oxide nanoparticles synthesized in the study were in good correlation
with the results achieved for the same sample in SEM and TEM analysis. The XRD spectra of the copper
oxide nanoparticles synthesized in the study is given in Figure 6.
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Figure 6. XRD spectrum of the copper nanoparticles in the media of the aqueous root extract of S swietenioides
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Results and Discussion

Photo catalytic Reduction of Sudan Red (I111) Dye Using Copper Oxide Nanoparticles:

The reduction study was performed at various strengths of nano-catalyst and at optimized 10 ppm con-
centration of Sudan red dye. The result confirms that dose dependent catalytic activity was observed and the
reduction activity was increased with the growth in dose of the nano-catalyst. The reduction efficiency was
also observed to be increasing with increase in contact time. The reduction efficiency was observed to be
high in the initial time of the study and maximum reduction was completed within 45 min of time. The % of
reduction at the contact time of 45 min was observed to be 61.23+0.060, 54.28+0.153, 38.13+0.028 and
20.50+0.036 % respectively at nano-catalyst dose of 1.0, 0.75, 0.50 and 0.25 g/L. The reduction time was
increased up to 2 h and at the longest studied time the % of reduction was observed to be 84.22+0.051,
79.83+0.062, 54.54+0.576 and 44.44+0.071 respectively at nano-catalyst dose of 1.0, 0.75, 0.50 and
0.25 g/L. Table 2 shows the reduction study of sudan red at various strengths of S swietenioides mediated
copper oxide nanoparticles and its comparison graph is shown in Figure 7. Comparative UV-visible absorp-

tion spectra before and after treatment of Sudan red solution with nanoparticles are presented in Figure 8.

Reduction study of Sudan red at various strengths of S swietenioides mediated copper oxide nanoparticles

Table 2

o % of Sudan red reduction at nano-catalyst strength of
S No Time in min
0.25 g/L 0.50 g/L 0.75 g/L 1.0g/L
1 15 17.19+0.060 18.26+£0.042 26.86+0.061 29.52+0.071
2 30 21.44+0.031 27.45+0.020 43.09+0.053 54.23+0.067
3 45 39.32+0.065 42.65+0.029 59.6440.059 69.71+0.025
4 60 42.10+0.042 48.26+0.035 76.19+0.053 81.11+£0.044
5 75 43.23+0.038 53.63+0.026 76.90+0.042 82.28+0.075
6 90 43.96+0.070 54.24+0.042 78.49+0.074 82.72+0.040
7 105 44.14+0.062 54.95+0.025 79.18+0.057 83.10+£0.075
8 120 44.44+0.071 54.54+0.576 79.83+0.062 84.22+0.051
100
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Figure 7. Comparative reduction study results of Sudan red at various strengths
of S swietenioides mediated copper oxide nanoparticles
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Figure 8. Comparative UV-visible absorption spectra before and after treatment
of Sudan red solution with nanoparticles

The rate constant of the catalytic degradation of Sudan red using the synthesized copper oxide nanopar-
ticles was calculated by plotting the graph with the time of reduction study in minutes on x-axis and
In(Ao/Ay) on the y-axis. The results confirm that the degradation of Sudan red using copper oxide nanoparti-
cles follows the pseudo first order reaction mechanism for all the doses of nano-catalyst studied. The rate
constant (k) of the studied strengths of nanoparticles was calculated and the k was obtained as 1.37x107,
1.27x10%, 5.85x10° and 3.77x10° for the reduction using the nanoparticles at 1.0, 0.75, 0.5 and 0.25 g/L
strength respectively. The degradation time profile of treatment of Sudan red solution with copper oxide na-
noparticles is given in Figure 9.
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Figure 9. Photo degradation time profile of A /A , for sudan red dye

Photo Catalytic Reduction of Azure A Dye Using Copper Oxide Nanoparticles:

The reduction study was performed at various strengths of nano-catalyst and at optimized 50 ppm con-
centration of Azure A dye. The result confirms that dose dependent catalytic activity was observed and the
reduction activity was raised with an increase in dose of the nano-catalyst [18]. The reduction efficiency was
also observed to be growing with an increase in contact time. The reduction efficiency was observed to be
high in the initial time of the study and maximum reduction was completed within 45 min of time. The % of
reduction at the contact of 45 min was observed to be 64.00+0.566, 46.71+£0.020, 34.24+0.026 and
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29.32+0.050 % respectively at nano-catalyst dose of 1.0, 0.75, 0.50 and 0.25 g/L. The reduction time was
increased up to 2 h and at the longest studied time the % of reduction was observed to be 81.62+0.663,
80.65+0.040, 60.54+0.032 and 39.70+0.044 respectively at nano-catalyst dose of 1.0, 0.75, 0.50 and
0.25 g/L. Table 3 shows the reduction study of azure A at various strengths of S swietenioides mediated cop-
per oxide nanoparticles and its comparison graph is shown in Figure 10. Comparative UV-visible absorption
spectra before and after treatment of Azure A solution with nanoparticles are presented in Figure 11.

Table 3

Reduction study of Azure A at various strengths of S swietenioides mediated copper oxide nanoparticles

S No Time in min % of Azure A reduction at nano-catalyst strength of
0.25 g/L 0.50 g/L 0.75 g/L 1.0g/L
1 15 8.24+0.031 9.67+0.060 17.35+0.035 38.40+4.505
2 30 15.35+0.049 21.62+0.036 35.13+0.057 49.76+0.451
3 45 29.32+0.050 34.2440.026 46.71+0.020 64.00+0.566
4 60 36.81+0.040 41.11+0.025 69.43+0.020 73.38+0.606
5 75 37.12+0.031 58.714+0.084 78.35+0.023 79.36+0.636
6 90 38.18+0.040 59.2440.042 79.67+0.060 80.08+0.678
7 105 39.15+0.072 59.86+0.050 80.12+0.030 80.93+0.655
8 120 39.70+0.044 60.54+0.032 80.65+0.040 81.62+0.663
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Figure 10. Comparative reduction study results of Azure A at various strengths
of S swietenioides mediated copper oxide nanoparticles

0.95 4
0.90-3
0.85 4
0.20-
075 4
0703
0.65
0.60-
0.55 3
050
0.45 3
0.40-3
035
0.30-5
0.25 3
0.20
0.15 4

0.10-3
0.05 3
00— T e T T T L T

-0.05 3
DAF
400 450 500

Azure A dye
Untreated
Cu MPstreated

Absorbance

L L B
550 600

Wavelength (nm)

L N EL AL S B
650 700 750 800

Figure 11. Comparative UV-visible absorption spectra before and after treatment
of Azure A solution with nanoparticles
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The rate constant of the catalytic degradation of Sudan red using the synthesized copper oxide nanopar-
ticles was calculated by plotting the graph with the time of reduction study in minutes on x-axis and
In(Ag/Ay) on the y-axis. The results confirm that the degradation of Sudan red using copper oxide nanoparti-
cles follows the pseudo first order reaction mechanism for all the doses of nano-catalyst studied. The rate
constant (k) of the studied strengths of nanoparticles was calculated and the k was obtained as 1.28x107,
1.53x10%, 8.69x10 and 3.96x107 for the reduction using the nanoparticles at 1.0, 0.75, 0.5 and 0.25 g/L
strength respectively. The degradation time profile of treatment of Azure A solution with copper oxide nano-
particles is given in Figure 12.
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Figure 12. Photo degradation time profile of A /A, for azure A dye

Photo catalytic Reduction of Lead Metal Using Copper Oxide Nanoparticles:

The reduction study was performed at various strengths of nano-catalyst and at optimized 50 ug/mL
concentration of lead metal. The result confirms that dose dependent catalytic activity was observed and the
reduction activity was raised with an increase in dose of the nano-catalyst [19]. The reduction efficiency was
also observed to be increasing with an increase in contact time. More than 50 % of the reduction was ob-
served within the time of 45 min at a nano catalyst-dose of 0.75 and 1.0 g/L and the observed degradation
was at 54.28+0.153 and 61.23+0.060 % respectively. The reduction time was increased up to 2 h and at the
longest studied time the % of reduction was observed to be 88.94+0.026, 81.02+0.127, 66.15+0.023 and
39.60+0.048 % respectively at nano-catalyst dose of 1.0, 0.75, 0.50 and 0.25 g/L. Table 4 shows the reduc-
tion study of lead metal at various strengths of S swietenioides aqueous root extracts mediated copper oxide
nanoparticles and its comparison graph is shown in Figure 13. The comparative UV-vis absorption spectra
obtained for before and after treatment of lead — dithizone complex solution with nanoparticles are given in
Figure 14.

Table 4

Reduction study of lead metal at various strengths of S swietenioides mediated copper oxide nanoparticles

S No Time in min % of lead reduction at Nano catalyst strength of
0.25¢/L 0.50 g/L 0.75¢g/L 1.0g/L
1 15 8.04+0.016 13.46+0.055 20.77+0.062 24.48+0.076
2 30 13.73£0.026 27.22+0.041 34.82+0.039 39.18+0.540
3 45 20.50+0.036 38.13+0.028 54.28+0.153 61.23+0.060
4 60 29.91£0.029 51.594+0.070 73.11+0.088 82.45+0.059
5 75 36.24+0.039 64.98+0.055 78.57+0.039 87.60+0.061
6 90 38.06+0.023 65.35+0.032 79.62+0.129 85.86+4.027
7 105 39.07+0.024 65.50+0.044 80.20+0.098 88.72+0.046
8 120 39.60+0.048 66.15+0.023 81.02+0.127 88.94+0.026
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Figure 13. Comparative reduction study results of lead metal at various strengths
of S swietenioides mediated copper oxide nanoparticle
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Figure 14. Comparative UV visible absorption spectra before and after treatment of lead — dithizone complex solution
with nanoparticles

The rate constant of the catalytic degradation of lead metal using the synthesized copper oxide nanopar-
ticles was calculated by plotting the graph with the time of reduction study in minutes on x-axis and
In(Ao/Ay) on the y-axis. The results confirm that the degradation of Sudan red using copper oxide nanoparti-
cles follows the pseudo first order reaction mechanism for all the doses of nano-catalyst studied. The rate
constant (k) of the studied strengths of nanoparticles was calculated and the k was obtained as 2.04x107,
1.47x107, 9.80x10 and 4.38x107 for the reduction using the nanoparticles at 1.0, 0.75, 0.5 and 0.25 g/L
strength respectively. The degradation time profile of treatment of lead metal with copper oxide nanoparti-
cles is given in Figure 15.
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Figure 15. Photo degradation time profile of A /A , for lead metal
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Conclusions

To sum up, it can be concluded that the study confirms the green synthesis of copper oxide nanoparti-
cles using aqueous root extract of Schrebera swietenioides Roxb. The synthesized nanoparticles have been
characterized and it was proved the particles were nano-sized and contained high metal percentage. The ob-
tained nanoparticles were effective in the photo catalytic degradation of various carcinogenic pollutant dyes
and metals and they can be used in the photo catalytic reduction of various pollutant dyes and metals, such as
Sudan red (I11), Azure A and lead metal) and were proven to be effective. The synthesized copper nanoparti-
cles were found to be stable up to five cycles of the photo catalytic reduction process in all the dyes and met-
al in the study.
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