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Study of the Effect of Temperature on the Properties of Gelatin-Chitosan Cryogels

Cryopolymers are a class of 3D structural polymers, which are widely used in tissue engineering. Using cryo-
polymerization technology, physical cross-linked macroporous cryogels based on gelatin and chitosan were
synthesized at —12 °C, —30 °C and —70 °C for application as carriers for cell cultures. The presence of func-
tional groups was investigated by IR spectroscopy. The effect of temperature on physicochemical properties,
such as pore volume, density, gel fraction and biodegradation of cryogels, was studied. The obtained results
showed that the pore volume (up to 87.6 %) and the gel fraction (up to 80 %) increased, and the density
(0.078 %) and pore sizes of cryogels decreased as the temperature decreased from —12 °C to —70 °C. The
study of biodegradation showed that polymers had a more degradable property in relation to saline solution
with an increase in the cryopolymerization temperature. The results of electron microscopy showed the po-
rous morphology of the surfaces of the synthesized cryogels. The average pore size varied from 150 to 300
um. The toxicity test showed that aqueous extracts from cryogels did not have a highly toxic effect on mesen-
chymal stem cells in the adipose rats tissue, since the cell viability was 55-75 %.

Keywords: cryogel, gelatin, chitosan, biopolymer, non-toxic, biocompatible, porosity, tissue engineering.

Introduction

Cryogels obtained by the cryotropic gelation process/cryopolymerization are macroporous hydrogels
with a well-developed system of interconnected pores, high swelling capacities, and large surface areas [1-
5]. Professor V.I. Lozinsky made a huge contribution to the development of the cryopolymerization concept
[6-10]. Cryogels can be used in controlled drug delivery, carriers for cell immobilization, sensors, biosepara-
tion, purification, and tissue engineering [11, 12]. Common cryogel compositions include natural polymers,
such as gelatin, chitosan, alginate, hyaluronic acid and synthetic acrylamide-based polymers and poly (lactic
acid) (PLA), poly (lactic-co-glycolide) (PLGA), poly(e-caprolactone) (PCL) [13, 14].

There are chemical and physical cross-linked cryogels. Crosslinkers, such as glutaraldehyde, N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride and N-hydroxysuccinimide are often used in the
creation of chemically cross-linked cryogels. Physically cross-linked cryogels are formed through the inter-
action of intermolecular sub-chains in macromolecules [15-17].

To date, there are many studies on the synthesis of polymers based on gelatin and/or chitosan using
chemical cross-linking agents [18-25]. There are also studies on the synthesis of polyelectrolyte polymers of
gelatin and chitosan [26-30]. However, there is no data on the synthesis of physical cross-linked Gel:Ch
scaffolds by cryopolymerization without the participation of cross-linking agents. The synthesis of such pol-
ymers is advantageous since no chemical cross-linking agents are used that can be toxic to cells or tissues.

Pinto Ramos et al. derived biopolymer films from chitosan, gelatin and Ch/Gel mixture in salt solutions
(NaCl, CaCl, and Na,SO4) with varying concentrations and ion charges. The authors investigated the poly-
electrolyte and polyampholytic properties of the films so that in the future it would be possible to create
biopolymer films using them in ionic media [31]. A team of scientists synthesized 3D chitosan scaffolds that,

4 © 2022 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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in combination with bFGF, facilitated the neural differentiation of dental pulp stem cells (DPSCs). As shown
by the results, DPSCs adhered successfully and grew well on the surface of chitosan scaffolds. According to
the authors, the transplantation of DPSCs/chitosan-scaffold+bFGF might be a secure and effective method of
treating spinal cord injury and other neuronal diseases [32, 33].

The main goal of this work is to obtain macroporous scaffolds as a base and carrier for mesenchymal
stem cells (MSC). To achieve this goal, we first synthesized and characterized novel physical cross-linked
scaffolds based on gelatin (Gel) and chitosan (Ch) by cryopolymerization. This research is of great im-
portance in tissue engineering, as it provides a new understanding of new effective ways of obtaining biopol-
ymers without the use of chemicals that are toxic to cells and tissues. Thus, the obtained cryogels can be used
as carriers of stem cells and can be used in the treatment of bone damage.

Experimental

Preparation and characterization of cryogels

The GelCh cryogels were prepared by dissolving a gelatin (0.4 % wi/v) and a chitosan (0.2 % w/v) in
1 % acetic acid solution. The acidity of the solution was then adjusted using 1 M of NaOH to pH =5 to pro-
tonate amine groups of Ch. After the solution was transferred in syringes and incubated for —12°C
(GelCh12), —30 °C (GelCh30) and —70 °C (GelCh70) for 24 h. After thawing at room temperature, the thus
formed physically cross-linked polymers were washed with Milli-Q water and PBS (pH = 7.4) and lyophi-
lized using Martin Christ Beta 2-8 LDplus freeze dryer. GelCh cryogels were stored in a dark place at room
temperature for further use.

Gel fractions, the degree of degradation, and the density of cryogels were determined according to a
well-known method [15].

The gel percent was calculated by the formula [34]:

9%) = Mo
Gel (%) m %100, Q)
where Wy, and W; are weight of the swollen dry gel and a sample, which was not immersed in water but di-
rectly freeze-dried.

Cryogels were weighed (W,) and transferred to 50 ml tubes filled with sterile 0.1M PBS (pH 7.4). The
tubes were incubated at 37 °C for 8 weeks, during which the solution was refreshed twice in a week. At pre-
determined times, cryogel samples were taken from the solution and washed with deionized water. After
freeze-drying overnight and weighing (W) the degree of degradation was determined by the following for-
mula [15, 18]:

DD (%) :V%xloo. @)

1

The density of cryogels was evaluated from the mass-to-volume ratio of dry cryogels. The apparent

density (p) was obtained from the equation [15, 35]:
w
P=—""T""7-"_ . °
nx(D/2) xH

where W is the weight of the cryogel, D is the diameter, and H is the thickness of polymers.

The pore volume of the cryogels was estimated from the uptake of ethanol into the pores. Ethanol is a
non-solvent for the cryogels and it easily penetrates into the pores. The measurements were carried out by

immersing dry cryogel specimens with a mass of Wp into absolute ethanol for 1 h and then recording their
final mass Ws. The pore volume (PV) was calculated by applying the following formula [15, 36]:

@)

PV (%)= (We=Wo) 160, (4)
WS
The measurements were performed in triplicate and the average value was found.
The cryogels were lyophilized and the Fourier-transform infrared spectra (FTIR) (Nicolet iS 10, Ther-
mo Fisher Scientific) of these lyophilized samples were recorded in the wavelength range of 4000-400 cm.
The morphology of dried cryogels was observed using a scanning electron microscope (SEM, Auriga
Crossbeam 540, Carl Zeiss) after coating with gold 5 nm.
MTT assay
The cultivation of rat adipose-derived MSC (ADMSC) and MTT assay were obtained as previously de-
scribed [15]. In this study outbred male Wistar rats weighing 280-330 grams were used. The study was car-
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ried out according to the guidelines of the Declaration of Helsinki and approved by the Local Ethics Com-
mittee of the National Center for Biotechnology (number NCB-04-2020).

For the statistical analysis, all the physical, chemical, and biological experiments on cryogel samples
were performed in triplicate. All the experimental values were expressed in the form of mean + standard er-

ror and the limit of experimental error of each test was + 5 %, which had been considered as statistically sig-
nificant.

Results and Discussion

Ch contains amine groups and exhibits the properties of polyelectrolytes [37]. Gel, consisting of nega-
tive carboxyl and positive amine groups, shows the properties of polyampholytes [38]. The formation of the
3D macroporous structure of GelCh cryogels occurs due to the interaction of negatively charged carboxyl
groups (—COOH) of gelatin and positively charged amino groups (—NH.) of chitosan, which form a polyelec-
trolyte interaction between the macromolecules chains (Fig. 1).

+ ® ﬁ L_' \ab \\

freezing
-12,-30,-70°C
® ® ® coo |
Gelatin Chitosan = /
@® NH;*
il,
| — m " —
dried washed
cryogels freeze dry cryogels

Figure 1. Scheme of the cryogels formation
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Figure 2. FTIR spectra of GelChCS cryogels

The spectrum of cryogels illustrates a band in the range of 3000-3600 cm™, which belongs to the
stretching vibrations of the O—-H and N-H functional group (amide A) that is involved in the intramolecular
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hydrogen bond between chitosan and gelatin molecules. The bands at 2800-2900 cm are due to several
symmetric and asymmetric stretching vibrations of C-H. The bands at 1650 cm™ refer to CO and CN amide
I. The spectra at 1535 cm™ refer to bending vibrations of NH groups and stretching vibrations of CN groups
(amide I1). The absorption of the spectrum in the 1243 cm™ range belongs to stretching vibrations of
CN-groups (amide I11). The troughs at 1065 cm are due to stretching vibrations of C-O groups. The bands
at 887 and 675 cm™ are related to the vibrations of C-H and N-H groups (Fig. 2).

GelCh cryogels were synthesized by dissolving gelatin and chitosan in acetic acid using cryogelation
technology at —12 °C, —30 °C and —70 °C without using any chemical crosslinkers (Table 1).

Table 1
Summary properties of GelCh cryogels
Samples | T,°C | Gel percent (%) Density (g/ml) Pore volume (%)
GelCh12 -12 73+1 0.095+0.005 84.6+3
GelCh30 =30 79+3 0.085+0.006 86.5+4
GelCh70 -70 80+1 0.078+0.005 87.6+2

According to Table 1, the yield of the gel fraction for cryogels is the maximum one with decreasing
temperature. This is because that, at a lower temperature, tightly cross-linked polymer networks are formed,
in which the sol (soluble part) fraction is present to a lesser extent. Compared to the GelCh70 sample in the
GelCh12 sample, the yield of the gel and sol fractions is 80 and 73 %, respectively. This may also be due to
the hydrophilic properties of gelatin and the looser structure of the polymer. As the results show, the porosity
of scaffolds decreases with an increase in their density. The synthesized cryogels have a high pore volume of
85-88 %. The more porous the polymer, the better it is for the penetration of fluids and cells. Biodegradation
in PBS solution over 8 weeks was studied to confirm the cryogels biocompatibility (Fig. 3).

80

70 4 T
1 I
60 .
] I
= 1
X 50
c J
K=]
T 40
©
E E
D 304
o
k=
@ 20
10 4
0 T T T
GelCh12 GelCh30 GelCh70

Figure 3. Biodegradation behavior of the cryogels in PBS at 37 °C for 8 weeks

The in vitro decomposition rate of cryogels was 67 % (GelChl12), 58 % (GelCh30) and 55 %
(GelCh70). Compared to covalently bonded cryogels, the synthesized cryogels demonstrated a high percent-
age of degradation of the polymer matrix. Upon biodegradation, cryogel macromolecules (long polymer
chains) break down into low molecules (oligomeric units), which dissolve in the solvent and lead to weight
loss. The presence of water-soluble gelatin gives additional hydrophilicity to polymers, in which monomer
chains are rapidly hydrolyzed. The degree of biodegradation decreases with decreasing temperature, since
cryogels are not linked by a covalent bond. All cryogels exhibit a high degree of decomposition. The degra-
dation of cryogels is influenced by its surface morphology and pore size (Fig. 4).
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a— GelCh12; b — GelCh30; ¢ — GelCh70
Figure 4. SEM of cryogels

The surface morphology of the synthesized polymers was investigated by the SEM method. As can be
seen from Figure 4, the surface of the synthesized cryogels is changed significantly under the influence of
temperature. The surface of cryogels has a porous structure with unevenly distributed pores. As the tempera-
ture decreases, the formation of more closed pores is observed. The pore size of cryogels varies from 150 to
300 um. Comparing cryogels, one can notice a tendency that GelCh30 has a more uniform pore distribution,
while GelCh12 has a random distribution. This is possibly due to self-assembly between gelatin and chi-
tosan. The resulting pore sizes can be sufficient for cell cultivation, since the biggest pore size accommo-
dates more cells that can agglomerate. Thus, the pores provide intercellular contact between cells, showing
higher markers of chondrogenesis, and can be used for the treatment of bone regeneration and in tissue engi-
neering in general.

To determine the cytotoxicity of cryogels, an MTT assay was conducted using primary culture of rat
ADMSC (Fig. 5).

W & @/ & TOF
c
8 s & m W GeiChi2
s =3 GelCh30
T 50 B3 GelCh70
E 3 Negative control
| 25
=
I
o o- = - - o

1.25 0.625  0.3125 0.15625

Concentration, mg/ml

Figure 5. Effects of extracts of cryogels on cell viability of rat ADMSC
presented as percentage of cell viability versus concentration of the extracts (*p value < 0.05)

The extracts from cryogels exhibit a weak toxic effect on rat ADMSC and display more than 55 % of
cell viability after treatment with concentration of 1.25 mg/ml. The viability of rat ADMSC cells at a concen-
tration of 0.156 mg/ml with cryogel extracts showed the highest cell viability (up to 75 %). Thus, MTT assay
revealed that GelCh12, GelCh30 and GelCh70 cryogels are biocompatible and suitable for further applica-
tions in in vivo studies.

Conclusions

Macroporous cryogels based on gelatin and chitosan were synthesized using the cryopolymerization
method at various temperatures (—12, —30 and —70 °C) without chemical cross-linking agents. The formation
of the 3D macroporous structure of GelCh cryogels occurs due to the interaction of negatively charged car-
boxyl groups (-COOH) of gelatin and positively charged amino groups (-NH>) of chitosan, which form a
polyelectrolyte interaction between the macromolecules chains. The functional groups of cryogels were iden-
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tified by IR spectroscopy. The effect of temperature on physicochemical properties of cryogels, namely
GelCh12, GelCh30 and GelCh70, was studied. Thus, the pore volume (up to 87.6 %) and the gel fraction (up
to 80 %) increase and the density (0.078 %) and the pore size of cryogels decrease with decreasing tempera-
ture. SEM results showed a macroporous surface of the cryogels. Comparing cryogels, one can notice a ten-
dency that GelCh30 has a more uniform pore distribution, while GelCh12 has a random distribution. Since
cryogels are composed of natural polymers and obtained without the use of chemical cross-linking agents,
degradation products are expected not to cause immune rejection problems during implantation, which
makes such materials potentially useful for tissue engineering.
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Study of the effect of temperature on the properties ...

I' K. Kynaitoepren, M.C. XKynycosa

Kpuoreabaepain Kacuerrepine TeMnepaTypaHbIH dCePiH 3epTTey

Kpuononmumepiiep nereHimi3 — TIHIIK HHXKEHEPHAIa KeHIHEH KOJIIaHBUIATEIH 3D KYpBUIBIMIBIK ITOJIAMeEpIIep
Ki1acel. KpuomonmMmeprieHy TEXHOJOTHACHIHBIH KOMETIMEH JKacylla JaKbUIIApBIHBIH HETi3l peTiHzge
naipanany ymin —12 °C, —30 °C xene —70 °C TemnepaTypa/a XeJIaTHH MEH XHTO3aH HeTi3iH/er] QU3HKAaIbIK
TITIITeH MaKpOKEYeKTi Kpuorensaep cuaTe3nenni. OyHkiumonanabslk Tontapasy 6oiysr MK-crekrpockonms
ofici apKbUIBI aHBIKTAJABL. TemIepaTypaHblH KpPHOTEIbIACPAiH (PHU3UKa-XUMHSIIBIK KacHeTTepiHe ocepi
3epTTENl, MBICANBl, KEYEKTepP KOJEeMi, THIFBI3IBIFBI, I'ellb (PAKLUACH KoHE OHOIerpagauusachl. AJBIHFAH
HoTikenep Temmeparypa —12 °C-tan —70 °C-ka zaeilin TeMeHJiereH caiiblH KeyekTepAiH keiemi (87,6 %-ra
JeiiiH) sxoHe renbaik GppakuusHbid (80 %-ra meiiiH) apTaThIHBIH, al KPHOTENbACp KEYCKTePiHiH OIIeMi jKoHe
TeIFBBIBIFEL (0,078 %-Te neiiin) kimripeleTiHiH kepceTTi. buomerpamanusHbl 3epTTey KpHOMOIUMEpPICHY
TeMIIepaTypachIHbIH KOFapbUIaybIMEH IOJIMMEpPJIEPIiH TY3 epiTiHAiciHe KaTHICTHI BIABIPAHTHIH KacueTi 6ap
eKEeHIH KOpCeTTi. DIEKTPOHABIK MHKPOCKOINSIHBIH HOTIDKENepl CHHTE3JENreH KPHOTEeNbISpAiH OeTTepiHiH
keyekTi MopdororusicelH kepcerti. KeyekriH oprama wmemmepi 150-mern 300 MxM-Te neliH e3repai.
VBITTBUIBIK CHIHAarbl KPUOTENbIEPACH aJbIHFAH CYJbl CHIFBIHIBUIAPABIH ereyKYHPBIKTapIbIH Maiiibl
tinaepingeri MJK-re sxorapel yBITTBI ocep CTIEHTIHIH KOpCeTTi, 6HTKeHi xacyma eMipimenmiri 55-75 %
KYpasibl.

Kinm ce30ep: kpuorenb, >KelIaTHH, XWTO3aH, OMOMOJMMEp, YBITTHI eMmec, OHoyiiaeciMai, KeyeKTi, TiH
WH)KEHEPHSCHIL.

I' K. Kynaitoepren, M.C. XKynycosa

I/ICC.JIeZ[OBaHI/Ie BJ/IMAAHUSA TEMIIEPATYPbI Ha CBOMCTBA KpHOFEJIeﬁ

Kpuonomumepsr — 310 Kinacc 3D CTPYKTYPHBIX MOJMMEPOB, KOTOPHIC IIHMPOKO HCIONB3YIOTCS B TKAHEBOM
umkeHepud. C MOMOIIBI0 TEXHOJIOTHH KPHOMOJIMMEPH3ALMK CHHTE3UPOBAHb! (PH3UYECKH CIIUTBIC MAKPOIO-
pHCTBIe KPHOTeNld Ha OCHOBe jkenatuHa u xuro3aHa npu —12 °C, —30 °C u —70 °C anst npuMeHeHHsT B Kade-
CTBE OCHOBBI KIETOYHBIX KyibTyp. Hamnume (GyHKIMOHAJIBHBIX IPyNn uHccienoBaHo Meroxom HK-
CreKTpocKonuH. M3yueHo BIMSHHE TeMIIepaTypbl Ha (PU3MKO-XMMHYECKHE CBOMCTBA, TaKHE Kak 00beM Iop,
IUIOTHOCTB, TelieBast (pakiys 1 Ouoaerpagarus kpuorenei. [1omydeHHbIe pe3ybTaThl IOKA3bIBAIOT, YTO TIPH
noHmkeHnn temuneparypsl ot —12 °C no —70 °C yBenmmuuBatotcsi 06beMbl op (1o 87,6 %) u reneBoit dpak-
n (o 80 %) u ymenblatores mwiotHocts (0,078 %) u pasmep mop kpuoreneit. McenenoBanue Gromerpana-
MU TI0Ka3aJl, YTO MPH MOBBILICHUH TEMIICPATypbl KPHOMOJIMMEPH3AINH MOJIUMEPBI 00aaroT Gosiee aerpa-
JMPYEMbIM CBOWCTBOM II0 OTHOIIEHHIO K COJIEBOMY PacTBOPY. Pe3ysbTaThl 3IEKTPOHHONW MHKPOCKOIIMHU MO-
Ka3aJIu MOPHUCTYI0 MOP(OJIOTHIO OBEPXHOCTEH CHHTE3MPOBAHHBIX KpHorenei. CpeHuid pa3Mep Hop Bapbu-
posaics ot 150 mo 300 Mxm. TecT Ha TOKCHYHOCTD MTOKa3ajl, YTO BOJHBIC BBITSDKKH M3 KPHOTEINIEH HEe OKa3bl-
BaIOT BEICOKOTOKCcHYecKoro aeicTBus Ha MCK »HupoBoii TKaHU KpPBIC, TIOCKOJIBKY KH3HECTIOCOOHOCTh KIIETOK
cocrasisuia 55-75 %.

Kniouesvle cnosa: KpHOTeNb, JKENATHH, XUTO3aH, OHOIOJMMEp, HETOKCHUYHBINA, OHOCOBMECTHUMBIH, MOPH-
CTOCTh, TKAHEBasl MH)KEHEPHUS.
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Synthesis and Structure of 4-Substituted
(1S,9aR)-1-[(1,2,3-triazol-1-yl)methyl]octahydro-1H-quinolysines of Lupinine

The article presents results on the synthesis and investigation of the structural features of a number of
1,4-disubstituted 1H-1,2,3-triazole derivatives of the alkaloid lupinine. Lupinine modification reactions have
been carried out at the hydroxymethylene group in the C-1 position of the quinolysine backbone. It has been
shown that (octahydro-2H-quinolysine-1-yImethyl)methanesulfonate in high yield (93%) is formed by the in-
teraction of lupinine with methanesulfonyl chloride in methylene chloride. Subsequent treatment of this com-
pound with sodium azide in dimethylformamide on heating leads to the formation of 1-
(azidomethyl)octahydro-2H-quinolysine in 61% yield. It has been found that the reaction of a new azide with
terminal alkynes of various nature in the presence of aqueous CuSO4 and sodium ascorbate in dimethylfor-
mamide can form the corresponding 4-substituted (1S,9aR)-1-[(1,2,3-triazol-1-yl)methyl]octahydro-1H-
quinolysines. New 1,2,3-triazole derivatives of lupinine containing various aryl substituents at the C-4 posi-
tion of the triazole ring have been obtained. The high selectivity of the reaction is explained by the action
mechanism of the Sharpless catalyst. The spatial structure of the molecules of lupinine methanesulfonate, 4-
aryltriazolylmethyl-octahydroquinolysines has been established by X-ray diffraction analysis. X-ray structur-
al analysis data of new compounds have been deposited in the form of CIF files at the Cambridge Crystallo-
graphic Data Center.

Keywords: quinolysine alkaloids, lupinine, azides, triazoles, methanesulfonyl chloride, terminal alkynes, 1,3-
dipolar cycloaddition reaction, X-ray structural analysis.

Introduction

The products of secondary plant metabolism, namely alkaloids are promising models for studying the
relationship patterns “structure-biological activity”. A wide range of biological properties of their derivatives
allows accumulating factual material for a databank of their structural derivatives and using them in the
search for new drugs. The development of methods for the chemical modification of alkaloid compounds
opens up new possibilities for the creation of original agents with specific biological activity. The alkaloid
lupinine obtained from plants of the genera Lupinus and Anabasis is one of these important compounds in
terms of the search for new bioactive substances [1-3]. The presence of a primary alcohol group makes it
possible to obtain various modifications of lupinine derivatives [4]. Also, lupinine, having a transquinoliz-
idine ring with an axial oxymethyl group, is able to change its configuration from trans- to cis-junction of the
quinolizidine ring upon the nitrogen atom protonation [5, 6]. This leads to the transition of the axial oxyme-
thyl group to the equatorial position with a change in the sign of the angle of rotation, which can lead to the
manifestation of new types of activities.

In terms of pharmacological action, lupinine has a bactericidal, sedative effect, and short-term anthel-
mintic, as well as hypotensive properties [3, 4, 6]. The presence of an active hydroxyl function in the lu-
pinine molecule makes it possible to synthesize a variety of derivatives on its basis. In [4, 5], pharmacologi-
cal studies of the compound [(4-nitrobenzylidene)-imino]lupinine and [(2,4-dihydroxybenzylidene)-
imino]lupinine were carried out, which showed high antibiotic activity against plague and cholera microbes.
A number of lupinine esters have shown a local anesthetic effect, as well as anti-tuberculosis and anticholin-
esterase activity [6]. Compound 11-[(gossypolydene)-imino]lupinine has been shown to have high anti-AIDS
activity [7]. Esters of lupinine [8], which have pronounced antiviral, antitumor and hepatoprotective activity,

12 © 2022 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/10.31489/2022Ch2/2-22-5
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2022Ch2/2-22-5
mailto:nzhangeldy@yandex.ru

Synthesis and structure of 4-substituted ...

are the most studied ones among the known lupinine derivatives [9]. Therefore, the interest in lupinine and
its new derivatives continues unabated.

The synthesis and investigation of lupinine triazole derivatives is one of the poorly studied and promis-
ing directions for modifying the lupinine structure. Compounds with triazole moieties have a wide range of
applications in the production of pharmaceuticals, photoactive chemicals dyes, and agricultural chemicals
[10, 11]. Recently, the search for compounds with antiviral activity is an extremely urgent task due to the
global COVID-19 pandemic. Particular importance is attached to the search for broad-spectrum antiviral
agents capable of suppressing the replication of various viruses. Compounds with anti-HIV, anti-antiviral,
and antihistaminic activity have been identified among 1,2,3-triazole derivatives; it should be noted that they
also inhibit B3-adrenergic receptors selectively [12-14]. The creation of medicines on their basis that will be
used in the treatment of socially significant infectious diseases of viral etiology is one of paramount tasks of
modern pharmaceutical chemistry.

This work aims to synthesize 4-substituted (1S,9aR)-1-[(1,2,3-triazol-1-yl)methyl]octahydro-1H-
quinolysines of lupinine alkaloid using the “click”-reaction technology and study the structure of new syn-
thesized compounds by 'H-, *C- and two-dimensional NMR spectra, namely COSY (*H-'H) and HMQC
(*H-13C), as well as X-ray analysis.

Experimental

IR spectra were recorded on a Vector-22 Fourier spectrometer in KBr pellets. *H and **C NMR spectra
were recorded on a Bruker AV-400 (400 and 101 MHz, respectively) and Bruker DRX-500 (500 and 125
MHz, respectively) spectrometers. The compounds spectra were recorded in CDCIs, the signal of which
(6c=76.9 ppm) and the residual signal of CHCls (6,=7.24 ppm) were used as an internal standard.

The structure of the obtained compounds was established by analyzing the *H and *C NMR spectra, the
signal multiplicity in the *C NMR spectra was determined from the spectra recorded in the J-modulation
mode (JMOD). The signals assignment in the spectra was carried out applying various correlation spectros-
copy *H-'H (COSY), and *H-*C (HMBC, HSQC) using literature data for the quinolysine backbone. When
describing the spectra, we used the numbering of the core atoms given in structure (1). Specific rotation val-
ues were measured on a PolAAr 3005 polarimeter. High-resolution mass spectra were recorded on a DFS
Thermo Scientific mass spectrometer (evaporator temperature 200-250 °C, El ionization, 70 eV). Melting
points were determined on a Mettler Toledo FP900 thermosystem. X-ray structural analysis of compounds
(2, 5a, 5b) was carried out on an Xcalibur, Ruby diffractometer with a CCD detector (CuKo radiation,
graphite monochromator, A 1.54184 A, w-scanning). Processing of the initial array of measured intensities
and the absorption was carried out using the CrysAlisPro software (multi-scan) [15].

The structure was solved by a direct method. The positions of non-hydrogen atoms were refined in the
anisotropic approximation using full-matrix least squares. Hydrogen atoms were placed in geometrically cal-
culated positions and their positions were refined in the isotropic approximation with fixed positional and
thermal parameters (“rider” model). The structures were determined by a direct method and refined using the
SHELXS-2014 and SHELXL-2014 software packages [16]. Spectral-analytical studies were carried out at
the Chemical Service Center for Collective Use of the Siberian Branch of the Russian Academy of Sciences.

The reaction progress was monitored by TLC on Sorbfil UV-254 plates using chloroform, chloroform —
ethanol, 10:1 systems. Detection was carried out in an iodine chamber and in UV light. The reaction products
were isolated by recrystallization or using column chromatography on Acros silicagel (0.035-0.240 mm),
eluents CHCls; CHCl; — EtOH, 100:1 — 10:1).

The reagents used in the work were sodium azide, 4-methoxyphenylacetylene (4a), m-tolylacetylene
(4b). They were purchased from Alfa Aesar. Solvents (chloroform, DMF) and EtsN were purified according
to standard methods; DMF was additionally distilled in a stream of argon immediately before carrying out
the reactions.

(Octahydro-2H-quinolysine-1-ylmethyl)methanesulfonate (2). A solution of methanesulfonyl chloride
(4.8 g, 42 mmol) in 20 ml of CH,Cl, was added dropwise to an ice bath-cooled solution of lupinine (1)
(3.54 g, 21 mmol) and triethylamine (6.36 g, 63 mmol) in CH>Cl, (200 ml). The reaction mixture was stirred
for 30 min while cooling to 0°C and for 6 h at room temperature, then washed with saturated sodium chlo-
ride solution (2x20 ml), dried over anhydrous MgSQs, the drying agent was filtered off; the solvent was dis-
tilled off in a vacuum. The residue was chromatographed on a silicagel column (chloroform, chloroform-
ethanol, 50:1). Yield was 4.84 g (93%). Cream crystals are obtained; m.p. is 57-58 °C (from ether). [0]p®
-21.6 (c 1.4, CHCI3). IR spectrum (KBr), v, ecm™*: 1184, 1336 (OS0O,), 2740, 2757, 2798 (quinolizidine).
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'H NMR spectrum (400 MHz, CDCls), &, ppm (J, Hz): 1.12-1.26 (1H, m, H-2a); 1.28-1.51 (5H, m, H-2¢, 8a,
8e, 3a, 7a); 1.54 (1H, m, H-9a); 1.59-1.77 (2H, m, H-3e, 7e); 1.84-2.02 (5H, m, H-1.44a, 6a, 9e, 9a); 2.73-2.80
(2H, m, H-4e, 6e); 2.97 (3H, s, CH3); 4.37 (1H, dd, J = 10.6, J = 9.8, H-10); 4.47 (1H, dd, J = 10.6, J = 5.3,
H-10). 3C NMR spectrum (101 MHz, CDCls), 8, ppm: 20.6 (C-3); 24.7; 25.4 C-7.8); 26.3 (C-2); 29.8 (C-9);
37.0 (CHz3); 38.0 (C-1); 56.8; 57.1 (C-4.6); 64.0 (C-9a); 69.5 (C-10). Mass spectrum, m/z (1, %): 248 (1), 247
(7), 153 (10), 152 (100), 150 (3), 98 (6). Found, m/z: 247.1238 [M]*. Ci1H2:NOsS. Calculated, m/z:
247.1237.

X-ray structural study of compound (2). Table 1 presents the main crystallographic data and characteris-
tics of the X-ray diffraction experiment. The XRD data in the form of a CIF file were deposited at the Cam-
bridge Crystallographic Data Center (deposit CCDC 2087144).

1-(Azidomethyl)octahydro-2H-quinolysine (3). A mixture of compound (2) (4.84 g, 20 mmol) and sodi-
um azide 3.44 g (53 mmol) in DMF (50 ml) was stirred at 70 °C for 5 h (TLC control). After the end of the
reaction, the solvent was removed from the reaction mixture, the residue was dissolved in CH,Cl,, washed
with a saturated sodium chloride solution, dried over anhydrous MgSQOa, the desiccant was filtered, the sol-
vent was distilled in vacuum, the residue was chromatographed on a column with silicagel (chloroform-
ethanol, 50:1). Yield was 2.33 g (60%). Light yellow mobile liquid was obtained. [a]p?® —29.85 (s 2.4, chlo-
roform). IR spectrum, v, cm™*: 1269, 2096 (N=N), 2744, 2762, 2804 (quinolizidine). *H NMR spectrum
(400 MHz, CDCls), 8, ppm (J, Hz): 1.12-1.26 (1H, m, H-2a); 1.30-1.57 (6H, m, H-8a, 8e, 9a, 9e, 3a, 7a);
1.58-1.76 (3H, m, H-2e, 3e, 7e); 1.80-1.99 (4H, m, H-1.4a, 63, 9a); 2.72-2.82 (2H, m, H-4e, 6e); 3.42 (1H,
dd, J = 12.6, J = 9.6, CH»-10); 3.54 (1H, dd, J = 12.6, J = 5.3, CH;-10). *C NMR spectrum (125 MHz,
CDCls), 8, ppm: 20.7 (C-3); 24.9 (C-8); 25.4 (C-7); 27.3 (C-2); 29.6 (C-9); 38.2 (C-1); 50.4 (C-10); 56.8;
57.2 (C-4.6); 64.3 (C-9a). Mass spectrum, m/z (I, %): 194 (2), 153 (10), 152 (100), 137 (7), 136 (5), 98 (12),
84 (7), 83 (9), 82 (6), 55 (10), 41 (14). Found, m/z: 194.1528 [M]*. C1oH1sN4. Calculated, m/z: 194.1526.

Synthesis of compounds (5a,b) (General method). A mixture of azide (3) (0.29 g, 1.5 mmol), substituted
acetylene (4a,b) (1.35 mmol), CuSO4sx5H,0 (0.017 g, 0.0675 mmol) and sodium ascorbate (0.013 g,
0.0675 mmol) in DMF (4 ml) was stirred at 75°C for 4-6 h (TLC control). The precipitate formed upon cool-
ing was filtered off, washed with hexane, and dried to obtain triazoles (5a,b). The solvent was distilled off in
vacuum to isolate triazoles (5a,b); the residue was chromatographed on a silicagel column (eluent chloro-
form, mixture of chloroform with ethanol, 100:1 — 10:1).

(1S,9aR)-1-{[4-(4-Methoxyphenyl)-1H-1,2,3-triazole-1-ylJmethyl}octahydro-1H-quinolysine (5a). Yield
was 0.35 g (83 %). There are obtained white crystals; m.p. was 177-178 °C (from ethyl acetate). [a]p?® —16.9
(c 0.8, chloroform). IR spectrum, v, cm™*; 829, 920, 1443, 1458, 1498, 1560, 1618, 3097 (C=C, C=N); 1008,
1132, 1246 (C-0); 2761, 2804 (quinolizidine). *H NMR spectrum (400 MHz, CDCls), 8, ppm (J, Hz): 1.17—
1.40 (3H, m, H-2a, 2e, 8a); 1.40-1.64 (5H, m, H-8e, 9a, e, 3a, 7a); 1.73-1.90 (2H, m, H-3e, 7e); 1.92-2.05
(2H, m, H-4a, 6a); 2.06-2.10 (1H, m, H-9a), 2.22-2.26 (1H, m, H-1); 2.83-2.88 (2H, m, H-4e, 6e); 3.81 (3H,
s, OCHs); 4.54 (1H, dd, J = 13.8, J = 5.5, H-10); 4.60 (1H, dd, J = 13.8, J = 12.5, H-10); 6.92 (2H, d, J = 8.6,
H-3",5"); 7.61 (1H, s, H-5"); 7.73 (2H, d, ] = 8.6, H-2", 6”). 3C NMR spectrum (101 MHz, CDCls), 5, ppm:
20.5 (C-3); 24.7; 25.4 (C-7.8); 26.1 (C-2); 29.5 (C-9); 39.1 (C-1); 48.4 (C-10); 55.2 OCHa); 56.9; 57.2
(C-4.6); 64.3 (C-9a); 114.1 (C-3", 5); 119.3 (C-5'); 123.3 (C-1"); 126.8 (C-2", 6"); 147.2 (C-4"); 159.4
(C-4"). Mass spectrum, m/z (1, %): 328 (1), 327 (12), 226 (49), 152 (42), 151 (100), 150 (66), 138 (18), 137
(14), 136 (33), 111 (18), 96 (17), 83 (25), 41 (150). Found, m/z: 326.2100 [M]*. C1oH26N4O. Calculated, m/z:
326.2101.

X-ray structural study of compound (5a). The main crystallographic data and characteristics of the
X-ray diffraction experiment are presented in Table 1. The XRD data in the form of a CIF file were deposit-
ed at the Cambridge Crystallographic Data Center (deposit CCDC 2087145).

(1S,9aR)-1-{[4-(m-Tolyl)-1H-1,2,3-triazole-1-ylJmethyl}octahydro-1H-quinolysine  (5b). Yield was
0.52 g (80 %). There were obtained white crystals; m.p. was 141-142 °C (from ethyl acetate). [o]p*® —13.8
(c 1.0, chloroform). IR spectrum, v, cm™: 694, 791, 846, 1443, 1464, 1487, 1614, 3122 (C=C, C=N); 2763,
2804 (quinolizidine). *TH NMR spectrum (500 MHz, CDCls), 8, ppm (J, Hz): 1.20-1.40 (3H, m, H-2a, e, 8a);
1.41-1.63 (5H, m, H-8 e, 9a, 9, 3a, 7a); 1.74-1.91 (2H, m, H-3e, 7¢); 1.94-2.02 (2H, m, H-4a, 6a); 2.06—
2.09 (1H, m, H-9a), 2.22-2.26 (1H, m, H-1); 2.37 (3H, s, CHs); 2.83-2.88 (2H, m, H-4e, 6¢); 4.56 (1H, dd,
J=138, J = 5.8, H-10); 4.61 (1H, dd, J = 13.8, J = 11.2, H-10); 7.11 (1H, d, J = 7.5, H-4"); 7.27 (1H, t,
J=7.5,H-5");7.58 (1H, dd, J = 7.5, = 1.6, H-6"); 7.66 (1H, s, H-5"); 7.72 (1H, d, J = 1.6, H-2"). **C NMR
spectrum (125 MHz, CDCls), 6, ppm: 20.5 (C-3); 21.3 (CH3); 24.7; 25.4 (C-7.8); 26.2 (C-2); 29.6 (C-9); 39.1
(C-1); 48.5 (C-10); 56.91; 57.2 (C-4.6); 64.3 (C-9a); 120.0 (C-5"); 122.7; 126.2; 128.5; 128.6 (C-2", 4", 5",
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6"); 130.5 (C-1"); 138.3 (C-3"); 147.5 (C-4'). Mass spectrum, m/z (I, %): 312 (1), 311 (9), 310 (42), 152
(28), 151 (100), 150 (52), 138 (15), 136 (35), 83 (20). Found, m/z: 310.2155 [M]*. Ci9H26N4. Calculated,
m/z: 310.2152.

Results and Discussion

In this work, we describe the synthesis of lupinyl azide (3) and an unknown group of quinolysine alka-
loids derivatives containing a 1,2,3-triazole substituent. The synthesis of triazoles (5a) and (5b) was carried
out by the reaction of 1,3-dipolar addition according to Huesgen in the presence of a Sharpless catalyst,
which is a sodium ascorbate — copper (1) sulfate system. This method is convenient because the addition of
acetylene to an azide leads to the formation of 1,4-substituted triazoles, while a mixture of 1,4- and 1,5-
isomers is formed during thermal cyclization [17].

When lupinine (1) interacts with methanesulfonyl chloride in the presence of triethylamine in meth-
ylene chloride, (octahydro-2H-quinolysine-1-ylmethyl)methanesulfonate (2) is formed smoothly upon cool-
ing (yield is 93 %). Treatment of compound (2) with NaNs; in DMF medium upon heating led to the for-
mation of 1-(azidomethyl)octahydro-2H-quinolysine (3), which was isolated in 61 % yield as a result of col-
umn chromatography in silicagel.

CH,;SO,Cl, EtsN,

NaNa3,

3] CH.Clp, 0-25°C N DMF, 70°C
—_— !
93% B CH; 61%

H I

20
~

A\}

OH 2 (@] o

The reaction of lupinylazide (3) with arylalkynes [4-methoxyphenylacetylene (4a), m-tolylacetylene
(4b)] proceeded smoothly in DMF in the presence of copper sulfate CuSO4x5H,0 and sodium ascorbate
(NaAsc) upon heating to 75°C (TLC control). (1S,9aR)-1-[(1,2,3-triazole-1-yl)methyl]octahydro-2H-
quinolysines (5a, b), containing aryl substituents at C-4 position of 1,2,3-triazole ring, were isolated by the
column chromatography on silicagel.

RS CuSOy4, Na Asc

DMF, 75°C
+ Hc=—c R2 :
69 - 90%

4a, 5a: R'=R3=H, R? = OCHj;
4b, 5b: R'=CH;, R?=R*=H

The high selectivity can be explained by the mechanism of this addition. The principle of the Sharpless
catalyst operation is that the resulting monovalent copper, when reacted with acidic terminal acetylene, gives
acetylene, which selectively coordinates with azides to form 1,4-substituted triazole (“click” reaction tech-
nology) [17, 18].

The composition and structure of the synthesized compounds were confirmed by IR, *H and *C NMR
spectroscopy, mass spectrometry, and X-ray diffraction data. The presence of an azide substituent in struc-
ture (3) was confirmed by the IR spectrum data (an intense absorption band at 2096 cm™, corresponding to
the stretching vibrations of the azide group).

The H and **C NMR spectra of the synthesized quinolysine 1,2,3-triazoles contain a characteristic set
of signals from the quinolysine backbone and the corresponding substituent. In the high-field region (6 1.17—
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1.70 ppm), there are broad multiplet signals with an integrated intensity of 8H, which include protons of the
lupinine core of both axial and equatorial orientations (H-2a,e, 8a,e, 9a,e, 3a, 7a).

The multiplet signal (8 1.70—1.92 ppm) belongs to the equatorially oriented protons H-3,7. Then the ax-
ial protons 4, 6 (& 1.88-2.08 ppm), the nodal proton 9a (6 2.05-2.18 ppm), and the C-1 proton (& 2.18-
2.30 ppm) resonate. Equatorial protons 4, 6 are represented by a narrow multiplet in the range of 6 2.80—
2.88 ppm. The protons of the H-10 methylene group resonate in the form of two doublets in the range of &
4.51-4.65 ppm. The proton of 1,2,3-triazole rings in the *H NMR spectra of compounds (5a,b) corresponds
to a singlet signal located in the range of § 7.37-7.71 ppm. The carbon atoms of the triazole ring in the *C
NMR spectra correspond to signals at 119.3-122.4 (C-5) and 146.2-156.8 ppm (C-4) doublet and singlet,
respectively (recording of the spectra in the JMOD mode). These data confirm the formation of
1,4-disubstituted 1H-1,2,3-triazoles as a result of the CuAAC reaction.

The mass spectra of all compounds contain peaks of molecular ions of various intensities. In the spectra
of all synthesized quinolizidinotriazoles (5a,b), there is a peak of the fragmentary CioHi7N ion (150—
151 a.u.), corresponding to the cleavage of the molecule at the C-10 atom of the quinolizidine backbone.

The spatial structure of (octahydro-2H-quinolysine-1-ylmethyl)methanesulfonate (2) and 1-[(4-aryl-
1,2,3-triazole-1-yl)methyl]octahydro-1H-quinolysines (5a) and (5b) established by the X-ray diffraction
method is shown in Fig. 1-3, respectively.

Figure 1. Structure of (octahydro-2H-quinolysine-1-ylmethyl)methanesulfonate (2)
(thermal vibration ellipsoids are shown with a probability of 30%)

Figure 2. The structure of (1S,9aR)-1-{[4-(4-methoxyphenyl)-1H-1,2,3-triazole-1-yl]Jmethyl}octahydro-
2H-quinolysine (5a) (thermal vibration ellipsoids are shown with a probability of 30%)
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Figure 3. The structure of (1S,9aR)-1-{[4-(m-tolyl)-1H-1,2,3-triazole-1-yl]methyl}octahydro-
1H-quinolysine (5b) (thermal vibration ellipsoids are shown with a probability of 30%)

The configurations of the C5 and C6 chiral centers are correlated with the absolute one in the crystal
structure of lupinine chloride [19]. It follows from the obtained data that the bond lengths and bond angles in
compounds (2), (5a), and (5b) are close to the usual ones [20]. The conformations of the six-membered rings
NI, C1... C5 (A) and N1, C5... C9 (B) in the quinolizidine framework in compounds (2), (5a), and (5b) are
close to those in the crystal structure of lupinine [19, 20]. Data on intracyclic torsion angles and parameters
of asymmetry of cycles [19] are given in Table 1. Cycles A and B in two crystallographically independent
molecules (2-1) and (2-2) of compound (2) as well as (5a-1) and (5a-2) of compound (5a), are in a confor-
mation close to a somewhat distorted chair as in molecule (5b).

In crystal (2), molecules (2-1) and (2-2) have different orientations of the sulfonyl group, namely the
C5-C6-C10-01 torsion angles are 177 and 76°, respectively. In two independent crystal molecules (5a) and
in crystal (5b), the orientation of the 1,2,3-triazole ring is the same, namely the C6-C10-N2-N3 torsion an-
gles are 53, 63, and 58°, respectively. The 1,2,3-triazole and phenyl rings in the molecules of compounds
(5a) and (5b) are planar with an accuracy of no more than + 0.013 A. The angles between the planes of the
triazole and aryl substituents are 23 and 21° in crystal (5a) and 27° in crystal (5b).

Table 1
Intracyclic torsion angles (t, deg.) in compounds (2), (5a) and (5b)
Compound (2-1) | (2-2) | Gal) | (a2 | (5b) | Lupinine
Angle T
Cycle N1-C1-C2-C3-C4-C5 (A)
N1-C1-C2-C3 -58(2) -59(2) -57(1) -58(1) -58(2) -56.2
C1-C2-C3-C4 55(2) 58(2) 56(1) 55(1) 56(2) 52.9
C2-C3-C4-C5 -55(2) -57(2) -57(1) -57(1) -57(2) -54.3
C3-C4-C5-N1 56(2) 54(1) 59(1) 60(1) 58(2) 56.7
C4-C5-N1-C1 —54(2) —52(1) —58(1) —60(1) —59(1) —57.8
C5-N1-C1-C2 57(2) 55(2) 58(1) 60(1) 60(1) 58.9
?;émgztrry ACS'=10 ACs=17 ACS'=1.0 ACS'=16 ACs=08 ACS=11
(Acmin, deg) ACo+4=1.5 AC*°=1.6 AC4°=0.7 AC4°=0.7 AC2>*=1.6 AC*°=2.1
Cycle N1-C5-C6-C7-C8-C9 (B)

C9-N1-C5-C6 55(2) 58(1) 57(1) 60(1) 59(1) 56.5
N1-C5-C6-C7 —54(2) —59(1) —55(1) —56(1) —57(1) —54.5
C5-C6-C7-C8 54(2) 57(2) 54(1) 55(1) 54(2) 53.6
C6-C7-C8-C9 —55(2) —53(2) —57(1) —57(1) —53(2) —54.9
C7-C8-C9-N1 58(2) 55(2) 59(1) 61(1) 56(2) 58.1
C5-N1-C9-C8 -58(2) -59(2) —60(1) —62(1) -59(2) -58.9
Asymmetry ACs8=0.0 ACs>=1.7 ACs8=0.8 ACs8=1.9 ACs’=0.8 ACs=1.2

parameter (ACmin)| AC,>6=2.2 AC,"8=1.4 AC57=2.0 AC%7=1.0 AC,"8=2.0 AC%7=1.2
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Table 2 presents the main crystallographic data and characteristics of the X-ray diffraction experiment
of compounds (2), (5a) and (5b) . The X-ray structural analysis data were deposited in the form of a CIF file
at the Cambridge Crystallographic Data Center (deposit CCDC 2087146).

Table 2

Crystallographic data and characteristics of an X-ray diffraction experiment for compounds (2), (5a) and (5b)

Compound (2) (5a) (5b)
Molecular formula C11H21NO3S C3sHs2NgO2 C19H26N4
M 247.35 652.87 309.43
Syngonia Triclinic Monoclinic Monoclinic
T, K 293 293 293
a, A 5.435(3) 5.5545(5) 19.692(4)
b, A 8.766(3) 17.804(2) 5.6186(9)
c,A 14.395(5) 17.840(2) 16.185(3)
a, degrees 97.90(3) 90 90
B, degrees 98.95(4) 98.95(4) 104.80(2)
vy, degrees 103.60(4) 90 90
V, A3 Z 647.6(5); 2 1762.6(3); 2 1731.4(6); 4
Space group P1 P21 12
Dealc,, g/cm® 1.268 1.230 1.191
u, mm? 2.180 0.618 0.558
Number of measured reflections 3594 7368 7134
Number of independent reflections . 2746 . 5281 . 3358

R(int) = 0.0826) (R(int) = 0.0939) (R(int) = 0.0203)
Reflections observed (1>25(1)) 1493 3088 1225
Number of refined parameters 292 436 210
Tmin, Tmax (Multiscan) 0.38568, 1.00000 0.92224, 1.00000 0.37817, 1.00000
F(000) 268 704 284
Area 0, degrees 5.279 <60 <76.035 3.509 <6<76.092 2.916 <6<27.934
R1, wR2 (I > 20(1) 0.0826, 0.1956 0.0935, 0.2264 0.1080, 0.2861
R1, wR2 (whole array) 0.1269, 0.2444 0.1333, 0.2786 0.1968, 0.3817
GooF 0.963 1.057 0.983
Apmax, Apmin, e/ A3 0.298, -0.624 0.411, -0.209 0.261, -0.226
Conclusions

In this work, the optimal conditions for the modification of the structure of the alkaloid lupinine at the
hydroxymethylene group C-1 of the quinolizidine backbone have been proposed and developed. As a result
of these studies, potentially bioactive 1,2,3-triazole derivatives of lupinine have been obtained for the first
time in high yields. The application of the “click”-reaction technique allowed the synthesis of lupinine azide
and its 1,3-dipolar [3+2]-cycloaddition to various alkynes.

The reactions were carried out in the presence of an aqueous solution of CuSO. and sodium ascorbate in
DMF. The developed conditions allowed the corresponding 4-substituted (1S,9aR)-1-[(1,2,3-triazol-
1-yl)methyl]octahydro-2H-quinolysines to be synthesized in good yields. New synthesized lupinine deriva-
tives with a 1,2,3-triazole fragment can provide additional ligand-receptor interactions of a biologically ac-
tive substrate and thereby change the selectivity of the substrate biological action. The complex use of mod-
ern physicochemical methods, namely one-dimensional *H-, *C- NMR spectra and two-dimensional COSY
(*H-'H) and HMQC (*H-3C) spectra, as well as XRD analysis made it possible to unambiguously establish
the structure of the new 4-substituted (1S,9aR )-1-[(1,2,3-triazol-1-yl)methyl]octahydro-1H-quinolysines of
lupinine. X-ray structural analysis data for synthesized compounds were deposited as CIF files at the Cam-
bridge Crystallographic Data Center (CCDC deposit for 2 is 2087144, for 5a is 2087145, for 5b is 2087146).
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Jlynuaunnin 4-opbiadaceurran (1S,9aR)-1-[(1,2,3-Tpua3o-1-wm)merui]-
OKTaruapo-1H-XuHOJIM3UHAEePiHiH CHHTE3] )KOHe KYPbLIbICHI

Makanaga JyOWHHH ankalouablHblH |,4-anMmacteippurran 1 H-1,2,3-Tpra3on TybIHABUIAPBl KaTapbIHBIH
CHHTE3]Iey JKOHE PEHTTCHIIK KYPHUIBIMIBIK EpEeKIIeTIKTepiH 3epTTey HOTIbKenepl KenTipinreH. JlynmuHuH
QIKAJION/IBIHBIH XUMUSUTBIK MOIUGHKAIMACH XUHOJM3UH KaHKAacHIHBIH C-1 OpHajackaH THIPOKCHMETHICH
TOOBI OOHMBIHINA JKy3ere aceppUIAbl. Peakmusimap OipHeme KeseHie Okyprisinmi. JlynuHWHHIK
MEeTaHCYIb(OXIOPUIIIEH XJIOPIIBI METIIICH e TPHATHIAMHH KAaTHICYBIMEH 03apa dpeKeTTecyi Ke31Hae KOFaphl
IIBIFBIMABUIBIFBL  6ap (93 %) (okTarunpo-2H-xuHoMM3UH-1-UIMeTHI)MeTaHCYIb(pOHAT OHAW Ty3iIeTiHi
kepceTiared. Ockl KOCBUIBICTBI AUMETHA(GOPMaMHJ epiTiHAICIHIe HATpUl a3uAiMeH apbl Kapall KbI3ABIPHIIT
enziey HoTikecinze 61% mbiFbIMMeH 1-(asumomeTp)okTaruapo-2H-XxuHOMM3MHHIKE Ty3iyi xypeai. XKaxa
asuarig cynsl CuSOs jkoHe HaTpuil ackopOaThl KaThICYbIMEH TUMETHI(OpPMaMUA EpiTIHIAICIHAE OpTYpii
CHIIATTaFBl TEPMUHAIABIK aJTKHHACPMEH 03apa opeKeTTecyi Kesinme coiikec 4-anmmactsipsurran (15,9aR)-1-
[(1,2,3-tpuazon-1-um)Mermin]okraruapo-1H-XHHOIM3UHACDP TY31LTyl MYMKiH €KEHIIri aHbIKTaiabl. Tpuason
mukiaiHig C-4 KkargalielHIa opTYpNi apwil alMacTBIPFBITApsl Oap JIyNMWHWHHIH JkaHa 1,2,3-Tpmazon
TYBIHABUIAPEl AJNBIHABL. PeakumsHbIH korapsl cenekTuBTUIri Illaprurec kaTanm3aTOpBIHBIH ocep €Ty
MEXaHU3MIMEH TyciHxipiieni. PeHTTeHKYpBUIBIMABIK Tajgay oAiCIMEH JIyNMMHWH METaHCYJIb(OHATHI,
4-apunTpHa3zoIMIMETIII-OKTarHAPOXUHOIM3UHIIEP MOJIEKYJIaNapbIHBIH KEHICTIKTIK KYPBUIBIMBI aHBIKTAJbI.
CIF c¢aitnmapsl TypiHZeri »aHa KOCBUIBICTApABI PEHTTEHKYPBUIBIMABIK Tajjaay aepekrepi KemOpummxmeri
KPUCTAIUIKYPBUIBIMABIK I€PEKTEp OPTaIbIFBIH/IA CAKTAIIFaH.

Kinm ce30ep: XWHONMM3WHII aJKaJOWATAp, JYNUHUH, a3uATep, TPUA30jdap, METaHCYIbGOOHWI XJIOPHII,
TePMHUHAJIBI aJTKUHAEP, 1,3-AUITONSpIIbl HUKIOKOCHUTY peakuusicel, PKA.

XK.C. Hypmarau6eros, C./l. ®a3sios, K.M. Typuasidexos, O.A. HypkeHos,
J.M. Typasi6exos, I'.K. MykymeBa, E.B. Munaesa, I'. Xabnonna

Cunre3 u cTpoenue 4-3amemennsbix (1S,9aR)-1-[(1,2,3-Tpua3oa-
1-nam)mernialokraruapo-1H-XMHOIU3UHOB JTYNIHHUHA

B crarbe mpuBeneHs! pe3yIbTaThl HCCIISIOBAHUIT 10 CHHTE3Y U PEHTI€HOCTPYKTYPHOMY HCCIIEIOBAaHHIO 0CO-
6eHHOCTEl cTpoeHus psna 1,4-nu3amemieHHbIX 1/H-1,2,3-TpHa3oa0BbIX MPOU3BOJHBIX AJIKaJIOW/a JIYITHHUHA.
Xumpnueckas MOAM(UKaLUS ajJKaJou/a JTyTMHUHA OCYIIECTBISIIACH M0 THAPOKCHMETHIICHOBOW TPYIIIe B MO-
noxxeHny C-1 XWHOJM3MHOBOTO OCTOBA. Peakiuy MpoBOAMIIKCH B HECKOJIBKO cTanuil. [TokasaHo, 4To mpu
B3aMMOJICHCTBHH JIYIIMHUHA C METAHCYJIb()OXJIOPUIOM B MPUCYTCTBUH TPUSTWIIAMHHA B XJIOPHUCTOM METH-
JIeHe TIIaAKo obpasyercs (OKTaruapo-2H-XuHONMM3WH-1-niMeTmT)MeTaHCyIb(OHAT C BBICOKHM BBIXOJIOM
(93 %). TTocnemyromias 06pabOTKa TaHHOTO COSIUHEHHUS ACHCTBHEM a3uaa HATPHs B cpele auMeTmihopma-
MHUJIa TIPH HarpeBaHUH MPOBOAHUT K 0Opa3oBaHUIO 1-(a3MIOMETHI)OKTaruapo-2H-XHHOIH3HHA ¢ BBIXOIOM
61 %. YcTaHOBIEHO, YTO TP B3aNMOJICHCTBUH HOBOTO a3Mfa C TSPMHHAJIBHBIMH QIKHHAMHU PA3INYHOI Mpu-
poxsl B pucytcTBuM BogHoro CuSO4 n ackopbarta HaTpus B AUMETHI(HOPMaMHIE MOTYT ObITh 00pa30BaHbI
coorBercTBytome  4-3ameniennsie  (1S,9aR)-1-[(1,2,3-tpuazon-1-un)merrn]okraruapo-1H-XunHOIU3HHBIL.
IMonyyens! HOBBIE 1,2,3-TpHa30yiOBBIE MPOM3BOAHBIX JIyNIMHHUHA, COJEpPIKAIINE Pa3IMYHbIC apHiIbHBIC 3aMe-
crureny B nonoxkeHnn C-4 TprasoibHOTO [HMKNIA. BbICOKast CENEKTUBHOCTh PEAKIUH 00bICHEHA MEXaHU3MOM
neiictBust karanuzaropa Illaprieca. MeTOZOM PEHTICHOCTPYKTYPHOTO aHajin3a YCTAHOBJICHO IIPOCTPaH-
CTBEHHOE CTpocHHE MOJIEKYJT MeTaHcyIb(oHaTa NyTUHUHA, 4-apuTPUA30IMIMETHII-
OKTarupOXHUHOIN3NHOB. [laHHBIE PEHTIEHOCTPYKTYPHOTO aHaii3a HOBBIX coenuHeHuid B Bune CIF daiinos
JIeTIOHNPOBaHb! B KeMOPHHKCKOM LEHTpe KPUCTAIOCTPYKTYPHBIX JaHHBIX.

Kniouesvle crosa: XMHOMM3UHOBBIC AKATOUIBI, JTYTIMHUH, 83U, TPHA30JIbl, METAHCYJILGOHWIT XJIOPHI, TEP-
MUHAJIbHBIC ANKUHBI, peakius 1,3-aunossipHoro nuknonpucoenutenus, PCA.
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“Cold Curing” of Polyethylene Glycol Maleate with Acrylic Acid
and Some Physicochemical Properties of Their Solutions

The possibility of using the copolymers based on unsaturated polyesters with acrylic acid (AA) as the main
component (polymeric basis) for the creation of novel highly effective sealants and glues of domestic produc-
tion was demonstrated. Polyethylene glycol maleate (p-EGM) was synthesized by step-growth polymeriza-
tion of maleic anhydride with ethylene glycol using the catalyst, which shortened the process duration. A
number of solutions of p-EGM with AA were obtained. Physicochemical characteristics of initial solutions
were determined. Some rheological properties of the solutions of p-EGM in unsaturated carboxylic acid were
studied. Radical polymerization — the process of “cold curing” of the solutions of p-EGM with AA at room
temperature was carried out. The combination of initiating a system of cold curing consisting of initiator
(benzoyl peroxide) and promoter (dimethylaniline) was selected and their optimal content in the initial mon-
omer mixture was established. The main parameters of curing, namely gelation time and curing time, were
determined. Identification of the copolymers was performed using IR-spectroscopy. The morphology of the
surfaces of cured samples of p-EGM with AA was studied using SEM. The optimal composition requiring
further studies as highly filled compositional polymeric materials for using as sealants and glue basis was es-
tablished.

Keywords: sealant, glue, unsaturated polyester, polyethylene glycol maleate, unsaturated carboxylic acid,
acrylic acid, radical copolymerization, cold curing.

Introduction

At present, the volume of house-building and reconstruction of buildings is consistently being increased
in Kazakhstan. Modern building technologies require the use of high-quality products of construction chemi-
cals. These are sealants, glues, mastics, which allow the construction to bond firmly and reliably. Polymeric
materials are more commonly used nowadays as sealants and glues [1-3]. Glues and sealants based on poly-
mers have a wide field of application and universal properties starting with the use at home, as well as in pro-
fessional, repairing and mechanical installation, aircraft-, and automobile as well as shipbuilding industries.
As it is known [4-8], among the wide assortment of glues and sealants, silicon-, polyurethane, acrylic, poly-
sulfide, and others are the most widely spread ones. Advantage of such sealing and gluing materials is an
opportunity for reliable surfaces pressurization of any kind of shapes directly on the objects being built al-
most without the evolution of solvents. Sealants and glues based on polymers possess high exploitation char-
acteristics under any climatic conditions. High elastic properties allow using them for sealing various inter-
faces including the spaces between panels in house buildings, glass units, etc. [4-8]. The sealants and glues
of curing types including those hardened with air oxygen are the most widely used. In this regard, it is more
desired rather fast curing the sealing composition at rather low or room temperatures. It is necessary to note
that along with general advantages one can accentuate the shortcomings, which are peculiar for curing seal-
ants and glues depending on polymer basis.

So, the main drawback of Thiokol sealants is a high volume of production wastes, drain water, and
salts. In turn, polyurethane sealants are known for their highest deformation-strength properties. However,
the necessity of curing on ending isocyanate groups requires considerable preparation of the components
(drying) before the introduction to the product composition, which limits the storage period before use,
worsens the monolithicity of the hardened product and finally its quality [4-8].

The diversity of sealants and glues is confirmed by their variety in the market of building materials and
the patents on their recipes. This, in turn, emphasizes a high interest of researchers in the search and devel-
opment of new recipes for the above-said materials. Formulation of sealing and gluing systems includes a
base, a filler, an accelerating system and an initiator. In a number of cases a stabilizing system, a plasticizer,
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a dye and a photoinitiating system, which provides the curing of the sealing agent by the exposure to UV
radiation, are also included in the recipe. Examples can be acrylic sealants of the trade “ACH”, “Anatherm-
5007, “Anatherm-50UV”. The shortcomings of the above-mentioned trademarks are the followings: In the
first case, it is a low-reliability index, which is less than 85 %, whereas in the case of using the trade
“Anatherm” in spite of 100 % encapsulation there is a necessity of using additional equipment as UV-
radiator, carrying out additional acts of controller and huge manufacturing areas. Also, there are other main
drawbacks, including low water-proof ability, high sensitivity to UV-light and decrease of the firmness at
high temperatures, application limitations (restoration inside the buildings) and the high price [4]. These
shortcomings reduce essentially the quality indexes and rentability of production in general [1]. In this re-
gard, modern technologies of obtaining the sealants are directed to the search for new raw materials, fillers
and additives with the aim of improving the adhesion properties, time of curing, working life, optimal mean-
ings of firmness and elasticity, and so on.

Promising compounds for the creation of this kind of materials are the solutions of unsaturated polyes-
ters in vinyl monomers, which save necessary consistency in a wide range of concentrations [9-11]. Unsatu-
rated polyesters are the main representatives of oligomers, which are capable of polymerization. They belong
to thermoreactive materials with rather a useful complex of properties such as rather low viscosity, capability
to harden not only at high but also at room temperature. Owing to the reactive double bond, the unsaturated
polyesters can enter the copolymerization reaction with a lot of monomers obtaining the hardened products.
Obtained hardened unsaturated polyester resins are materials with high durability, attrition hardness, very
good dielectric properties, high chemical stability to various mediums, environmental safety during exploita-
tion period and so on. In this case, there is a possibility of varying properties of the final product due to the
variety of unsaturated polyester compositions.

Most part of the investigations in the field of unsaturated polyesters is devoted to the synthesis and
study of their properties hardened with styrene [9-11]. The main drawback of these polymers is the limita-
tions in application because of toxicity and flammability of styrene. At the same time, questions about modi-
fying unsaturated polyesters by functional monomers aimed at improving their exploiting characteristics and
technological properties of compositional materials in the processing stage have not been studied enough.

Considering the above-listed advantages of unsaturated polyesters, their use as an agent when obtaining
adhesive materials of hardened type seems to be perspective. Therefore, the goal of this work is a study of
the main physicochemical characteristics of glues and sealants based on polyethylene glycol maleate with
acrylic acid, the establishment of kinetics parameters of cold curing (the lifetime and the curing) by selection
and varying the initial composition of comonomers and the initiating system.

Experimental

The following reagents, namely ethylene glycol, acrylic acid, benzoyl peroxide, dimethylaniline (“Sig-
ma-Aldrich”), maleic anhydride (“Vekon”), aluminum chloride (“Reachem”), were used in the work. All
chemicals were used without additional purification.

Polyethylene glycol maleate (p-EGM) was obtained by the polycondensation reaction of ethylene gly-
col with maleic anhydride at a temperature of 423-433 K in a four-neck flask, which was equipped with a
reflux condenser, a stirrer (was set from a top of a flask), a thermometer, a Dean-Stark apparatus, and a feed-
ing tube (nitrogen). Step-growth polymerization was carried out according to the procedure given in [12] at a
constant stirring in the presence of a catalyst (zinc chloride) in a nitrogen atmosphere to avoid the gelatiniza-
tion process.

Molecular weight of p-EGM was determined using gel permeation chromatography (Agilent 1100 Ser)
where polystyrene was chosen as a standard substance and dioxane was chosen as a solvent. The value of
molecular weight was approximately M, ~2358 Da.

Radical copolymerization of p-EGM with acrylic acid (AA) was carried out in bulk at various initial
mass ratios of comonomers at a temperature of 293 K, where benzoyl peroxide (BP) was used as an initiator
and dimethylaniline (DMA\) served as an accelerating agent.

The dynamic viscosity of the initial solutions of p-EGM-AA was measured at 293 K on a vibrational
viscosimeter SV-10 provided with a liquid thermostat BT3 for sustaining a given temperature [13].

The density of the initial solutions and the p-EGM-AA copolymers was measured using a pycnometer
and hydrostatic methods correspondingly [14].

The gelation time was determined automatically on a Gel Timer Gelnorm GT-S. The curing time of
p-EGM-AA was determined according to the procedure described in [15].
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The samples IR-spectra were recorded in KBr tablets on an FSM 1201 spectrometer [16].
Electron microscopic pictures were made on a scanning electron microscope MIRA 3 (TESCAN) at an
accelerating voltage of 20 kW.

Results and Discussion

Glue bonds are becoming an alternative to mechanical compounds in engineering applications and they
provide a number of advantages in comparison to usual mechanical fixing parts. This kind of bond provides
a more uniform distribution of tension on the binding area. As it is known from [17], the sealing materials
have to meet the following requirements: they must totally prevent the juncture from moisture; do not allow
filtering the air (exceeding the amount which is prescribed in the documents); to be capable of saving the
sealing properties not depending on atmospheric influences; do not undergo aging for a long period of time;
to have rather low price and to be produced from acceptable raw materials [18]. For the formation of glue
sews, the following conditions are demanded. In the beginning, the sealant/glue should be in a liquid form; it
should easily flow on the surface and wet properly the elements, which are to be glued; then a liquidlike
sealant/glue should harden (either by drying, or by polymerization; either by curing with the help of a curing
agent, or by cooling for the glue-alloy).

Thus, our studies should be divided into several stages for the goal accomplishment and obtaining pol-
ymers with adhesive properties of the hardened type, namely:

— obtaining the solutions of p-EGM in acrylic acid of various compositions and investigation of their

rheological properties;

— selection of the initiating system, i.e. the curing additives;

— curing the initial solutions of p-EGM-AA at room temperature by radical copolymerization — “cold

curing”.

Table 1 presents the data on the composition of initial solutions of p-EGM in acrylic acid and their
properties. According to this data the content of unsaturated polyester (p-EGM) in initial compositions of the
solutions varies within the interval 30-45 mass.%.

Table 1
Rheological properties of the initial solution of p-EGM-AA, T = 293K
Composition of the initial solution, mass.% Dynamic Viscosity (1), Density of Solution (p),
p-EGM AA mPas g/cm®
31.21 68.79 256 +£0.2 1.1428 £ 0.063
35.43 64.57 36.9+£0.2 1.1489 £ 0.084
40.59 59.41 83.4+0.2 1.1687 £ 0.094
46.04 53.96 181.0+£0.2 1.1934 £ 0.058

Physical and rheological properties of polymers at different states not only predetermine the possibili-
ties of their rational application in a certain field but also, determine the selection of investigation methods.
In this regard, there was a necessity to study the dynamic viscosity and density of initial (liquid) solutions of
p-EGM in AA at various mass ratios of co-reagents. As it is seen from the obtained results, the dynamic vis-
cosity and the solution’s density increase with increasing the content of p-EGM. The results of dynamic vis-
cosity and the solution’s density have a good correlation with each other. So, the solution with the composi-
tion of 31.21:68.79 mass.% is characterized by rather low viscosity values, namely 25.6 mPa-s and the densi-
ty value is equal to 1.1428 g/cm?®, whereas these indicators are equal to 181.0 mPa-s and 1.1934 g/cm?, re-
spectively, for the solution of p-EGM-AA of the 46.04:53.96 mass.% composition. The increase in the vis-
cosity (Fig. 1) and the solutions density is due to the increase in the content of p-EGM indices in the studied
samples, which is characterized by the high viscosity of the latter.

As it has been noted before, the sealants/glues of curing type are the highly-demanded adhesives in the
market. In this regard, fast curing of the sealing composition at rather low temperatures is preferred. It is
necessary to note that the time and temperature of curing must be optimal depending on the exploitation field
of the product. Controlling the parameters of curing process (time and temperature) in case of unsaturated
polyesters and obtaining the copolymers with optimal properties is possible by introduction of special addi-
tives, namely inhibitors, initiators, and promoters.
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Figure 1. Dependence of a dynamic viscosity on a content of p-EGM in the initial solutions

In connection with this, the main task of controlling the curing process is the right choice of combina-
tion of the initiating system. Therefore, in the next stage of work, the selection of curing additives, which are
introduced in different quantities, has been done. According to [10], the curing of unsaturated polyesters is
carried out in the presence of the radical polymerization initiators, mainly, peroxides are used. As a rule, the
use of such initiators requires high curing temperatures and long-term curing, which is not cost efficient, as
well as uncomfortable during exploitation. Therefore, promoters play a significant role in initiating systems
of cold curing of unsaturated polyesters, as they decompose the peroxides by forming free radicals at room
temperature.

The double-component initial system of cold curing was used for curing the p-EGM at a temperature of
the environment and lower. It comprised a BP as an initiator and DMA as a promoter (Table 2).

Table 2

Dependence of the promoter influence on a time of gelation
and curing the solution of p-EGM-AA (BP+DMA, T=273 K)

0,
1 0.06 90.10 + 1.66 150.18 + 5.58
1 0.1 59.63 + 1.30 101.06 +4.43
1 0.15 43.30 + 1.08 72.49 +3.52
1 0.2 7.11+0.47 1351+ 1.14

Figure 2 illustrates the mechanism of interaction between BP and DMA. According to this scheme, in
the beginning, a formation of complex takes place, and as a result of electron transfer from DMA to BP, an
ionic pair and benzoic radical appear [10]. In this case, DMA activates a high-temperature peroxide BP initi-
ator and promotes generating free radicals during the cold curing process.

\N/

. 0__0
o N7
07 OO0+ *Q_QO +

Figure 2. The reaction scheme of BP with DMA
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According to Table 2, curing of the system is possible at a temperature range from 18 to 30 °C, when
using a pair of initiating system BP+DMA. The correct selection of the quantity of the initiator and promoter
allows for reaching the optimal time of curing (Tcuring) and gelation (tgelation). Figure 3 demonstrates the de-
pendence of curing time on the composition of initiating system, in particular, the content of the promoter
DMA. It is necessary to note that the quantity of radical-forming peroxide initiator is constant and equal to
1 %. The practicability of the chosen BP concentration is based on the analysis of the works carried out be-
fore [11] and literature data [9-11]. It is known [10] that the curing systems/additives have a considerable
influence on the properties of unsaturated polyesters. In particular, the quantity of BP affects extensible-
structural characteristics and elasticity. Also, it should be pointed out that in case of the systems based on
unsaturated polyesters, the gelation process is characterized by the term “adhesive working life” [10, 11].
Thus, one of the main technological properties of adhesives is adhesive working life, — the time within
which a sealant or a glue is capable of used in a viscous-flow state after introduction of compounds that
cause the curing (Table 2). The studies were carried out and the curing parameters were determined when the
content of DMA was 0.01-0.2 %. However, when using DMA in a quantity within the interval of 0.01—
0.05 % (from initial mass of the solution) the process of “cold curing” was lengthy and characterized by high
values of curing time (tcuring) ~ 750.00-250.00 min. As it is seen from the table and graphical data, the time of
gelation/working life and curing was decreased with increasing the DMA content. So, the introduction of
0.06 % of DMA to the initial solution of p-EGM-AA was characterized by rather high values of curing time,
namely Teuing =150.18 min and at 0.2 % the value was minimum and equal to Tcuing =13.51 min, which was
not acceptable in exploitation.

In this regard, according to the purpose of the work the most optimal result was observed when using
DMA as a promoter in a quantity of 0.15 %, at which the gelation time (tge1) and curing time (Tcuring) Were
equal to 43.30 and 72.49 min, respectively.

150 A
120

90-. \

60

Teuring: MIN.

30

T T T T T T
0,06 0,1 0,15 0,2
content DMA, mas.%

Figure 3. The influence of DMA promoter content on curing time
of p-EGM-AA in the presence of BP at 20°C

In continuation of the studies the radical copolymerization, i.e., the process of “cold curing” of the solu-
tion of p-EGM-AA, was carried out at 293 K. PB was used as an initiator and DMA was a promoter in the
guantities of 1.0 % and 0.15 %, respectively (calculated from the initial mass of the solution). The curing
was carried out in the following way: 0.15 % of DMA was introduced to the initial solution of unsaturated
polyester resin (p-EGM-AA), then after thorough stirring, the BP was added and the mixture was extensively
stirred within 1 min. After that, the gelation time (adhesive working life) and the curing time were deter-
mined according to standard procedures [15]. Identification of the cured products of p-EGM-AA was per-
formed by analyzing IR-spectroscopy data [16]. Thus, all IR spectra of p-EGM-AA contain stretching vibra-
tions of
C-O-C ether groups (1090 cm™), C-H groups (2940 cm), and carboxyl groups—COOH (range 650
1000 cm™).
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Figure 4 demonstrates the copolymerization process schematically. During radical copolymerization of
p-EGM with unsaturated carboxylic acids the three-dimensional cross-linked polymers of non-solving nature
are formed [11, 18].
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where R; — is the initiator radical

Figure 4. The p-EGM-AA synthesis scheme

Table 3

Parameters of the curing kinetics and copolymers properties depending on the composition
of the initial mixture p-EGM-AA, BP+DMA (1.0 %+0.15 %), T =293 K

Monomers initial ratio, mol.% Density (p), g/cm® Gelation time (tget.), Min. Curing time (Teuring), MiN.
31.21 68.79 1.2635+ 0.023 43.30+ 1.18 72.49+2.10
35.43 64.57 1.2695+0.046 50.27+1.92 83.45+2.66
40.59 59.41 1.2961+ 0.041 57.04+2.42 94.15+ 3.46
46.04 53.96 1.3347+ 0.088 64.24+ 2.94 107.19+£ 4.69
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Figure 5. Dependence of the curing time on the content of p-EGM-AA
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Thus, the investigation of the p-EGM-AA gelation time points to an increase in adhesive working life
(Tgelation = 43—-64 min.) with the increasing the p-EGM content. The same dependence is observed when de-
termining the curing time. This phenomenon can be explained by comparing the activity indexes of p-EGM
and AA, where this parameter for the last one (r21,22) is higher than the corresponding value for p-EGM
(r.0,89). It is seen from the previously carried out investigations on studying the kinetic parameters of
p-EGM-AA radical copolymerization that the reaction rate increases with the increasing AA content in the
monomer mixture [19]. It is also necessary to note that the difference between the values of curing time is
insignificant and it varies within the interval of 10-20 min. According to Table 1, with increasing the content
of unsaturated polyester, the densities of the initial solutions of p-EGM and AA are increased, which has a
good correlation with the data of dynamic viscosity. So, the solution of p-EGM-AA of 46.04:53.96 mass.%
is characterized by the high value of dynamic viscosity (181 mPa-s) because of higher content of p-EGM and
minimum rate of curing.

Surface morphology of the cured samples was studied using scanning electron microscopy (Fig. 6).

d
- #
v ¥ Y

p T . T .
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View field: 22.5 ym Det: SE View field: 22.4 ym | Det: SE 5um
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Figure 6. SEM pictures of the surfaces of p-EGM-AA cured samples
with the content of monomers 31.21:68.79 mass.% (in the left) and 46.04:53.96 mass.% (in the right)

According to the obtained pictures, there are some differences in morphological surfaces of the samples
(Fig. 6). From the presented pictures, it is seen that the copolymers with higher content of p-EGM
46.04:53.96 mass.% (in the right) is characterized by a dense structure, which is also in good accordance
with the results of dynamic viscosity and density of cured samples.

Conclusions

Thus, the investigation of physicochemical properties of the initial solutions of p-EGM-AA in different
ratios points to promising prospective of using them as the basis for the sealing and glue composition. The
solutions of polyethylene glycol maleate in acrylic acid are characterized by optimal values of viscosity, den-
sity, and water absorption. So, in all cases, the change of dynamic viscosity is correlated with the change of
density of initial solutions samples. It is also established that the rheological properties of the solutions de-
pend on the content of initial reagents, in particular, the increase of the p-EGM content within the interval of
31.21-46.04 mass.% increases the viscosity from 25.6 to 181.0 mPa-s. The results obtained by SEM point to
non-uniformity of the surface with decreasing the unsaturated polyester content. So, monolithicity of the sur-
face is observed in the cured samples with the exceeding p-EGM content. During the work presented the op-
timal combination of initial system of cold curing has been found. So, the curing system consisting of BP
and DMA (1.0 % and 0.15 %, respectively) can be used in the composition of polymeric basis of p-EGM-AA
and it is characterized by energy-effective temperature-time regimen of curing without using additional de-
vices, such as UV-lamps. The introduction of the “cold curing” method excludes the stage of exposure to UV
light from the production loop. It is also should be noted that varying the composition of the initial polymer-
monomer mixture and initiating system allows operating not only physicochemical properties (viscosity,
density and water-absorbance) of obtained products, but also to control the conditions of curing (time, work-
ing life in viscous-flow state, volume contraction), which is an important characteristic of sealing and glue
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systems depending on the application field. In this regard, it can be concluded from the results obtained that
the composition of p-EGM-AA 46.04:53.96 mass.% is optimal for further investigations as highly-filled
compositional polymer materials for use as sealing and glue basis.
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“Cold curing” of polyethylene glycol maleate with acrylic acid ...

I" K. bypkeesa, E.M. Taxb6aes, J[.M. Mycnimoga, I".J[. Hypceiiir, JI. K. XKanaposa

IMoaM3THIIEHTVINKOIb MaJ1eaThIH AKPHJ KbIIIKbLIBIMEH «CYBIK» KaTaHTy
JK9He 0JIap/AbIH epiTiHAiIepiHin Keli0ip Ppu3nka-XuMHUSJIBIK KacueTTepi

OtaHIBIK OHAIPICTIH JKaHa THIFBI3IAFBINITAD MEH JKeNMJEep YIIIH HeTi3HiK KOMIIOHEHT (IONMMep Herisi)
peringe akpuia KelmkeUibiMeH (AK) KaHbIKmaraH monudQupiep Heri3iHaeri comonuMmepiepii maiinanany
MYMKIiHAIr1 KepceTinreH. [lpomecc y3aKkTBIFBIH a3alTaThIH KaTalu3aTOPIbl KOJAAHY AapKbUIBI MaJleHH
AQHTUAPHUII MEH STHJICHTIIMKONbI OJIMKOHACHCAUIAY 9MICIMEH HONMMATUICHIIMKOIb MallenHaTsl (1-21'M)
cunresgenni. AK-marel n-OI'M Gipkartap epiTiHauiep aiapiHABL. bacTankel epiTiHAiIepaiH GU3UKa-XUMUSIBIK
cUMaTTaManapbl aHbIKTa A6l OchlUiaiiiia, KaHBIKNaraH KapOOH KBIMIKBUIBIHAAFE M-D1'M epiTiHIiepiHig
Kei0ip peoNnormsuIblK Kacuerrepi 3eprrenni. Pamuxanigsl comoiammepiiey — 0OesMe TeMIepaTypacklHua II-
OI'M-AK epitinzinepi «CybIK» KaTaWTy IpoLeciHae Kypridinmi. 3eprrey OaphIChIHAA CYBIK KaTaWTyHbIH
Oactamanibl kyHeciHiH (0actamamibl MEH TNPOMOTOPJBIH) YilieciMi TaHIANJAbL, OJapJAbIH 0AacTamKhbl
MOHOMeEpJI KOCHachIHIAFBl OHTAMIBI KypaMbl aHBIKTaldFaH. KaralTyablH Herisri mapamerpiepi TaOBUIFaH:
JKENATHHAEY YaKbITHl (eMipIueriri), karaiTy yakeitbl. Conomumepiepai ansikTay MK-CrieKTpOCKOMHUSIIBIK,
Tangay apKeUIbl JKy3ere acelpbuiapl. m-OI'M-AK enzenren ynrinepiHid 0eTki MOPQOIOTHACH CKaHEepieyIIi
3JIEKTPOHIBl MHUKPOCKON apKbUIbl 3epTrenmi. OHTaiiabl Kypambl (0acTamkbl peareHTTEepHAiH KaTbIHACHI)
QHBIKTAJIABI, OJI TBHIFBI3JAYBIII JKOHE JKAOBICKAK HEri3 peTiHle NaiiiaigaHy YIIH J>KOFapbl TOJTHIPBUIFaH
KOMITO3UTTIK TIOJIMMEPITi MaTepUANIZIAp PETIiHAC 9pi Kapaid 3epTTeyai KaKeT eTei.

Kinm ce30ep: TepMeTHK, KeliM, KaHBIKIaFraH NOMUA(QHP, MOJHATHICHIIUKOIb MAJICHHATHI, KaHBIKIAFaH
KapOOH KBIIIKBUIBI, aKPHJT KBIIIKBUTBI, PATUKAIIBI COTIOIUMEPIICY, CYBIK KaTaluTy.

I" K. Bypkeesa, E.M. Tax6aes, [I.M. Mycnumosa, I'.J[. Hypceiiit, JI.JK. XXanaposa

«X0JI0THOE» OTBCPKIACHUC MOJUITUICHIVIMKOJIbMAJICNHATA € aKpHHOBOﬁ KHCJI0TOM
H HEKOTOPbIC (l)l/I3I/IKO-XI/IMI/l‘{eCRI/Ie CBOMCTBA HX pacTBOpoOB

Tloxazana BO3MOKHOCTh NPUMEHEHHS COIIOJIMMEPOB Ha OCHOBE HEHACHIIIEHHBIX MOINI(QUPOB C aKpPHIOBOI
kuciotoit (AK) B kauecTBe 6a30BOro KOMIIOHEHTa (IIOJIMMEPHOI OCHOBBI) JJII HOBBIX T€PMETHKOB U KIICEB
OTEUECTBEHHOTO MPOU3BOACTBA. METOJOM MONMKOHACHCAMH MAJEHHOBOTO AHTHAPHAA U STUICHIIIUKOIS C
IpUMEHEHHEeM KaTaln3aTopa, COKPAIIAIONIETO AIUTEIBHOCTh MPOIecca, CHHTE3UPOBAH MO THICHTIIUKOb-
manienHaT (m-OI'M). Ilomyuen psg pactBopos n-OI'M B AK. OmnpezneneHsl pU3HKO-XUMHYECKUE XapaKTEpH-
CTHKH UCXOITHBIX PacTBOPOB. Tak, M3y4eHBl HEKOTOPHIE PEOIOTHYECKUE CBOMCTBA pacTBOpoB M-OI'M B HeHa-
ChILIIEHHOIT kKapOoHOBOH Kuciore. [IpoBeneHa pagukaibHas CONONUMEPHU3ALUs — IPOLECC «XOJIOJHOTO OT-
BepxkeHU» pacTBopoB N-OI'M-AK npu xoMHaTHOH Temnepatype. B xone uccnenosanuii mogodpaso coue-
TaHWE MHULIUHPYIOLIEH CHCTEMBI XOJIO0IHOTO OTBEPXKICHUs (MHUIIMATOPa U MPOMOTOPA), BBISIBICHO UX ONTH-
MaJIbHOE COJIep)KaHUe B MCXOJHOW MOHOMepHOH cMecH. Onpe/eneHsl OCHOBHbIE TapaMeTphl OTBEPIKICHUS:
BpeMs JKeNaTWHH3AIUN (PKU3HECTIOCOOHOCTD), BpeMsl OTBEpXkICHUSA. IeHTH(UKANUIO COMOIMMEPOB OCY-
niectBsun MeTosioM MK-cnekrpockonuu. MeTo1oM CKaHUPYIOLIEH 3JeKTPOHHON MUKPOCKOIIMU HUCCIIE0Ba-
Ha MOP(]OJIOTHS TOBEPXHOCTH OTBEPKIACHHBIX 00pa3noB n-OI'M-AK. BrisgBieH onTuMansHbIi cocTaB (COOT-
HOIIICHNE MCXOJHBIX PEareHToB), TpeOyomuil TaTbHEHIINX UCCIIe0BaHNI B Ka4eCTBE BBICOKOHAITOTHEHHBIX
KOMIIO3UIIMOHHBIX MOJMMEPHBIX MaTepHaJIOB JUIsl NMPUMEHEHUs B KaueCTBE I'epPMETHU3UPYIOIIEH M KIeeBOi
OCHOBBI.

Knrouesvle cnosa: TEPMETHUK, Kﬂeﬁ, HEHACHIIIICHHBIN HOJ'II/ISC])I/Ip, TMOJIN3TUJICHTJIMKOJIbMAJICWHAT, HCHACBILICH-
Hast Kap60HOBaﬂ KUCJIOTa, aKpUJIOBas KUCJIOTa, paaduKaJibHasA COMOJIMMEPU3alUs, X0JIOAHOC OTBEPKACHHUE.
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Development and Validation of HPTLC Method for Simultaneous Estimation
of Berberine, Gallic Acid and Ursolic Acid in a Polyherbal Blend

A sensitive high-performance thin-layer chromatography method was developed for simultaneous estimation
of berberine, gallic acid and ursolic acid in a polyherbal blend and validated as per ICH guidelines. Polyherb-
al blend was prepared using widely recommended herbal plants for platelet augmentation activity viz. Carica
papaya, Berberis aristata, Ocimum Sanctum, and Tinospora Cordifolia. The optimized separation was ob-
tained with TLC aluminum plates pre-coated with silica gel G60 F254 as a stationary phase and a solvent sys-
tem containing Toluene : Ethyl acetate : Methanol : Formic acid (3:3:0.2:0.1 v/v/v/v). Berberine and gallic ac-
id were found to demonstrate linearity in the range of 1pg/band — 6pg/band and ursolic acid in the range of 20
ng/band — 100 pg/band with the regression coefficient in acceptable limits. The method was also found to be
specific and precise one. The accuracy of the developed method at 80 %, 100 % and 120 % levels was found
to be within limits and % RSD was found to be less than 2. LOD and LOQ of all three standards were also
determined. Blend was also quantified for the amount of berberine, gallic acid and ursolic acid presence and
was found to be 37.8 ug, 46.1 pg and 108 pg per mg, respectively.

Keywords: HPTLC, polyherbal, gallic acid, berberine, ursolic acid, method development, validation.

Introduction

Polyherbal formulations are common in traditional system of medicine. The standardization of these
polyherbal formulations with complex chemical composition is a major challenge faced by analysts. High-
performance thin-layer chromatography (HPTLC) can be a useful tool for analysis and standardization with
the use of markers/biomarkers due to a number of advantages, such as analysis speed, sensitivity, and low
operational cost.

In the current study, an analytical method was developed for in-house platelet booster polyherbal for-
mulation comprising of Carica papaya, Berberis aristata, Ocimum Sanctum and Tinospora Cordifolia. The
selected plants have reported platelet augmentation [1, 2] and anti-dengue activities [3-6].

The markers viz. gallic acid, ursolic acid and berberine (Fig. 1) used for the standardization of the poly-
herbal formulation are widely found in many herbal drugs. Gallic acid or 3,4,5-trihydroxybenzoic acid with
anti-dengue, astringent, cyclooxygenase-2 (COX-2) inhibitory, antioxidant and anti-neoplastic activity [7, 8]
is a constituent found in Carica papaya [9]. Ursolic acid, a pentacyclic triterpenoid, 3B-hydroxyurs-12-en-
28-oic acid present in Ocimum sanctum [10] is reported to have activities like anti-inflammatory, antioxi-
dant, antiviral, serum lipid-lowering, and antineoplastic activities [11, 12]. The phytoconstituent of Berberis
aristata and Tinospora cordifolia, berberine, [13] an isoquinoline alkaloid, with diverse biological activity
including antiviral, anti-diabetic, anti-neoplastic, anti-inflammatory and anti-lipidemic activities [14] was
also used as a biomarker in the current study.
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Several studies employing high-performance thin-layer chromatography (HPTLC) [15-19] and high-
performance liquid chromatography (HPLC) [20-23] to estimate these markers alone or in combination have
been published. However, a thorough review of the literature found that no validated HPTLC approach for
simultaneously estimating all three markers has been published.

Thus, this study aims to establish a simple, reliable, precise, and validated HPTLC approach for esti-
mating these markers simultaneously in a polyherbal preparation.

Figure 1: Structure of a) gallic acid, b) ursolic acid, c) berberine

Experimental

Chemicals and reagents: All chemicals and reagents used for the study were AR Grade. The herbal ex-
tracts used in the study and the marker ursolic acid was procured from Phyto Life Sciences P. Ltd, Gujarat,
India. The markers, namely gallic acid and berberine, were procured from Natural Remedies Bangalore, In-
dia and Cayman Chemical Company, USA, respectively.

Preparation of polyherbal blends: The herbal blends were prepared by mixing Carica papaya leaf ex-
tract (200 mg), Berberis aristata root extract (120 mg), Tinospora cordifolia stem extract (150 mg) and Oci-
mum sanctum leaf extract (120 mg). Blend was prepared by mixing extracts in increasing concentration.

Standardisation of blend by high-performance thin-layer chromatography

1) HPTLC method development

a. Preparation of standard solutions and a test solution: For a standard solution, 1mg of berberine was
dissolved in 1ml of methanol to obtain a solution of 1000 pug/ml concentration, which was used further for
spotting on TLC plate. Similarly, stock solutions for gallic acid (1000 pg/ml) and ursolic acid (1000 ug/ml)
were prepared in methanol.

For a test solution, 200 mg of polyherbal blend was dissolved in 10 ml methanol by sonicating for 10
minutes followed by filtration through filter paper (Whatman No. 42). Filtrate was further used for spotting
on TLC plates.

b. Selection of the mobile phase: A standard stock solution (4 ul) and a test solution (10 pl) were ap-
plied on a pre-coated TLC plate as a band (the band size was 6 mm). Different solvents and solvents combi-
nations with varying polarity were used to obtain well-separated sharp bands.

¢. Methodology: The Camag Linomat-V sample applicator, semi-automatic equipment was used to ap-
ply standard stock solutions of berberine, gallic acid and ursolic acid on pre-coated TLC plates. The devel-
opment of plate was performed in a twin trough chamber saturated with the mobile phase for 20 minutes.
After development, the air-dried material was scanned at 280 nm for densitometric evaluation.

2) The method validation: The developed methodology was validated using Methodological Validation
Criteria of the International Conference on Harmonization’s (ICH) Q2 (R1) [24-27].

a. Linearity: Linearity for standard berberine and gallic acid was obtained in the range of 1 ug/band —
6 ug/band and that of ursolic acid was found to be 20 pg/band — 100 pug/band by spotting them separately on
TLC plates. For each concentration, the peak area was measured, and the calibration curve graph was plotted
as concentration versus peak area.

b. Specificity: The determination of the method specificity was carried out by application of methanol
as blank, berberine, gallic acid, and ursolic acid as a standard solution, and a polyherbal blend as a test solu-
tion into the HPTLC system.

c. Accuracy: Accuracy of the developed method was estimated at levels 80 %, 100 % and 120 % sepa-
rately for the standards (with 4ul berberine, gallic acid, ursolic acid considered as 100 %, 10 ul blend con-
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centration was taken as 100 %). The blend was spiked with standard of known concentration, and the calcu-
lation for percent recovery (recovered and expected concentrations) was performed as per ICH guidelines.

d. Precision

System precision: Six replicate bands of standard as 4ul of berberine, gallic acid, ursolic acid separately
at 6 tracks were applied to determine system precision. Standard deviation and % relative standard deviation
were calculated.

Method precision: The method precision was carried out for blend from six replicate applications (10 pl
extract application at 6 tracks) and % relative standard deviation was calculated.

e. Robustness: Robustness was checked by making small deliberate alterations in the method. The
standard deviations of peak areas were computed for two parameters as variation in the mobile phase volume
(£1 ml) and saturation time of a chamber (£ 5 min)

f. Limit of detection (LOD) and limit of quantitation (LOQ): Limit of detection and limit of quantitation
were calculated using the standard calibration curve method for berberine, gallic acid, and ursolic acid.

3) Quantification of markers by the developed method

For quantification of markers, 10 mg of extract/blend was dissolved in 1ml of methanol (100pg/ml) by
sonication for 10 minutes and finally filtered using Whatman filter paper No. 42. A total of 10ul of stock
solution was applied, developed and scanned using the optimized chromatographic conditions. Concentration
of berberine, gallic acid, ursolic acid in methanol extract/blend was calculated using linearity equation.

Results and Discussion

HPTLC Method Development: The solvent system containing Toluene : Ethyl acetate : Methanol :
Formic acid (3:3:0.2:0.1 v/v/viv) gave good resolution for berberine, gallic acid and ursolic acid. R value for
standards berberine, ursolic acid and gallic acid were found to be 0.31, 0.53 and 0.65, respectively at 280 nm
with optimized chromatographic conditions (Table 1, Fig. 2). At a wavelength of 280 nm, the densitometric
evaluation of separated bands was performed. The polyherbal blend was subjected to similar chromatograph-
ic conditions to obtain well-separated peaks (Fig. 3).
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Figure 2. Densitogram of berberine (Rf is 0.31), ursolic acid (Rf is 0.53) and gallic acid (Rf is 0.65)

CHEMISTRY Series. No. 2(106)/2022 35



S.S. Chitlange, S.R. Chandani et al.

1000 —
AU
Q00 —
800 —
700 —
600 —
500 —
400
300 + utoGenerated3 0
200 —
100 —
0 T T
-0.11 0.09 0.20 0.49 0.69 0.89
=
Figure 3. Densitogram of blend with berberine, ursolic acid and gallic acid
Table 1
Optimized chromatographic conditions
Parameters Specifications
Stationary phase Aluminium plates pre-coated with silica gel 60 Fos4 (Merck)
Mobile phase Toluene : Ethyl acetate : Methanol : Formic Acid (3:3:0.2:0.1 viviviv)
Plate size 10 cm x 10 cm
Application mode Band
Band size 6mm (Distance between two bands: 14mm)
Sample volume 4 ul
Development chamber Twin-trough glass chamber, 10 cm X 10 cm with stainless steel lid
Saturation time 20 minutes.
Separation technique Ascending
Migration distance ~ 80 mm
Scanning mode Absorbance/Reflectance
Slit dimensions 5 x 0.45 mm
Scanning wavelength 280nm

HPTLC Method Validation:

a. Linearity: Standards berberine and gallic acid were found to be linear in the range of 1pg/band —
6 pg/band. The linearity range for ursolic acid was found to be 20 pg/band — 100 pg/band. Regression coeffi-
cients for all the standards were in the acceptable limit according to the ICH guidelines.
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Figure 4. Linearity of berberine standard (1 pg/band — 6 pg/band)
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Figure 5. Linearity of gallic acid standard (1 pg/band — 6 pg/band)
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Figure 6. Linearity of ursolic acid standard (20 pg/band — 100 pg/band)
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Table 2

Linearity result of standards

Standard Equation Regression Co-efficient
Berberine Y =-1298 + 2039x 0.987
Gallic Acid Y = 4529 + 2283x 0.997
Ursolic Acid Y =837 +26.14x 0.999

Specificity: Good correlation values and satisfactory peak purity were obtained with no interference in
the quantification of ursolic acid, gallic acid, berberine, which proves that the method is specific.

Accuracy: Results from accuracy studies were reported as percentage recoveries calculated against re-
spective levels (Table 3). The average % recovery of berberine, gallic acid, ursolic acid was found to be
within the acceptance limit (98-102 %). The accuracy of the developed method was good as indicated by the
low % RSD values.

Table 3

Result of accuracy study

Analyte Recovery Level Average EZ;O;Q ecovery S.D % R.S.D
80 % 101.06 0.013 0.012
Berberine 100 % 100.89 0.011 0.010
120 % 100.71 0.017 0.016
80 % 100.87 0.003 0.0029
Gallic acid 100 % 101.25 0.005 0.0030
120 % 101.28 0.005 0.0032
80 % 101.7 0.011 0.010
Ursolic acid 100 % 100.94 0.010 0.09
120 % 102.11 0.013 0.012

d. Precision: Method and system precision was carried out using berberine, gallic acid and ursolic acid;
% relative standard deviation was calculated. The % RSD is in the acceptable limit, that is, less than 2.0,
which indicates that the method has an acceptable level of precision.

Table 4

Results of precision studies

Analyte Method Precision System Precision
SD % RSD SD % RSD
Berberine 0.32 0.02 0.82 0.011
Gallic cid 0.65 0.03 0.34 0.002
Ursolic acid 0.78 0.09 0.26 0.08

e. Robustness: The optimized parameters were intentionally varied depending on the chamber saturation
time (+5 min) and the mobile phase volume (+1 ml). The unaffected R values and low values of the % RSD
(less than 2) of peak areas indicate the method’s robustness (Table 5).

Table 5
Results of the Robustness study
Factor Level Ursolic acid (Rf) Berberine (Rf) Gallic acid (Rf)
1 2 3 4 5
Saturation time
15 min -5 0.53 0.32 0.66
20min 0 0.53 0.31 0.65
25 min +5 0.52 0.31 0.67
SD + RSD 0.006+1.09 0.006+1.84 0.01+1.5
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Continuation of Table 5

1 2 | 3 | 4 | 5
Mobile phase volume
6 ml -1 0.51 0.31 0.63
7 ml 0 0.53 0.31 0.65
8 ml +1 0.52 0.32 0.64
SD +RSD 0.01+1.9 0.006=1.84 0.01+1.56

f. Limit of detection and limit of quantitation: The LOD and LOQ values for berberine, gallic acid, ur-
solic acid were calculated, which showed the adequate sensitivity of the developed method (Table 6).

Limit of detection and limit of quantitation

Compound LOD (pg/band) LOQ (ug/band)
Berberine 0.031 0.10
Gallic acid 0.020 0.07

Ursolic acid 0.080 0.010

Table 6

3.4 Quantification of marker compounds in the polyherbal formulation by the developed method

The biomarkers were quantified in the in-house blend using the developed method (Table 7). The calcu-
lations were done using linearity curve of markers. The blend was found to contain 37.8 pg, 46.1 pg and
108 pg per mg of berberine, gallic acid and ursolic acid, respectively.

Table 7

Quantification of markers

Marker

w
1<
Z
©

Area (AU)
6427.49
6450.56
6370.4
14717.39
15091.32
15337.19
1119.44
1087.98
1150.56

Percentage in blend (%, Calculated from linearity curve)

Berberine 3.78+0.02

Gallic acid 4.61+0.137

Ursolic acid 10.80 + 1.197

o|lo|~Nlo|uo|s|w|N|F |-

Conclusions

The HPTLC method was developed for the determination of berberine, gallic acid, and ursolic acid in
the polyherbal blend and validated as per ICH guidelines. The study illustrates that the HPTLC method is
simple, accurate and precise for the simultaneous estimation. The method is found to be specific and robust
for the analysis. The method resulted in well-resolved sharp peaks. The recovery for all the biomarkers was
close to 100 %, which confirmed no interference of other phytoconstituents of the extracts. The present
method can be used for quantification of these biomarkers in the blend. Also, it was found that ursolic acid
was present in the highest concentration in the formulated blend.

In summary, the developed method can be used for the routine standardization and quality control of
herbal formulations containing the above mentioned markers, which are common ingredients of many poly-
herbal formulations. The method can also be used for quantification of the selected markers.
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C.C. Yutnamx, C.P. Yanganu, C.I1. I'anau, [1.A. Topat, X.b. JIan

IHoanmenTi Kocnagarsbl 0epOepuH/Ii, rajii KbIIIKbLIbIH
’K9He yPCoJI KbIIIKbLUIBIH Oip Me3rijiie aHbIKTayFa apHaJFaH
KT/KKX saiciH :xkacay KoHe BaJIMAANMIIAY

TomumenTi Kocnamarel 0epOepuHl, Tl KBIIKBUIBIH JKOHE YpP30J KBIIIKBUIBIH Oip Me3riiie aHBIKTayFa
apHAJIFaH Ce3IMTaJIABIFBI )KOFApPhl, THIMII *KyKa KabarTel xpomarorpadus aaici ICH yceHBICTapBIHA Colikec
o3ipneHal JkoHe Bamumanusuanael. lllenm kocmackl TpoMOOUMTTEpAiH OENCEHAUIINiH apTTHIpy YIIiH
YCHIHBUIATHIH OeNrisii mienrepi, atan aiTkanma Carica papaya, Berberis aristata, Ocimum Sanctum sxone
Tinospora Cordifolia ecimaikrepin naiinanana oTeipsin gaibiHAaNAb. OHTAIAHIBIPEUFAH GOIyre CTalno-
HapiblK (asza peringe G60 F254 cunukaremiMeH anneiH ana KantaidraH amoMuHuid TLC macTHHANApbiH
JKOHE KYpaMbIHZA TOJIYOJI : ATHJIALIETAThI : METAHOJI | KYMBIpcKa KbIIKbUIBI (3:3:0,2:0,1 kenemi) Gap epiTkir
JKyiieci apKpUTbl KOJ JKeTki3inmi. BepOepuH MeH ramn KeIMKbUIBL | MKr/xomak — 6 MKr/konak, yp3ou
KBIIIKBUTBL — 20 MKr/%0mak — 100 MKI/skoJaK Iuama3oHbIHIA perpeccus KodQHUIUEHTIMEH pYKcaT eTireH
MIEKTEePE CHI3BIKTBUIBIKTBI KepceTeTiHi aHbIKTanapl. CoHmai-ak omiC HAKTHI XKOHE MO OOJBIT IIBIKTHI.
XKacanran omictin monairi 80 %, 100 % »xone 120 % peHreifinne pykcar eriiareH mexrepae, ai % RSD
eKieH a3 ekeHi aHbIKTangpl. LOD sxone LOQ Oapnblk yII cTaHAapT YIIiH e aHbIKTanael. Kocra COHbIMEH
Gipre KypambIHIa GepOepyH, Tal KBIIIKBUIBI JKOHE YP30JI KbIIIKBUIBIHEIH 0ap eKeHAIriHe TeKCepiireH, ojap
Oip Mr yiiH coiikecinme 37,8 Mkr, 46,1 MKr xxone 108 MKT Kypajbl.

Kinm ce30ep: XTXKKX, monurpaBuKajblK KOCIa, Taul KbIIIKbUIBI, OCpOCPHH, YPCON KBIMIKBLIBI, OMiCTi
yKacay, BaTHIaIisl.

C.C. Yutnanx, C.P. Yanganu, C.I1. I'annu, [1.A. Topat, X.b. JIan

Pa3paborka u Banuaanusi MeToaa BbICOKOI (P (PeKTUBHOMTOHKOCTOHHOT
xpoMaTtorpauu 1Jisi 0lTHOBPEMEHHOI0 onpeae/eHus OepOepuHa, rajljioBoi KUCIOThI
H YPCOJIOBOM KHCJIOTHI B OJUTPABHOI CMeCH

Beut paspaGoTaH 4yBCTBUTENBHBIN METO[ BBICOKOA((HEKTHBHOM TOHKOCIONHON Xpomarorpaduu (BOTCX)
JUISL OJTHOBPEMEHHOT'O OIpeJesIeHusl colepanus OepOepyHa, rajuloBOM KUCIOTHI M yPCOJIOBOW KHCIIOTHI B
MOJIUTPABHOW CMECH W YTBEpKICH B cooTBeTCTBHU ¢ pekomeHaammsMu ICH. [NonmrpaBHas cMech Obiia
NPUTOTOBJICHA C WCIOIb30BAHMEM IIHPOKO W3BECTHBIX TPABSAHBIX PACTEHHH, PEKOMEHIYeMBIX JUIS
yBeJMYEHHs] aKTHBHOCTH TpomObormToB, a umeHno Carica papaya, Berberis aristata, Ocimum Sanctum u
Tinospora Cordifolia. OnTumusupoBanHOe pasjeneHHe OBUIO JAOCTHTHYTO C MOMOIIBIO ATFOMHHHEBBIX
mwiactud a1 TCX, npenBapuTenbHO MOKPHITHIX crrkarenem G60 F254 B kadecTBe cranioHapHO# ¢assl, U
CUCTEMOH pacTBOpHTENIEH, CoiepKallleid TOMyOoII : STUIIALETAT : METaHO : MypaBbHHas kucioTta (3:3:0,2:0,1
00./06./06./00.). YcraHoBneHO, uTO OepOepMH W rauioBas KHCJIOTa JEMOHCTPUPYIOT JIMHEHHOCTh B
nuamnazoHe 1 Mkr/momoca — 6 MKr/moiioca, ypcosioBas KucioTa — B auamnazoHe 20 Mkr/mojoca —
100 mxr/monoca ¢ KO3(QUIMEHTOM perpeccHd B JOMYCTHMBIX Mpenenax. MeToj Takke OKazaics
crerM(UIHBEIM M TOYHBIM. BpUTO 0OHapyXeHo, 4TO TOYHOCTH pa3dpaboTaHHOrO Meroma Ha ypoBHsAX 80 %,
100 u 120 % HaxomuTcs B AOMYCTUMBIX mpenenax, a % RSD mensine asyx. Taxke Obin onpenenersl LOD
n LOQ mst Bcex Tpex cragaproB. CMech Takke OblTa HCCIENOBaHA Ha cojepkaHue OepOeprHa, TaioBOH
KUCJIOTBI M YPCOJIOBOH KHCIOTHI, KOTOpoe cocTaBuio 37,8 MKr, 46,1 Mkr 1 108 MK Ha MI' COOTBETCTBEHHO.

Knwouesvie cnosa: BOTCX, nomutpaBHas cMech, rajjioBas KHCIIOTa, OepOepHH, ypcoioBas KHCIOTa,
pa3paboTka MeTo/1a, BaJTUAaIusl.

CHEMISTRY Series. No. 2(106)/2022 41


https://doi.org/10.1080/22297928.2017.1364664
https://doi.org/10.1080/22297928.2017.1364664
https://doi.org/10.4274/tjps.galenos.2018.80958
https://doi.org/10.31489/2020CH3/51-60

S.S. Chitlange, S.R. Chandani et al.

Information about authors*

Chitlange, Sohan Satyanarayan — Principal, Department of Pharmaceutical Chemistry, Dr.
D.Y. Patil Institute of Pharmaceutical Sciences and Research, Pimpri, Pune, 411018, Maharashtra, India; e-
mail: sohanchitlange@rediffmail.com; https://orcid.org/0000-0002-9355-3303;

Chandani, Sneha Ramchandra (corresponding author) — Assistant Professor, Department of Phar-
maceutical Chemistry, Dr. D.Y. Patil Institute of Pharmaceutical Sciences and Research, Pimpri, Pune, Ma-
harashtra, 411018, India; e-mail: sneharchandani@gmail.com; https://orcid.org/0000-0003-3891-2841;

Gandhi, Sejal Prakash — Assistant Professor, Department of Pharmaceutical Chemistry, Dr.
D.Y. Patil Institute of Pharmaceutical Sciences and Research, Pimpri, Pune, Maharashtra, 411018, India; e-
mail: sejal.gandhi@dypvp.edu.in; https://orcid.org/0000-0002-7079-1886;

Thorat, Poonam Ashok — M. Pharm Student, Department of Pharmaceutical Chemistry, Dr.
D.Y. Patil Institute of Pharmaceutical Sciences and Research, Pimpri, Pune, Maharashtra, 411018, India.
e-mail: poonam123thorat@gmail.com;

Lad, Himani Bhalchandra — M. Pharm Student, Department of Pharmaceutical Quality Assurance,
Dr. D.Y. Patil Institute of Pharmaceutical Sciences and Research, Pimpri, Pune, Maharashtra,411018, India.
e-mail: himanilads1598@gmail.com

*The author's name is presented in the order: Last Name, First and Middle Names

42 Bulletin of the Karaganda University


mailto:sohanchitlange@rediffmail.com
https://orcid.org/0000-0002-9355-3303
mailto:sneharchandani@gmail.com
https://orcid.org/0000-0003-3891-2841
mailto:sejal.gandhi@dypvp.edu.in
https://orcid.org/0000-0002-7079-1886
mailto:poonam123thorat@gmail.com

How to Cite: Kurmanova, A.F., Abilkanova, F.Zh., Rakhimzhanova, A.S., & Pustolaikina, I.A. (2022). DFT Study of Complexation
Reactions Involving Dicarboxylic Acids: Hydrogen Bonds, Influence of Solvent Nature. Bulletin of the University of Karaganda —
Chemistry, 106(2), 43-51. https://doi.org/10.31489/2022Ch2/2-22-21

Article Received: 28 February 2022 | Revised: 29 March 2022 | Accepted: 15 April 2022 | Published online: 27 April 2022

UDC 541.515 https://doi.org/10.31489/2022Ch2/2-22-21

A.F. Kurmanova®, F.Zh. Abilkanova, A.S. Rakhimzhanova, I.A. Pustolaikina

Karagandy University of the name of academician E.A. Buketov, Karaganda, Kazakhstan
(*Corresponding author’s e-mail: alfiya_kurmanova@mail.ru)

DFT Study of Complexation Reactions Involving Dicarboxylic Acids:
Hydrogen Bonds, Influence of Solvent Nature

Quantum chemical studies of the protolytic ability of some dicarboxylic acids are carried out. The geometric
and Kkinetic parameters of the dimeric molecules of maleic, succinic, tartaric, oxalic, and adipic acids are in-
vestigated. The dimerization energies of these substances are determined by considering the basis set super-
position error (BSSE). The effect of the presence of a carbon skeleton, unsaturated bonds, and hydroxy sub-
stituents on the dicarboxylic acids kinetic parameters is confirmed. The frontier molecular orbitals of the
studied dimeric acids molecules are considered and the HOMO-LUMO energy gap is determined. The ob-
tained values of the energy gaps show an increase in the stability of a number of cyclic compounds formed by
the participation of two hydrogen bonds. The ability of the acids to form complexes with the 3,6-di-tert-butyl-
2-hydroxyphenoxyl semiquinone radical is studied. The effect of the nature of the solvent on the activation
barrier of the complexation reaction of the semiquinone radical — dicarboxylic acid system is analyzed using
the CPCM and IEFPCM models. The dependence of the energy parameter on the solvent polarity is estab-
lished using the examples of toluene, tetrahydrofuran, and nitrobenzene. The DFT method at the B3LYP lev-
el, together with the 6-31+G (d, p) basis set, is used to optimize molecular structures. The calculations are
carried out using the Gaussian 16 Revision A.03 WIN64.

Keywords: quantum chemical calculations, density functional theory, hydrogen bond, intermolecular hydro-
gen bonds, transient formation; complex compounds, frontier molecular orbitals, dimerization energy, com-
plexation energy, effect of the nature of the solvent.

Introduction

Hydrogen bonds and proton transfer reactions are of great importance and the subject of discussion,
both in chemistry and other sciences such as biology, physics, and material science. At the same time, the
mechanism of such interactions is complex and not fully understood. Experimental methods, such as NMR,
IR, and ESR spectroscopy, are widely used to study hydrogen bonds. These methods make it possible to de-
termine the initial and final structures of hydrogen-bonded complexes. The same methods are used in dy-
namic mode to determine the kinetic characteristics of these processes. However, the detailed mechanism of
the proton transfer and exchange processes remains not fully elucidated. Today, it would be interesting to use
computational modeling in the study, and in particular DFT calculations, since they are relevant for compar-
ing experimental results with theory [1, 2].

Previously obtained ESR spectroscopy data suggest the ability of carboxylic acids to form dimer asso-
ciates in nonpolar solvents. The authors of [3-7] showed that the proton exchange between the semiquinone
radical and formic acid in toluene occurs predominantly with the dimeric form of the acid. Dicarboxylic ac-
ids containing two carboxyl groups are of greater interest compared to monosubstituted analogues since they
have more pronounced electron acceptor properties [8]. An analysis of the obtained rate constants of the pro-
ton exchange reaction between molecules in combination with an ortho-substituted semiquinone radical in
the dioxane showed that an increase in the degrees of freedom in acids leads to the raise of their reactivity. In
addition, it is assumed that intermolecular proton exchange is facilitated by the formation of a complex tran-
sition intermediate of the reaction due to the coordination of both carbonyl groups. Furthermore, the presence
of different functional groups affects the coordination of the four-center cyclic complex due to steric hin-
drances when approaching the reaction centers [3—8]. However, modern physical methods that make it pos-
sible to determine the kinetic parameters of reactions, such as the rate constant or the activation energy of the
process, are not suitable for detecting the formation of intermediate particles in the composition of hydrogen-
bonded complexes. The structure of the transition state itself remains unstudied since the lifetime of such
complexes is much shorter than the characteristic frequencies of physical methods.
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In this regard, there is the task of determining the structure of the intermediate complex by the density
functional theory method, in which the corresponding processes with the participation of hydrogen bonds
take place. Also, the purpose of this study is to establish the dependence of the stability of molecular com-
plexes with the participation of dicarboxylic acids on the length of their structural skeleton and the nature of
the solvent.

Experimental

Modern instrumental methods enable the researchers to study the kinetics of elementary chemical pro-
cesses occurring in nano- or femtosecond modes. However, it is not always possible to register each individ-
ual stage of fast reactions by experimental methods. This also applies to proton transfer and exchange pro-
cesses. Therefore, computer technologies and computational modelling are widely used to predict the elec-
tronic structure and physicochemical properties of various molecules.

Many methods have been developed to describe accurately weak interactions, including dispersion in-
teractions. Thus, many authors prove by comparison that the B3LYP method generally gives good results in
calculation of the length of hydrogen bonds and the binding energy of dimers [9]. To optimize the geometric
structures of a number of dicarboxylic acids and to establish the activation characteristics of protolytic pro-
cesses, the DFT B3LYP method with the 6-31+G(d, p) basis set was used. This method was chosen because
it contains both polarization and diffusion functions, which are important in the study of systems containing
intramolecular hydrogen bonds and radical particles. The 6-31+G(d, p) basis includes one set of d-functions
for non-hydrogen atoms (such as C, O and N), one set of p-functions for the hydrogen atom, and diffuse
functions for heavy atoms.

All calculations were carried out using Gaussian 16.

Results and Discussion

The objects of study were the most abundant dicarboxylic aliphatic acids, such as oxalic, succinic, adip-
ic, as well as maleic and tartaric unsaturated acids. It was interesting how the structural features of molecules
affect their protolytic ability.

Different conformers of carboxylic acids are described in the literature [9-15]. We chose the most ki-
netically stable conformations for study. Carboxylic acids form strong dimeric hydrogen-bonded complexes,
which are stable even in the gas phase. Bonds between atoms in the reaction center can form linear (LHBC)
or cyclic (CHBC) hydrogen-bonded complexes. These are especially interesting for the study by the methods
of quantum mechanics since they allow us to consider them as a model in the study of protolytic processes
involving semiquinone radicals.

The structure of a cyclic complex of two molecules of dicarboxylic acids in a dimer can be represented
by the scheme:

)

where R — the radical of a dicarboxylic acid.

It can be assumed that a hydrogen bond is formed between the acidic hydrogen of one carboxylic acid
molecule and the carbonyl oxygen of the second molecule. Thus, two pairs of intermolecular hydrogen bonds
between the carboxyl groups of two distinct molecules can be observed in a cyclic complex. Wang Xu and
co-authors [16] determine the strength of the intermolecular hydrogen bond by the O-H elongation in
O-H....O fragment and the reduction in the H...O distance. A shorter H...O distance corresponds to a
stronger hydrogen bond.

In our studies, theoretical calculations were carried out in the gas phase without taking into account the
influence of the medium. An analysis of bond lengths showed that O—H bond elongation is observed in a
number of dimers: oxalic acid (1.0055 A) < adipic acid (1.0057 A) < maleic acid (1.0069 A) < tartaric acid
(1.0094A) < succinic acid (1.012A). At the same time, the strength of the hydrogen bond decreases from
succinic acid to oxalic acid, respectively. The geometric parameters of the cyclic complex, such as the bond
length R(H..O), R(00), R(CO) and the valence angles formed by the H-O—C and O—C-O atoms, can also be
used to describe the hydrogen bond (Table 1). Isomers molecules with the lowest energy were selected for
the study of monomers and dimers.
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Table 1

Geometric parameters of dicarboxylic acid dimers obtained using DFT B3LYP/6-31G+(d, p) calculations

No. Compound Roon), A R(oo),A Ro H),A ZHOC, deg Z0CQ, deg
Oxalic

1 |H006.cooH 1.0055 2.6500 1.6448 110.1 126.8

o Maleic 1.0069 2.6362 1.6293 110.3 124.6
HOOCCH=CHCOOH : : : : :
Succinic

3 |H00C-(CH2)-COOH 1.0120 26171 1.6051 110.6 1243
Tartaric

4 |HOOCACH-ORY-COOH 1.0094 2.6580 1.6159 110.9 125.6
Adipic

5 | HOOC-(CH2) COOH 1.0057 2.6456 1.6401 110.4 1241

As can be seen from Table 1, there is no explicit dependence on the hydrogen bond strength in the di-
mers of the considered dicarboxylic acids. Perhaps this is due to the fact that the number of possible con-
formers increases significantly with the carbon skeleton growth, and we were not able to identify more stable
possible structures. Also, it can be seen that DFT methods are sensitive to changes in the geometric structure
of molecules, the presence of multiple bonds, and the presence of substituents.

The dimerization energy can be another parameter that makes it possible to judge the stability of hydro-
gen-bonded complexes [17-19]. Table 2 illustrates the energies of individual molecules (Exiq) and the ener-
gies of dimers (Eaimer), Which were calculated considering the BSSE (Basis Set Superposition Error) correc-
tion for the imperfection of the basis set. To calculate the dimerization energy (AE(d)), the following formula
was used:

AE(d) = 2Eacia — Eq (1)
where Eaig — the calculated energy values of the acid molecule; Eq — the calculated energy values of the
dimer molecule.

Table 2
Dimerization energies of a number of dicarboxylic acids obtained by the DFT B3LYP/6-31G+(d, p) calculations

No. Acid Eacig, a.U.* Egimer, a.U.* AEy, kd/mol
1 |Oxalic —378.324383 —756.67244 62.15
2 |Maleic —455,740552 -911.493814 33.37
3 |Succinic —456.974237 -913.975589 71.19
4 |Tartaric —607.403223 —1214.82758 55.48
5 |Adipic —535.610467 —1071. 249247 74.34
Note: *1 a.u. = 2625.5 kJ-mol

As can be seen from Table 2, the dimerization energies depend on the length of the carbon skeleton of
dicarboxylic acid molecules. The values of AEy in the considered series from oxalic (62.1 kJ/mol) to succinic
(71.2 kd/mol) and adipic (74.3 kJ/mol) acids increase, which can be interpreted in favor of the strength of the
resulting intermolecular hydrogen-bonded complexes. The presence of an unsaturated bond destabilizes the
dimer molecule in the case of maleic acid (AEq = 33.4 kdJ/mol). A similar effect is produced by the influence
of steric factors, particularly in hydroxy-substituted tartaric acid. Theoretical calculations show lower dimer-
ization energy for tartaric acid (AEq = 55.5 kJ/mol) compared to the unsubstituted analogue
(AEq = 71.19 kd/mol, succinic acid).

The analysis of frontier molecular orbitals allows us to study such an important parameter of quantum
chemistry as a population. The highest occupied molecular orbitals (HOMO) are outer orbitals that tend to
donate the electrons they contain, thereby being electron donors. The next orbital is the lowest unoccupied
molecular orbital (LUMO) capable of receiving electrons. The energy difference between the described lev-
els allows for measuring the HOMO-LUMO gap and can be used to characterize the stability of the molecule
under study: If the energy gap is smaller, then the chemical reactivity is higher and the kinetic stability of the
molecule is lower.

Table 3 demonstrates the HOMO and LUMO energies of dicarboxylic acid dimers. These data ensure
the determination of the values of the HOMO-LUMO gap.
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Table 3
Theoretical levels of the HOMO-LUMO transition calculated by the DFT B3LYP/6-31G+(d, p) method

Dimeric
No.| compounds of Equmo), a.u. Eomo), a.u. AE, a.u.
carboxylic acids
-0.28977
1 Oxalic 0.20745
2 Maleic 0.20754
3 Succinic 0.26417
4 Tartaric 0.22857
-0.00101 -0.27756
5 Adipic ' 8 g 3 A g™ 3 Ji P 3 & 0.27655

The data presented in Table 3 are ordered by increasing carbon skeleton of dicarboxylic acid molecules.
The value of the energy gap rises from 0.20745 a.u. for oxalic acid to 0.26417 a.u. for succinic acid, and to
0.27655 a.u. for adipic acid. Comparison of dimers of acids with the same carbon skeleton showed that sta-
bility increases in the presence of multiple bonds (AE for maleic acid is 0.20754 a.u.), and reactivity increas-
es with the introduction of hydroxy substituents (AE for tartaric acid is 0.22857 a.u.).

Another method for studying the strength of H-bonds is the analysis of natural bond orbitals (NBO).
NBO analysis shows the role of intermolecular orbital interaction in the dimer due to charge transfer. Thus,
knowing the charges on the O1-H....02 atoms of the cycles formed because of hydrogen bonds in dicarbox-
ylic acid dimers, it is possible to estimate the electrostatic forces affecting the strength of the hydrogen bond.
According to our calculated data, the charge on the O1 atom of carboxyl groups increases in the series: oxal-
ic acid (-0.624) < succinic acid (-0.663) < adipic acid (—0.670). The charge on the H atom decreases in the
same sequence of acids: oxalic acid (0.525) > succinic acid (0.523) > adipic acid (0.521). This pattern indi-
cates an increase in the electron density and, accordingly, shows an increase in the strength of the hydrogen
bond with an increase in the length of the carbon chain of the aliphatic acid.

Based on the results of numerous studies on the proton exchange between semiquinone radicals and
H-acids, there were ideas about the formation of a hydrogen-bonded complex (HBC), which has a cyclic
structure. Figure 1 shows the spatial structure of the intermolecular complex of the studied dicarboxylic acids
with 3,6-ditert.butyl-2-oxyphenoxyl, calculated with full optimization of all geometric parameters by the
DFT method.
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Figure 1. Spatial structures of HBC between 3,6-ditert.butyl-2-oxyphenoxyl and
a) oxalic acid; b) maleic acid; c) succinic acid; d) tartaric acid; e) adipic acid

The strength of the hydrogen bond increases correspondingly in a number of complexes with oxalic ac-
id (1.84 A) < succinic acid (1.78A) < adipic acid (1.67 A), thereby showing the possibility of faster proton
transfer or exchange over a shorter intermolecular O-H...O bridge. )

The presence of multiple bonds in molecules (maleic acid, R(O—H...0) = 1.89 A) and hydroxo substitu-
ents (tartaric acid, R(O-H...0) = 1.85 A) reduces the stability of hydrogen bonds, compared with similar
molecules.

To predict the ability to complex formation, we analyzed the energy of complex formation (AEc+) in the
studied acids with an ortho-substituted semiquinone radical (Table 4). The parameter was calculated accord-
ing to the following equation:

AEct = (Eacid + Eradical) — Ecomplex (2)
where Exia — the calculated energy values of the acid molecule; Eradica — the calculated energy values of the
3,6-ditert-butyl-2-hydroxyphenoxyl molecule; Ecomplex — the calculated values of the energy of a molecule of
an acid complex with a semiquinone radical.

Table 4

The energies of complex formation of some dicarboxylic acids with 3,6-di-tert-butyl-2-hydroxyphenoxyl
calculated by the DFT UB3LYP/6-31G+(d, p) method

Dicarboxylic acids Eacid, 8.U.* Eradical, 8.U.* Ecomplex, 8.U.* AE .1, ki/mol
Oxalic —-378.3243833 —696.6086038 —-1074.954094 55.42
Maleic —455.7405525 —696.6086038 —-1152.370308 55.53
Succinic —456.9742366 —696.6086038 —-1153.604634 57.22
Tartaric —607.4032232 —696.6086038 —1304.033289 56.35
Adipic -535.6104668 —696.6086038 —1232.240235 55.57
Octanedioic —614.2422408 —696.6086038 -1310.871977 55.48
Note: *1 a.u. = 2625.5 kJ-mol*

The results of computational modelling show that the energy of complex formation with an increase in
the number of —(CH2)— chain links in the series of succinic (AEcs. = 57.22 kJ/mol) > adipic (AEct =
= 55.57 kJ/mol) > octanedioic (AEcs = 55.48 kJ/mol) acids decreases. Oxalic acid, which does not contain a
methylene group, has the lowest energy parameter value (AEc+. = 55.42 kJ/mol). It can be seen that the pres-
ence of a multiple bond in maleic acid (AEcs = 55.53 kJ/mol) or hydroxy substituents in tartaric acid
(AEc+ = 56.35 kJ/mol) also results in a decrease in the complex formation energy, in comparison with suc-
cinic acid.

In accordance with the experiment [8], the values of the HOMO-LUMO gap between the frontier orbit-
als in the molecules of the complexes were found (Table 5).
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Table 5

SOMO-LUMO gap in a complex of dicarboxylic acids with 3,6-ditert.butyl-2-oxyphenoxyl
calculated by the DFT UB3LYP/6-31G+(d, p) method

No. | Dicarboxylic acids Equmo), a.u. E(somo), a.u. AE, a.u.
1 |Oxalic acid -0.13290 -0.21364 0.08074
2 |Maleic acid -0.14055 -0.22124 0.08069
3 |Succinic acid -0.12874 —-0.20945 0.08071
4 |Tartaric acid -0.13542 -0.21622 0.0808
5 |Adipic acid -0.12616 -0.20686 0.0807

It can be seen from Table 5 that the SOMO-LUMO gap decreases in the range from 0.08074 to
0.0807 a.u. for a number of complexes with acids from oxalic to succinic and adipic. Thus, an increase in the
carbon skeleton of dicarboxylic acid increases the ability to form a stronger hydrogen-bonded complex. It
should be noted that the double bond in maleic acid contributes to a lower value of the SOMO-LUMO gap,
compared with oxalic acid. The presence of hydroxy substituents in tartaric acid, on the contrary, increases
the energy difference between the frontier orbitals to 0.0808 a.u.

To establish the effect of the solvent nature on the kinetics of the proton exchange process in a cyclic
type model complex between maleic acid and 3,6-di-tert-butyl-2-hydroxyphenoxyl, the activation character-
istics were analyzed using a Conductor-like Polarizable Continuum Model (CPCM) and an Integral Equation
Formalism Polarizable Continuum Model (IEFPCM) (Table 6). The synchronous transit method (TS) was
used to find the transition states of the complexes. The values of activation barriers were determined as the
difference between the energy obtained during the complete optimization of the complex (E1) and the energy
of the transition state (Ers):

AE = E1 — ETs. (3)

Table 6

Activation characteristics of the proton exchange process in a model complex of the cyclic type
of maleic acid with 3,6-di-tert-butyl-2-hydroxyphenoxyl in various solvents

Model of a polarizable

Solvents medium Ei, a.u* Ets, a.u* AE, a.u.* AE, kd/mol
Vacuum - -1152.363912 | -1152.351546 0.0123653 32.465
Dioxane CPCM —1152.369499 | -1152.357417 0.0120821 31.722

IEFPCM —1152.368304 | -1152.356311 0.01199307 31.488
Toluene CPCM —1152.369878 | -1152.357614 0.012264 32.199

IEFPCM —1152.36867 —-1152.356662 0.01200827 31.528
Tetrahydrofuran CPCM —1152.373574 | -1152.361337 0.012237 32.128

IEFPCM —1152.372796 | —1152.360529 0.01226661 32.206
Nitrobenzene CPCM —1152.37506 —1152.362794 0.012266 32.204

IEFPCM -1152.374846 -1152.362501 0.012345 32.412
Note: *1 a.u.=2625.5 kJ-mol™*!

As can be seen from Table 6, there is a decrease in the activation barrier regardless of the solvents na-
ture and the chosen solvation model. An increase in the polarity of the solvent leads to stabilization of the
complex in comparison with the data obtained for the gas phase. In the absence of a solvation medium, the
calculated value of the activation barrier of the process is 32.47 kJ/mol. In the 1,4 dioxane aprotic solvent
(e = 2.21) the value of AE is lower than in vacuum. It is 31.722 kJ/mol according to CPCM and 31.49 kJ/mol
according to TEFPCM model. In toluene indifferent solvent, (¢ =2.379) the barrier value decreases to
32.19 kJ/mol (CPCM) and 31.52 kJ/mol (IEFPCM), in the case of a tetrahydrofuran solvating solvent
(e = 7.58) this value is 32.13 kJ/mol (CPCM) and 32.20 kJ/mol (IEFPCM). A relatively high activation ener-
gy value of 32.2 kJ/mol (CPCM) and 32.41 kJ/mol (IEFPCM) is predicted for the nitrobenzene polar solvent
(e =35.72).
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Conclusions

Quantum-chemical studies using the DFT B3LYP method made it possible to establish a correlation be-
tween the activation energy obtained from the experimental kinetic parameters of protolytic processes in-
volving dicarboxylic acids and the energies of formation of cyclic-type complexes in dimeric molecules. It
was shown that an increase in the number of methylene groups in a molecule leads to a rise in dimerization
energies. At the same time, the appearance of multiple bonds or substituents in acid molecules allows for
detecting the opposite effect. The energy gap between the frontier molecular orbitals of the studied dimer
molecules increases with the length of the carbon skeleton and decreases in unsaturated and substituted ana-
logs. However, the observed dependencies require further confirmation.

The weakening of hydrogen bonds in the homologous series of acids, as well as in a molecule contain-
ing hydroxy substituents or multiple bonds was revealed during the study of the structure of complex formed
by the semiquinone radical with dicarboxylic aliphatic acids. In addition, using the example of maleic acid
and the semiquinone radical, it was found that with an increase in the polarity of the solvent, the activation
characteristics of the complex formation process decrease.

Based on the availability of experimental ESR spectroscopy data on the kinetics of protolytic reactions
involving dicarboxylic acids, it is possible to continue theoretical studies of the mechanism of the reactions
described above.
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JAuKap00oH KbIKBLIAAPHI KATHICATHIH KOMILIEKC TY3iJ1y peakuusjapbiH
DFT 3eprTey: cyTekTik 0ailiaHbIC, ePiTKII TAOMFATHIHBIH dcepi

Maxkanazna keibip TukapOOH KBIIKBUIIAPHIHEIH MPOTOJIUTTIK KaOlIETiHE KBAHTTHIK-XUMISUIBIK 3€PTTEYyIICp
Kyprisimren. Maeus, sHTapb, IIapar, KbIMBI3ABIK JKOHE QIUNUH  KBIIKBUIZAPBIHBIH — AUMEpIi
MOJIEKYJIaNapbIHBIH T€OMETPYSUIBIK JKOHE KHHETHKAIBIK Iapamerpiepi 3eprrengi. OnapablH IHMepIlieHy
SHEpruschl 0a3alblK KUBIHTHIK cynepro3unus KareciH (BSSE) eckepe oTelpsin aHbIKTanmbl. J{ukapOoH
KBIIIKBIIIAPBIHBIH KUHETHKABIK TapaMeTpiiepiHiH KOMipTeK KaHKAachl, KaHBIKIIAraH OaillaHbIcTap »KoHE
THIPOKCHJI aJIMacTBIPFBINITAPEl OOJFaH Ke3/eri TIYeNIUNri JonenneHmdi. 3epTTeNeTiH IUMep KBIIKBUIEL
MOJICKYJTATapbIHbIH [IEKAPaJbIK MOJEKYNalblK opOuTanmpaapel KapacTelpbuiabl. KTMO sxone TBMO
JIeHreiepl  apachlHAAFbl DHEPrusl MapaMETpiepiHiH  albIpMALIBUIBIFBI  aHBIKTAJIABL.  DHEPTHUSIIBIK
apabIKTapIbIH aJbIHFAaH MOHJEPI €Ki CyTEKTiK OaiIaHBICTBIH KaTHICYBIMEH TY3UIETIH HUKIIIK KOCBUIBICTAP
KaTapblHAAFBl  TYPAaKTBUIBIKTHIH  JKOFapbUlayblH Kepcerenmi. KelKbuimapasiH — 3,6-1u-Tper-0yTun-2-
OKCHU(EHOKCHJII CEeMHUXUHOH paJuKalbIMEH KOMIUIEKC Ty3y Kabineri 3eprrenmi. CPCM xome IEFPCM
YJITinepiH maiijiaiaHa OTBIPBIN, CEMUXHHOH PaJuKaibl — JAUKapOOH KBIIKBUIBI )KYHECIHIH Kypaemi Ty3imy
PEaKIMsICHIHBIH ~aKTHBTEHY TOCKAYBUIBIHA EpITKIII TaOWFAaTBIHBIH SCEpiH Tajjay KapacThIPBUIFaH.
DHepreTUKablK MapaMeTpAiH epITKIITIH MOJSPJbIFBIHA TOYEIIUIIri TOJyolN, TeTparuapodypaH xKoHe
HUTPOOCH30JI MBICANIBIH/A AHBIKTAIABL. MOJEKyIanblK KYpeUIbIMAapAbl oHTainanaplpy ymid DFT omici 6-
31+G (d, p) merizinmeri B3LYP xypikraysiHna konmansuigsl. Ecenreymep Gaussian 16 Revision A.03
WIN64 Garmapnamacsl apKbUTbI KYPTi3iimi.

Kinm ce30ep: KBaHTTBIK XMMHSUIBIK €CENTEYJIEp, THIFBI3ABIKTHIH (yHKIMOHAIABIK TEOPHUACH], CYTEKTIiK Oaiina-
HBIC, MOJIEKYJIaapalIbIK CyTEKTiK OaiaHbICTap, ©THeNl KAJIBINTACY, KOMIUIEKCTED, EeKapaiblK MOJICKYJIANIbIK
opOuTansiap, IMMepIIeHy SHEPTUsIChl, KYPei Ty31Ty SHeprusChl, epiTKIll TaOUFATBIHBIH acepi.

A.®. Kypmanosa, @.K. Abunkanosa, A.C. Paxumxanona, M. A. [lycronaiikuna

JAPT usyuyeHue peakinuii KOMILIEKCO00Pa30BaAHUS C Y4ACTHEM JUKAPOOHOBBIX
KHCJIOT: BOAOPOAHBIE CBSI3H, BJMSIHHE IPUPOALI PACTBOPHUTEJISA

B crarbe mpoBeneHb! KBAHTOBO-XHMHYECKUE HCCIEOBAHUS MTPOTOIUTHIECKON CIIOCOOHOCTH HEKOTOPHIX -
KapOOHOBBIX KHCIOT. MccreqoBaHbl T€OMETPUIECKHE U KHHETHIECKHE TTapaMeTphl JUMEPHBIX MOJIEKYN Ma-
JICMHOBOM, STHTApHOH, BUHHOH, IaBEJICBOI M aJUITMHOBOM KHUCIOT. VX SHepTuu AuMepu3anny ObUTH Onpee-
JICHBI C YYETOM OIIMOKH cymeprno3unuu 6asucHoro Habopa (BSSE). [ToaTsepxneHa 3aBUCUMOCTh KHHETHYC-
CKHX TapaMeTpPOB JTMKapOOHOBBIX KUCJIOT OT HAIMYMS YIJIEPOJHOTO CKeJleTa, HeHACHIIIEHHBIX CBs3eil M M-
POKCHIIBHBIX 3aMecTuTelNel. bpuin paccMoTpeHb! rpaHUYHbIE MOJIEKYJIAPHbIE OPOUTANN UCCIEIyEeMBIX MOJIe-
KyJl JMMEpPHBIX KUCIIOT, U OIpelesieHa pa3HHULla SHEPreTHUECKUX MapaMeTpoB Mexay ypoBHAMH B3MO u
HCMO. Ionmy4enHsle 3HaYE€HNS YHEPTETHIECKHX el CBHAETEIbCTBYIOT 00 yBEIMUSHNH YCTOHIMBOCTH B
Py OUKIMIECKHX COEJMHEHHUH, 00pa3oBaHHBIX C yJacTHEM JBYX BOJOPOJHEIX CBs3ei. M3ydeHa crmoco6-
HOCTh  KHCIOT K KOMIUIEKCOOOpPA30BaHMIO C  paJUKalOM  CEeMHUXHHOHA  3,6-IU-TpeT.OyTHi-2-
THAPOKCH(EHOKCHITOM. BBITIONTHEH aHAMN3 BIUSIHUS IPHPOJIBI PACTBOPHUTEIS Ha aKTHBAIMOHHEIN Oapbep pe-
aKIMU KOMIUTIEKCOOOpa30BaHusl CHCTEMbl CEMUXMHOHOBBIA paauKai—IuKapOOHOBasi KHCIOTa C HCIOIb30Ba-
HueMm mozeseit CPCM u IEFPCM. Ha npumepax Tosyona, Terparuapodypana u HUTpoOeH30a yCTaHOBIIEHA
3aBHCUMOCTb YHEPIeTHYECKOr0 apaMeTpa OT MOJIIPHOCTH pacTBOpUTENs. [l onTUMU3aIMy MOJIEKYISIPHBIX
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cTpyKTyp ucnons3oBanu Metox DFT B npubmmkernu B3LYP ¢ 6a3ucusiM Habopom 6-31+G (d, p). Pacuerst
MPOBOJMJIKCH C UCTIOJIb30BaHKeM nporpammMbl Gaussian 16 Revision A.03 WIN64.

Kniouesvle cnosa: KBaHTOBO-XHMHYECKUE pacueTel, TCOPUA (byHKI.II/IOHaJ'Ia IUIOTHOCTH, BOAOPOJAHAs CBA3b,
MEKMOJICKYJIAPHBIC BOAOPOAHBIE CBA3HU, NEPEXOJIHOC 06pa303aH14e, KOMIIJICKCEBI, ITOIrPaHUYHBIC MOJICKYJISIP-
HbIC Op6I/ITaJ'II/I, OHEPTUA JUMEPU3AIUN, SHEPT UL KOMHJ’ICKCOOGpaBOBaHPIﬂ, BJIMAHUC MIPUPOABI PACTBOPUTEIIA.
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Isolation and Structure of the New Sesquiterpene Lactone
3-0x0-10p-hydroxy-5,7a(H),4,6 (H)-guai-1,11(13)-diene-6,12-olide

The article presents the results of a chemical study of Tanacetopsis pjataevae, which is an endemic plant in Ka-
zakhstan. The number of extractive substances was obtained by extraction with chloroform from the air-dry
crushed above-ground part of the plant collected in the flowering phase. Isolation of compounds was carried out
by column chromatography on a column of silica gel brand KSK at a ratio of sum - carrier = 1:20. A colorless
crystalline substance of the composition C15H1s04 with m.p. 189-191°C (recrystallized from diethyl ether) was
found when the column was eluted with a mixture of petroleum ether-ethyl acetate (87.5:12.5). The structure of
the obtained new compound (3-oxo0-10B-hydroxy-5,7a(H),6B(H)-guai-1,11(13)-diene-6,12-olide) was estab-
lished based on IR, NMR analysis and mass spectra. The spatial structure was determined by the X-ray diffrac-
tion method. It was established that the 3-oxo-10B-hydroxy-5,7a(H),63(H)-guai-1,11(13)-diene-6,12-olide mole-
cule in the crystal is disordered over two conformational states in the 6 :4 ratio. The stability of these conformers
was confirmed by semi-empirical quantum-chemical calculations. It was established that the difference in the
heat of formation of two conformers was 6.3 kJ/mol for a free molecule.

Keywords: NMR spectroscopy, IR spectroscopy, mass spectrometry, X-ray analysis, Tanacetopsis pjataevae,
endemic, 3-oxo-10B-hydroxy-5,7a(H),6p(H)-guai-1,11(13)-diene-6,12-olide, sesquiterpene lactones.

Introduction

Natural sesquiterpene y-lactones (STL) are potentially biologically active substances. The structure of
STL includes such pharmacophore groups as a-methylene-y-lactone ring and o,B-unsaturated enone system.
Some STL have an epoxy ring, a hydroxyl group, and chlorine atoms. A study of the chemical composition
of endemic plants is being actively carried out to search for new bioactive compounds in Kazakhstan. For the
first time, over 30 STL were isolated and identified from endemic plants. A total of 11 of these compounds
are new ones, namely raposerine, racerolide, 15-deacetylraposerine, racerin, anolide, achymicrin, gracilin
and argracin, 1p-acetoxy-7a,6,11p(H)-eudesm-4(5)-en-6,12-olide, 1p-acetoxy-3p-hydroxy-eudesm-4(5)-en-
6,12-olide, and artesin [1, 2].

In continuation of these works, it has been studied the chemical composition of the aboveground part of
the Tanacetopsis pjataevae (Kovalevsk.) Karmyscheva, which is an endemic species of Kazakhstan, growing
in the Karatau mountains [3]. The literature sources [4-8] describe the results of a chemical study of Tanace-
topsis mucronata Rgl. et Schmalh. growing in Tajikistan. The sesquiterpene lactones, namely deacetyl lau-
renobiolide, dihydrodeacetyl laurenobiolide, mucrine, tavulin, tanakhine, tamirin, 13a-hydroxymethylene
deacetyl laurenbiolide were isolated from Tanacetopsis spiky. Later, the chemical composition of another
member of the Tanacetopsis genus was investigated. Sesquiterpene lactones 1R,10S,3S,4R-diepoxyguai-
5S,6S,75-11(13)-en-6,12-olide and hanfillin were isolated from the aboveground part of Tanacetopsis
karataviensis (Kovalevsk.) [9]. The previously known sesquiterpene lactones arglabin and isoepoxyestafiatin
were isolated from Tanacetopsis pjataevae (Kovalevsk.) Karmyscheva [2].

Experimental

IR spectra were obtained on a spectrometer “Thermo Nicolet Avatar-360” (USA) in potassium bromide
tablets in the range from 4000 to 600 cm™. NMR spectra were recorded on a Bruker DRX-600 spectrometer
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using standard Bruker software. The Finnigan DMS-8200 high-resolution mass spectrometer with an ioniz-
ing voltage of 70 eV (evaporator temperature was 220 °C) was used to record mass spectra, as well as deter-
mine the molecular weight and elemental composition. Melting point was determined on an SMF-38 heat-
ing table. The reaction progress was monitored by TLC. Sorbfil plates were used for TLC, which were de-
veloped by spraying with a 2% aqueous KMnO, solution. KSK silica gel was used for column chromatog-
raphy.

Isolation of 3-oxo0-104-hydroxy-5,7a(H),64(H)-guai-1,11(13)-diene-6,12-olide (1). Air-dry crushed raw
materials of Tanacetopsis pjataevae (0.7 kg, leaves, flower baskets, buds) collected in the flowering phase in
the Arpaozen Gorge, Karatau, South Kazakhstan region were extracted with chloroform 3 times. Then the
solvent was evaporated. Next, the number of extractives (44 g) was chromatographed on a column of silica
gel grade KSK at a ratio of sum — carrier = 1:20. When the column was eluted with a mixture of petroleum
ether-ethyl acetate (87.5:12.5), substance 1 was isolated with a yield of 0.200 g (0.029% based on air-dry
raw materials). The colorless crystalline substance of the CisH1s04 composition with m.p. 189-191 °C was
obtained by recrystallization from diethyl ether.

IR spectrum (KBr, v, cm™): 3463 (OH group), 2935, 2872, 1750 (C=0 y-lactone), 1707 (C=0), 1608
(C=C), 1456, 1410, 1371, 1356, 1325, 1261, 1173, 1154, 1081, 1064, 989, 971, 957, 883, 819, 758, 728,
666, 640, 558, 501, 425.

'H NMR spectrum (600 MHz, CDCls, 8, ppm, J/Hz): 6.33 (1H, s, H2), 2.57 (1H, d, J=6.0, overlapping
with OH-10, H4), 2.69 (1H, d, J=11.0, H5), 3.95 (1H, t, J=10.0, H6), 2.93 (1H, m, H7), 1.75 (1H, m, H8a),
2.23 (1H, dd, J1=7.0, J2=7.0, H8b), 1.99 (2H, m, H9), 5.49 (1H, s, H13a), 6.18 (1H, s, H13b), 1.27 (3H, br.d,
J=6.0, CH3-14), 1.54 (3H, s, CHs-15). 2.57 d (1H, d, J=6.0, overlap with H-4, OH-10).

13C NMR spectrum (150.96 MHz, CDCls 8, ppm): 169.12 (s, C1), 129.78 (d, C2), 209.23 (s, C3), 46.52
(d, C4), 55.24 (d, C5), 82.89 (d, C6), 46.42 (d, C7), 21.49 (t, C8), 37.60 (t, C9), 73.42 (s, C10), 139.73 (s,
C11), 181.07 (s, C12), 119.90 (t, C13), 27.83 (q, C14), 15.58 (g, C15).

Mass spectrum (70 eV, m/z, Irel. (%)): 262.1 [M]+. Calculated: m/z 262.1200. Found: m/z 262.1196.

Quantum-chemical calculations were carried out using the MOPAC software package version 9.0. Op-
timization of the molecule geometrical data was carried out by the PM6 method [10].

X-ray analysis of compound 1. The cell parameters and the intensity of 15346 reflections (3216 inde-
pendent, Rin=0.0491) were measured on a diffractometer “Bruker Kappa APEX2 CCD” (MoK, graphite
monochromator, ®-scan, 2.667 < 6 < 27.653) at 296 K. The crystals are orthorhombic, a=7.7072(3),
b=11.8416(5), c=15.2767(6) A, V=1394.2(1) A3, Z=4 (C1sH150.), the space group P2:12:21, dcaic=1.250 g/cm?,
1©=0.090 mm, The initial array of the measured intensities was processed and absorption was taken into ac-
count using the SAINT [11] and SADABS [12] programs (multi-scan, Tmin. 0.957, Tmax. 0.981).

The structure was solved via a direct method. The positions of nonhydrogen atoms were refined under
anisotropic approximation by full-matrix least-squares method. All hydrogen atoms were put in the geomet-
ric positions and refined under isotropic approximation with constant position and heat parameters (rider
model). The structure was determined and refined using the SHELXS [13] and SHELXL-2018/3 [14] soft-
ware. A total of 2788 independent reflections with 1 > 2c(l) were used in the calculations and the number of
refined parameters was 257.

The final divergence factors were R1=0.0408, wR2=0.1068 (for reflections with | > 25(1)), R; = 0.0495,
wR2 = 0.1145 (for all reflections), GooF = 1.032. Peaks of residual density were Ap = 0.156 and —0.128 e/AS.
The CIF file containing the complete information on the structure examined was deposited in the Cambridge
Center for Crystal Structural Data (CCDC) under number 2006552. The atomic coordinates are shown in
Table 1.

Table 1
The coordinates of the atoms in the cell fractions (x10%)
and isotropic thermal parameters (A2, x10%) in the structure 1
Atom X y z Ueq.
1 2 3 4 5
01 2036(2) —776(1) -151(1) 53(1)
02A 260(30) —2216(13) —487(9) 86(4)
02B —100(40) —1910(20) —457(17) 91(6)
03 4808(4) 2953(2) —612(2) 113(1)
O4A 4186(16) 2035(8) 2583(6) 79(3)
CHEMISTRY Series. No. 2(106)/2022 53
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Continuation of Table 1

1 2 3 4 5
04B 4680(20) 2013(10) 2656(10) 81(5)
[ 4636(3) 1242(2) 1227(1) 47(1)
c2 4828(3) 2253(2) 863(2) 62(1)
C3 4755(4) 2177(2) ~87(2) 70(1)
C4 4627(4) 949(2) —334(1) 65(1)
[ 4338(3) 327(2) 542(1) 46(1)
[ 2514(2) ~122(2) 630(1) 43(1)
c7 2233(3) —048(2) 1382(1) 51(1)
C8A 2266(14) —292(9) 2274(7) 80(3)
C8B 1867(19) —541(10) 2289(11) 54(2)
CoA 4134(8) ~17(3) 2539(2) 70(2)
C9B 2465(8) 661(5) 2470(3) 54(2)
C10A 4902(12) 1073(8) 2150(6) 54(2)
C10B 4382(16) 957(12) 2275(8) 50(3)
Cl11A 610(20) —1552(14) 988(9) 85(4)
C11B 920(30) ~1660(20) 1126(13) 69(4)
CI12A 860(20) ~1507(17) 33(9) 72(4)
C12B 870(30) ~1640(30) 152(13) 64(5)
C13A —717(14) ~1917(9) 1459(6) 114(4)
C13B ~178(19) —2477(9) 1407(8) 83(3)
CL4A 6907(7) 1086(6) 2354(4) 99(2)
C14B 5673(10) 98(6) 2536(4) 73(2)
C15 6255(6) 571(4) ~800(2) 118(2)

Results and Discussions

A colorless substance 1 of the C1sH1604 composition was obtained from the extract of the aerial part of
Tanacetopsis pjataevae when the column was eluted with a mixture of petroleum ether-ethyl acetate
(87.5:12.5).

The IR spectrum of compound 1 contains absorption bands characteristic of the OH group at 3463 cm™,
the carbonyl of the y-lactone ring at 1750 cm™, and the C=0 bonds at 1707 cm?, C=C at 1608 cm™. In the
mass spectrum of 1 there is a peak of the molecular ion m/z 262.1 [M]*, which corresponds to the molecular
weight.

In the *H NMR spectrum of molecule 1, signals of the protons of the methyl group at the C4 atom are
observed as a doublet at 2.57 ppm with SSIC 6.0 Hz, protons of the methyl group at the hydroxyl group as a
singlet at 1.54 ppm, proton H5 as a doublet at 2.69 ppm with SSIC 11 Hz. Two symmetrical singlets at
5.49 ppm and 6.18 ppm belong to the protons of the exomethylene group (C11=C13H3). The H7 methine
proton appears as a multiplet centered at 2.93 ppm, while the H6 lactone proton appears as a triplet at 3.95
ppm with SSIC 10.0 Hz. The vinyl H2 proton appears as a singlet at 6.33 ppm, the hydroxyl proton appears
as a doublet at 2.57 ppm with SSIC 6.0 Hz. The nature of the splitting of the signal of the lactone proton in-
dicates that the lactone ring in compound 1 is located at C6-C7 of
the main skeleton, and the spin-spin coupling constant indicates its
trans junction.

The 3C NMR spectrum of the molecule 1 shows the presence
of 5 singlets, 5 doublets, 3 triplets, and 2 quartets. This corresponds
to the structural formula of compound 1.

Based on spectral data, compound 1 was identified as 3-oxo-
10B-hydroxy-5,7a(H),6p (H)-guai-1,11(13)-diene-6,12-olide, a new
STL of guaiane type (Fig. 1).

An X-ray analysis was performed to finally establish the struc-
ture of compound 1. From the obtained data it follows that there is
one molecule 1, half of whose atoms are statically disordered in two
positions, in the independent part of the unitary crystalline cell. The
bond lengths (Table 2) and bond angles (Table 3) in compounds 1

Figure 1. Structural formula of molecule
3-0x0-10B-hydroxy-5,7a(H),6B(H)-
guai-1,11(13)-diene-6,12-olide (1)
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somewhat differ from the usual ones [15]. This is related to the disorder of a number of atoms of structure 1
in the crystalline state.

Table 2
Bond lengths (d, A) in conformers 1a and 1b of the structure 1
Bond d Bond
la 1b la 1b
01-C12 1.283(14) 1.44(2) C4-C15 1.510(3) 1.510(3)
01-C6 1.470(2) 1.470(2) C5-C6 1.509(2) 1.509(2)
02-C12 1.245(11) 1.236(16) C6-C7 1.523(2) 1.523(2)
03-C3 1.219(2) 1.219(2) C7-C8 1.570(8) 1.494(12)
04-C10 1.429(8) 1.398(12) C7-Cl11 1.561(9) 1.372(15)
C1-C2 1.328(2) 1.328(2) C8-C9 1.531(8) 1.522(9)
C1-C10 1.439(7) 1.648(9) C9-C10 1.540(6) 1.547(9)
C1-C5 1.523(29) 1.523(29) C10-14 1.576(8) 1.477(11)
C2-C3 1.455(3) 1.455(3) C11-12 1.473(10) 1.489(14)
C3-C4 1.506(3) 1.506(3) C11-13 1.323(10) 1.357(14)
C4-C5 1.544(2) 1.544(2)
Table 3
Valent angles (o, deg.) in conformers 1a and 1b of the structure 1
()

Angle a b Angle 1a b
C12-01-C6 110.8(4) 105.7(6) C6-C7-Cl11 96.7(4) 106.5(6)
C2-C1-C5 111.7(1) 111.7(1) C6-C7-C8 109.5(3) 121.2(4)
C2-C1-C10 121.3(3) 127.2(4) C11-C7-C8 125.0(6) 108.8(7)
C10-C1-C5 126.6(3) 120.2(4) C9-C8-C7 110.4(5) 114.4(7)
C1-C2-C3 110.9(2) 110.9(2) C8-C9-C10 115.9(5) 117.7(6)
03-C3-C2 127.4(2) 127.4(2) 04-C10-C1 106.8(5) 101.6(7)
03-C3-C4 124.4(2) 124.4(2) 04-C10-C9 110.0(5) 106.3(8)
C2-C3-C4 108.2(2) 108.2(2) C1-C10-C9 116.1(5) 110.3(6)
C3-C4-C5 104.7(1) 104.7(1) 04-C10-C14 106.3(6) 113.0(9)
C3-C4-C15 110.5(2) 110.5(2) C1-C10-C14 109.3(4) 108.9(6)
C15-C4-C5 112.8(2) 112.8(2) C9-C10-C14 108.0(5) 115.8(6)
C6-C5-C1 109.2(1) 109.2(1) C13-Cl11-C12 130.7(9) 107.9(14)
C6-C5-C4 112.4(1) 112.4(1) C13-C11-C7 124.0(8) 143.9(11)
C1-C5-C4 103.6(1) 103.6(1) C12-C11-c7 105.1(7) 107.3(11)
01-C6-C5 110.3(1) 110.3(1) 02-C12-01 125.3(11) 108.8(17)
01-C6-C7 103.8(1) 103.8(1) 02-C12-C11 123.9(13) 139.9(18)
C5-C6-C7 115.2(1) 115.2(1) 01-C12-Cl1 109.5(8) 108.2(12)

It should be noted that in some STL crystalline structures, disordering of atoms is observed. Usually,
some substituents are disordered in the main framework. For example, the phenyl group is disordered in eu-
patocunin-o-bromobenzoate [16], and the isobutyl group is disordered in 8a-isobutyryloxy-9-oxo-germacr-
4E,1(10) Z-dien-6p,12-olide [17].

In compounds 1, an unusual disorder of a part of the atoms of the main framework was observed. An
analysis of the data showed that the positions of the atoms in the crystal structure 1 corresponded to two con-
formers la and 1b (Fig. 2).
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Figure 2. Conformers 1a and 1b of disordered molecule 3-oxo-10B-hydroxy-5,7a(H),6p (H)-guai-
1,11(13)-diene-6,12-olide (1) (thermal vibration ellipsoids are shown with a probability of 30%)

The conformation of the five-membered carbocycle (A) in both conformers is a strongly flattened, dis-
torted 4o-envelope ((ACs*=2.0°). The seven-membered cycle (B) in conformer 1a accepts the intermediate
conformation between the 70,1,10B- chair (ACs'=17.1°) u 5,6a,7,8pB- twist-chair (AC>'°=13.7°), in the con-
former, 1b accepts the intermediate conformation between 7.8a,1B-chair ((ACs!=18.5°) and 1.10a, 5,6B-
twist-chair (AC2%=19.7°). The conformation of lactone cycle in both conformers is a distorted 68,7a-half-
chair ((AC2%7=4.8° and 2.4° for 1a and 1b, respectively). Intracyclic torsion angles are illustrated in Table 4.

In the crystal, the ratio of conformers 1a and 1b is 60:40, and the conformations of the seven-membered
cycle in them are significantly distorted relative to the ideal chair and the twist chair. To optimize the geome-
try of conformers 1a and 1b, a quantum chemical calculation was performed using the MOPAC program in
the PM6 [10] parameterization. As follows from the obtained calculations, the five-membered carbocycle is
slightly flattened in comparison with the X-ray diffraction data and takes in 1a and 1b the conformation in-
termediate between the 4a-envelope and 4a,5B- half-chair (ACs*=2.0°, AC;*°=1.7°) for 1a and (ACs*=1.9°,
AC;*%=0.5° for 1b. The seven-cycle conformation in 1a and 1b undergoes the greatest changes. In conformer
1a, it changes from that observed in the crystal to the intermediate between the 7a,1,10B-chair (ACs’=19.8°)
and 8.90,6,7p-twist-chair (AC22=8.8°). In conformer 1b, the conformation of cycle B is generally preserved,
leaning toward a highly distorted 1,100, 5,6B-twist-chair (AC,%=8.8°). The lactone cycle is also somewhat
flattened, but remains in the conformation of the somewhat distorted 63,7co-half-chair (3.8° for 1a and 3.1°
for 1b).

Table 4
Intracyclic torsion angles (t, degr.) in n conformers 1a and 1b
T
Angle 1a (X-ray) 1a (PM6) 1b (X-ray) 1b (PMB6)
1 2 3 4 5
Cycle A
C5-C1-C2-C3 -2.0(3) -1.8 -2.0(3) -1.7
C1-C2-C3-C4 -4.5(3) -4.0 -4.5(3) -2.4
C2-C3-C4-C5 8.7(3) 7.7 8.7(3) 52
C3-C4-C5-C1 -9.3(2) -85 -9.3(2) -5.9
C2-C1-C5-C4 7.3(2) 6.7 7.3(2) 5.0
Cycle B
C10-C1-C5-C6 74.6(5) 47.6 57.6(6) 52.1
C1-C5-C6-C7 —77.8(2) -90.1 -77.8(2) -725
C5-C6-C7-C8 72.7(5) 84.2 84.4(7) 95.9
C6-C7-C8-C =77.7(7) —67.8 —22.2(13) -43.9
C7-C8-C9-C10 85.4(8) 79.6 -53.5(13) -36.5
C8-C9-C10-C1 -46.5(9) —75.5 82.2(11) 83.3
C5-C1-C10-C9 -25.4(9) 20.5 —64.6(10) —68.0
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Continuation of Table 4

1 2 3 4 | 5
Cycle C
01-C6-C7-Cl11 —35.7(6) -28.4 -30.1(12) ~20.0
C12-01-C6-C7 30.6(8) 224 24.3(11) 15.7
C6-01-C12-C11 -8.9(13) -6.9 -11.0(20) -4.7
C7-C11-C12-01 -15.7(15) -11.9 -8.0(30) -8.7
C6-C7-C11-C12 31.4(10) 24.3 23.0(20) 17.4

It should be noted that for a free molecule, the heat of formation of conformer 1a is lower than that of
1b (AH¢ = 6.3 kJ/mol. Such a conformation of cycle B (AC;!=7.8°), as in 1a, was observed in the structure of
hypochaerin [18], which was the only studied by the X-ray diffraction method with the sp?-hybridized C(1)
atom of the seven-membered ring, being consistent with the theory of the implementation of the most stable
conformer in the crystal [19].

Conclusions

As a result of the Tanacetopsis pjataevae chemical study, an endemic plant of Kazakhstan, a colorless
crystalline substance of the CisH1g04 composition with m.p. 189-191°C was isolated. The structure of the
obtained new compound according to IR, NMR and mass spectra was determined as 3-0xo-10B-hydroxy-
5,7a(H),6p(H)-guai-1,11(13)-diene-6,12-olide. From the data of X-ray diffraction analysis, it was established
that the molecule of 3-oxo0-10B-hydroxy-5,7a(H),6p3(H)-guai-1(2),11(13)-diene-6,12-olide in the crystal was
disordered in two conformational states in a ratio of 6:4. Quantum-chemical semi-empirical calculations es-
tablished that for a free molecule the difference in the heats of formation of conformers was 6.3 kJ/mol.
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K.M. Typnsi6ekos, C.A. UBacenko, JI.M. TypasiOekos,
A.C. MaxmytoBa, }0.B. I'atunos, C.M. OnekeHoB

Kana ceckBuTepneHIiK JaKTOH 3-0kco-10B-ruapokcu-5,7a(H),4,6 3(H)-
rBaii-1,11(13)-aquen-6,12-01uATHIH OKIIAYJIAHYBI JKOHE KYPbLIBIMBI

Makanana Kazakcranusly sHIeMuKaibIK [IstacBa tananerorncuci (Tanacetopsis Pyataeva) ecimairiniyg xu-
MUSUTBIK 3€PTTEY HOTIKEEPi KeNTipiireH. DKCTPAaKTHBTI 3aTTapAblH KOCHIHIBICH! T'YJIICHY KE3CHIHIE MKH-
HaJlFaH OCIMIIKTIH ayaZa KYpFaK YCaKTalFaH >KEpYCTi OelsiriHeH XJIOpOGOPMMEH SKCTpaKIHsIaHIbL.
Kocsuteictapapia naauBuayannsl typae 6eminyi KCK mapkainsl cumikaress 6araHaChIHIA KOCBIHIBIHBI — Ta-
ceiManaaymsl = 1:20 KaTblHacBIHZA Xpomarorpadusl omiciMeH Kyprisinai. baramansl merponeiiH 3¢wup-
stunanetar (87.5:12.5) kocmacsiMeH amoupierenae kypambl CisHisO4 Gonatein, 6anky Temmneparypachr 189-
191°C KypalTBIH TycCi3 KpUCTAIABI 3aT (MUATHINI pUpIMEH KalTa KPUCTAUIAHIBIPY) OOIIHIN abIHIBL.
BeuniHim ablHFaH jXaHa KOCBUIBICTBIH KYPBUIBICH (3-0kco-10B-rumpokcu-5,7a(H),6p(H)-reaii-1,11(13)-anen-
6,12-omun) UK-, SIMP- xoHe Macc-CrieKTpJepiH Taljaay HeriziHnme adjeineHreH. KeHICTIKTiK KYPBUIBIMBL
PEHTTeH KYPBUIBIMIBIK OJMICICH aHbIKTanFaH. Kpucramimarsl 3-okco-10B-ruapokcu-5,7a(H),63(H)-reaii-
1,11(13)-auen-6,12-omun  Mosexkynacel 6:4 KaThIHACKIHIA €Ki KOHMOPMAIMSUIBIK Kyiire OeJiHreHi
aHBIKTNABL. byn KkoH(OpMepiepAiH TYpPaKTBUIBIFBI KBAaHTTBI-XMMMSUIBIK JKapThUIAil  SMIMPHKAIBIK
ecenTeylepMeH pacTanmanbl. EpkiH Monekyna YHIH eki KoHpOpMepAiH mnaiga Ooiy IKbUTYBIHBIH
aiBpIpMaIIbUIBIFEL 6.3 KJK/MOJIb OONATHIHABIFBI OSNT1IIl OOIIBL.

Kinm  ce30ep: SIMP  cnekrpockomusicel, WK —CIEKTpOCKOMUACH, Macc-CIEKTPOMETPHs, PEHTICHIIK
TUQPaKIUSIBIK Tanaay, [IsTacBa TaHAIIETONCHCI, SHAEMHUKANIBIK, 3-0kco-10B-ruapokcu-5,7u(H),63(H)-rraii-
1,11(13) -nuen-6,12-omu, cCeCKBUTEPIIEH I JTAKTOHIAP.

K.M. Typneibekos, C.A. HBacenko, JI.M. Typapioekos,
A.C. MaxwmyTtoBa, FO.B. I'atunos, C.M. AnekeHoB

BobiesieHne M CTPYKTYPa HOBOT'O CECKBUTEPIEHOBOTO JIAKTOHA
3-okco-10p-ruapokcu-5,70(H),4,6(H)-rBaii-1,11(13)-nuen-6,12-oamnaa

B craree mpuBemeHBI pe3yNbTaThl XHMHUYECKOTO HCCIeqoBaHHS TaHareroncuca Ilsraesa (Tanacetopsis
Pjataevae), sumemuunoro pacrenust Kazaxcrana. CyMMa 5KCTPaKTHBHBIX BEIECTB MOJIyYeHA SKCTpaKIHen
XJIOpOOpMOM M3 BO3IYIIHO-CYXOH M3MENIBbUCHHON HaJ3eMHOI 4acTH pacTeHusi, COOpaHHOTO B a3y IBeTe-
HUA. Beienenne coenuHeHnit MpoBeIeHO METOAOM KOJOHOYHOHM XpOoMOTOrpaduy Ha KOJOHKE C CHIIHMKare-
nem mapku KCK mpu cootHomennn cymma—Hocutens = 1:20. [Ipu 2moupoBaHUN KOJOHKH CMECBIO TETPO-
neiHbIi aup—aTmnanerar (87,5:12,5) Beineneno OecuBeTHOE KpucTammmdeckoe BeniecTBo coctaBa CisH1804
¢ T. 1. 189-191 °C (mepekpucraum3aus U3 AUITUWIOBOTO dupa). CTpOCHHE TIOIyYESHHOTO HOBOTO COCIH-
HeHus (3-okco-10B-ruapoken-5,7a(H),6B(H)-reaii-1,11(13)-aueH-6,12-on1aa) ycTaHOBIEHO HA OCHOBAaHHH
anamza K-, SIMP- u macc-criextpoB. [IpocTpaHcTBeHHas CTpyKTypa ONpelesieHa PeHTI€HOCTPYKTYPHBIM
METOJIOM. YCTaHOBJEHO, YTO MoJjeKyna 3-okco-10B-ruapokcu-5,7a(H),6B(H)-reaii-1,11(13)-uen-6,12-
OJIMJIa B KPUCTAJUIE pasyHopsA0UYeHa 1o AByM KOH(OPMAIMOHHBIM COCTOSIHHSM B COOTHOIICHUH 6:4. Y CTOM-
YHBOCTH 3THX KOH(OPMEPOB MOATBEPKAEHA KBAHTOBO-XHMHUUECKUMH MOy MINPUUECKUMHA pacdeTamu. OT-
MEUEHO, 9TO JUIsl CBOOOIHON MOJEKYIBI pa3HUIIA TEIUIOT 00pa30BaHUS IABYX KOH(POPMEPOB cocTaBisieT 6,3
kJk/MOJIb.

Kurouesvie crosa: SAMP-cniektpockonus, MK-criekTprnockomnusi, Macc-CrieKTpOMeTpusi, peHTT€HOCTPYKTYyp-
HBIA aHanu3, TaHaieroncuc [laraeBa, sHaeMuk, 3-okco-10B-ruapokcu-5,70(H),6p(H)-reaii-1,11(13)-anen-
6,12-0mu1, CECKBUTEPIICHOBBIC JIAKTOHBI.
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Electrochemical Method of Lead (Il) lons Removal
from Wastewater Using Granular Graphite Electrodes

The article presents an electrochemical method of wastewater treatment from Pb (11) ions through granular
graphite electrodes. The cathode was made of graphite particles and the anode was made of rod graphite. Fea-
tures of wastewater treatment from heavy metals by using developed surface granular graphite electrodes
were revealed. Electrochemical research was carried out in a flow mode in a two-chamber electrolyzer. Effect
of different electrochemical parameters (current density, electrolyte flow rate, initial concentration of lead (I1)
ions in solution, size of graphite granules, and concentration of additional cations in solution) to the reduction
process of Pb (1) on lump graphite was studied. Results revealed that the removal value of Pb (1) hit a peak
at 150A/m? current density and gradually decreased at a higher value. The efficiency of electrolysis in the
flow mode was demonstrated. It was found that the initial concentration of lead ions in the electrode process
was insignificant, while the concentration of additional cations had a significant effect. Using very small par-
ticles of granular graphite electrodes caused an agglomeration. At an optimal condition, (i=150 A/m?; V=150
mi/h; [Pb?*] = 200 mg/l; s= 0.05 cmq) treatment value of wastewater from Pb (I1) ions reached 97.6+0.3 %.

Keywords: lead (II) ions, granular graphite electrodes, wastewater, heavy metals, flow mode, current output,
removal degree, current density.

Introduction

Rapid industrialization in the XXI century has led to problems such as heavy metal contaminated
wastewater. Chemical industries are generating a large amount of wastewater contaminated with cadmium,
zinc, lead, and copper. These heavy metals, which have a density of more than 5g/ cm?, are known to be toxic
[1]. Wastewater pollutants can be classified by measure and chemical-physical properties. It is necessary to
choose a suitable treatment method for each type of wastewater pollution. Wastewater treatment methods can
be classified as chemical, mechanical, physico-mechanical, and biological ones. They can be used together
as a combined treating method [2]. Efficient methods of heavy metal removal from aqueous solutions in-
clude ion exchange, membrane filtration, coagulation, flotation, reverse osmosis, chemical precipitation,
evaporation, solvent extraction, biosorption, adsorption, oxidation, electrochemical treatment, and others.
Adsorption/ion exchange has been the most suitable method among these methods for heavy metal removal
for great removal performance, cost-effectiveness, and simplicity [3].

Our previous work represented a wastewater treatment by the ion exchange adsorption method. The re-
search object was a model of wastewater containing Zn?*, Pb?* and Cd?* ions. A phosphorus-acidic cationite
KRF-10P was used as a sorbent. Size of cationite, duration of interaction, and solution temperature were tak-
en as affecting parameters and optimal condition was established. At an optimal condition, removal value of
Zn%*, Pb?*, and Cd?* reached 96.1 %, 89 %, and 91 %, respectively [4].

Industrial wastewater from oil and gas production contains high concentrations of cadmium and lead
ions. J.E. Segundo and A. Feitoza developed an electrochemical reactor with a perforated steel cathode and
expanded mesh three-dimensional DSA anode. Removal percentages were 96 % and 94 % for Pb?* and Cd?*,
respectively [5]. Lead (I1) ion adsorption of pristine graphite (6.13 % carbon, 93.87 % carbon) and oxidized
graphite (15.97 % oxygen, 84.03 % carbon) was compared. The adsorption capacity of oxidized graphite was
more than 70 %, while bare graphite showed only 41 % of adsorption capacity. This study results showed
that graphite oxide was a suitable material for the Pb?* absorption [6]. A hybrid biopolymer was used to ex-
tract Pb (I1) ions from water. The hybrid biopolymer prepared by a simple one-step galvanostatic polymeri-
zation consisted of poly(3,4-ethylenedioxythiophene)/ polystyrene sulfonate (PEDOT/PPS) and the biopol-
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ymer lignin (LG). The electrochemical results showed that the neutral solution of lead ions could be ab-
sorbed by applying a negative potential. LG can double the adsorption capacity of PEDOT/PSS from 245mg
glto 452 mg gt[7].

Research on a new electrochemical way of lead (11) ions removal from industrial wastewater showed
that iron and aluminum electrodes had a high level of lead, zinc, and copper removal. At an initial concentra-
tion of 50 mg/l, and at optimal conditions, results showed 98.9 % of lead removal. However, these electrodes
have a short lifetime [8].

The electrochemical way of Pb (1) removal from wastewater by using iron and aluminum electrodes at
low voltage was studied. The removal procedure included three processes, i.e., chemical reduction, electro-
chemical reduction, and electrocoagulation. The result showed that the removal value was directly propor-
tional to the voltage and affected by the distance between electrodes and solution acidity. At pH value of 6,
an applied voltage of 6V, and electrode distance of 2 cm, removal value of lead (Il) was more than 90 % [9].
Electroplating effluents contain a high concentration of lead (Il) ions. Researchers developed the removal
method of lead (I1) by electrocoagulation using iron as a sacrificial electrode. Removal experiment results
showed that pH was an important parameter. Anode consumption increased with a decrease in pH while en-
ergy consumption increased with an increase in pH of the solution. As a result of the 90 min removal pro-
cess, the removal value of Pb (1) reached 91.3 % [10].

The Taguchi method is a good technique for improving removal process performance, yield, and
productivity. It reduces manufacturing costs due to excessive variability in the process. Taguchi method con-
tains several steps, such as determining the quality characteristics (current efficiency, energy consumption),
identification of the noise factors and test conditions, control parameters, and their alternative levels, design-
ing and conducting the matrix experiment, analyzing data, and determining the optimum levels [11]. A 3D
reticulated vitreous carbon (RVC) cathode is used to remove lead (Il) ions from aqueous solutions under
acidic pH conditions. RVC cathode is coupled with a Zn anode. A batch electrochemical cell removed about
95 % of Pb (I1) with a cell performance of 73 % [12]. Nanotechnology is also used for wastewater treatment.
Yao Xing Lui and Jun Mei Yan used a stainless-steel net electrode coated with single-wall carbon nanotubes
(SWCNTs@SSN). The mechanism of the electrochemical lead (II) removal method involved that Pb (I1)
ions were reduced and deposited on the surface of the SWCNTs@SSN cathode. An experiment was carried
out under several parameters, such as electrolysis time, pH value, applied voltage and initial lead concentra-
tion. After 90 min electrolysis, with an initial Pb (11) concentration of 150 mg/l, removal value reached up to
95 %. After electrolysis with the same conditions, a good result was shown for other heavy metals [13].

The result of literature review designates that electrochemical methods promise a high lead (I1) removal
degree. Granular graphite electrode (GGE) using electrochemical method is acceptable for many reasons.
GGE has a high value of Pb (I) removal, the electrolysis method is simple, and it is cheap.

The purpose of the research is to study electrochemical methods of wastewater treatment from heavy
metals using lump electrodes as a cathode in a flow mode, the influence of different electrochemical parame-
ters to the removal degree (RD) and current output (CO) of metals. We examine an opportunity of using a
lump electrode, composites metallic or graphite electrodes with large, developed surface, to avoid pointed
out demerits. This treatment method is chemical-free and environmentally friendly, therefore, it can be a per-
spective direction, and application of lumpy electrodes can intensify the process.

Experimental

This work presents the results of the electrolysis of solution with an initial lead concentration of
200 mg/l on granular graphite electrodes. The necessary methods were chosen for carrying out the research.
The research was conducted under direct current. A granular graphite electrode was taken as a cathode; a rod
graphite electrode was taken as an anode. Pb(NOs), was used to produce a model solution containing
200 mg/1 of Pb?*ions. Solution was acidified with 0.2 M of HNOj3 acid. Electrolysis was carried out in a flow
mode in a two-chamber electrolyzer (Figure 1). Solution containing lead (I1) ions was passed at a certain rate
through the granular electrode layer. Current density (i), electrolyte flow rate (V), initial concentration of
Pb (11) in a solution (C), size of graphite granule (s) and concentration of additional cations in the solution
were taken as the main parameters of electrolysis during the study to determine the features of removal de-
gree (RD) and current output (CO) of Pb? ions in the solution. The duration of electrolysis (t) and thickness
of granular graphite layer (I) was constant. An analyzer CTA-1 voltammeter was used for determining a low
concentration of Pb (Il) ions with very high accuracy. The process of determining the concentration of
Pb (11) ions is demonstrated in Figure 2.
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The average mean of Pb (1) removal was determined by formula 1.

X.
x==%. &
n
Formula 2 was used to determine a standard deviation:
XX — X
AX =—| . —| . (2)

1 — Pb (1) containing wastewater sample; 2 — water flow controller;

3 — current input (-); 4 — current input (+); 5 — anode rod graphite; ~ Figure 2. Determining Pb (I1) concentration
6 — copper wire; 7 — granular graphite particles; with a CTA-1 voltammeter
8 — cathode plate graphite; 9 — purified solution

Figure 1. Model of electrolyzer

Results and Discussion

The studies were based on the purification of wastewater from lead (I1) ions by their electrolytic reduc-
tion on granular graphite cathode to an elemental state, according to the reaction:

Pb?" + 2~ — Ph° E=-0.126 V. (3)
Discharge of water takes place at the anode:
2H,0 — 4~ — Oz + 4H* (4)

Experiments were carried out between 50 and 250 A/m? current densities. It was observed that removal
degrees grew steadily until the graphite electrode reached diffusion-limited current density (DLCD). Hydro-
gen emission occurred parallel to the lead removal at a high current density, consequently, removal of Pb (1)
ions began to decrease (Fig. 3). The maximum degree of metal removal from the solution was achieved when
the entire volume of the electrode operated at the limiting diffusion current mode. The decrease in the degree
of lead extraction can be explained by the intensification of the competitive process of hydrogen evolution at
high current densities.

The influence of electrolyte flow rate on lead (I1) removal degree was determined. The range of electro-
lyte flow rate was between 50-350 ml/h. It was established that removal of lead (I1) ions reached a maximum
value at 150 ml/h electrolyte flow rate and decreased inversely proportional to the flow rate of electrolyte.
When electrolyte flows at a high velocity, the reduction reaction of lead becomes less effective (Table 1).
This phenomenon can be explained that at even higher flow rates, lead (I1) ions cannot be properly reduced
at the granular electrodes, and this leads to a decrease in the degree of metal extraction from the solution.
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Figure 3. Effect of current density on Pb (1) ions removal degree

Table 1
Effect of electrolyte flow on Pb (I1) ions removal degree
(i =150 A/m?; [Pb?*] =200 mg/l; s=0.2cm? t=05h; I=1cm)
V, ml/h 50 100 150 250 350
a, % 89.2+1.5 91.7+1.3 92.8+1.5 86+1.0 80.5+1.2
CO, % 50.2+0.4 51.4+0.4 52.2+0.4 48.2+0.2 45.24+0.2

The removal value remains the same at a higher initial concentration of lead (I1) ions. The rise of the in-
itial concentration of Pb (Il) ions causes saturation of solution and interferes with smooth polarization. It
leads a process to occur in circumferential areas and the degree of Pb (1) ions removal gradually decreases.
Current output gradually increases directly proportional to the initial Pb (1) concentration (Fig. 4).
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Figure 4. Effect of initial lead (I1) ions concentration on Pb (I1) removal degree
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The influence of the electrode material on the electrolysis process is also considered. The maximum de-
gree of extraction is observed on the graphite electrode (92.8 %), whereas on the lead electrode, this figure
reached just under 68 %, as the copper electrode accounted for only 44 %. As a comparison, the experiment
also was carried out without granular electrodes, which means only on a graphite substrate. It turned out that
the degree of lead extraction didn’t exceed even 15 %.

It was observed that change in graphite granule size affected the removal value of lead ions. Smaller
granule size resulted in a higher removal degree and a higher current output while larger electrode granules
resulted in a lower removal degree and less current output (Table 2). However, results of research carried out
with the help of Imm? granular graphite electrode showed that removal degree decreased steadily. It was
found that small granules (< 0.01 cm?®) agglomerated and became less effective because of the small reacting
area.

Table 2
Effect of graphite granular electrode size on Pb (11) ions removal degree
(i =150 A/m?; V = 150 ml/h; [Pb?*] =200 mg/l; t=0.5h; =1 cm)
s, cm® 0.25 0.2 0.15 0.1 0.05
a, % 89.9+0.7 92.84+0.8 94.4+0.8 96.7+0.6 97.6+0.3
CO, % 50.4+0.4 52.2+0.4 53+0.2 54.2+0,19 54.9+0.1

The influence of additional cations concentration in the solution on the Pb (11) ions removal degree and
current output was determined during the electrolysis including copper ions. Lead (II) ions removal value
and current output reduce gradually when copper concentration is increased in the solution (Table 3). This
phenomenon can be explained by the reduction of copper ions parallel to the lead ions on the cathode.

Table 3
Effect of additional cations concentration on Pb (I1) ions removal degree
(i =150 A/m?; V= 150 ml/h; [Pb#*] =200 mg/l; s =0.05cm?®; t=0.5h; | =1 cm)
[Cu?] 50 100 150 200 250
a, % 90.6+0.9 88+0.7 85.2+0.8 79.7+0.8 74.3+0.7
CO, % 51+0.25 49.4+0.2 47.8+0.2 44.8+0.22 41.8+0.2

At an optimal condition, (i = 150 A/m?, V = 150 ml/h; [Pb?*] = 200 mg/I; s = 0.05 cm?®) removal value
and current output of Pb (IT) reached 97.6+0.3 % and 54.9+0.1 %, respectively. It should be noted that if the
solution is passed through several such kinds of electrolyzers, the removal value of Pb (1) ions will be high-
er. Deposited lead can be extracted from the electrode by burning the graphite.

Conclusions

As a result of research, the influence of main factors affecting Pb (1) removal value was determined. It
was observed that Pb (11) ions removal degree reached the maximum at 150 A/m? and decreased gradually
because of hydrogen emission parallel to the lead (1) removal at higher current densities. At a high electro-
lyte flow rate, the reduction reaction of lead becomes less effective. A higher initial concentration of Pb (II)
ions results in higher current output and lower removal value. The removal value and current output are in-
versely proportional to the size of cathode graphite particles, however, particles smaller than 0.01cm? be-
come less effective because of particle agglomeration. Additional cations decreased the removal value and
current output of Pb (I1) ions. As a result of the research work the optimal conditions of electrolysis are es-
tablished, at which (i = 150 A/m?; V = 150 ml/h; [Pb?*] = 200 mg/l; s = 0.05 cm?) Pb (II) ions removal de-
gree from wastewater accounted for 97.6+0.3 %.

The results of electrochemical research with the use of granular electrodes showed an opportunity of us-
ing electrochemical methods for wastewater treatment to intensify the electrode processes and to solve some
ecological problems of the chemical and metallurgical industry. We consider that using granular electrodes is
a new direction in the electrochemical branch on the solution of ecological problems.
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P.H. Hypninnaesa, A.H. XXsuibic6aeBa, A.X. Ackapos, A. baemos

TyilipuikTi rpadguT 3J1eKTPOATAPBIHBIH KOMeriMeH akada cyabl
KopracbiH (II) noHgapbIHAH Ta3aaayabIH JIEKTPOXUMHUSAJIBIK Jici

Axaba cymapabl KYpaMbIHIarbl ayblp MeTalAaplaH Tasajayla SJCKTPOXHMISUIBIK OJiC e3re oJicTepre
KaparaHJia WHTEHCHUBTLIITI, TYPAaKTBUIBIFI )KOHE KYPBUIFBI KOHCTPYKLHSCHIHBIH KapanaibIMABLUIBIFB CUSIKTHI
OipmiamMa KacueTTepiMeH epekiueneHeni. Makanaia TYHIpHIIKTI rpaduT AJIEKTPOATAPBIH KOJJaHY apKbUIBI
akaba cymapasl Pb (II) moHmapwslHaH Ta3apTyAbIH JIIEKTPOXUMUSUIBIK dfici yChIHBUTFaH. Karonm perinme
TYHIpIIiKTI TpaduT KECIHAINEpi, all aHOI PETiHAE CTEPXKEHIl ITpaduT dIEKTPOABI KOIAAHBUIIBL DIEKTPOIU3
omici mampiraH Oeri 6ap kecek rpadHT JIEKTPONTAPBIHIAFEI aFBIHIIBI CyJIapAbl ayblp METal HOHAApPBIHAH
Ta3apTy epeKIIeNiriH KepceTemi. DNEKTPOXUMMSUIBIK 3€pTTey €Ki KaMepasibl SJEKTPOJM3EepIe aFbIHIbI
pexumae xyprisinai. Ty#ipiikTi snekrpoatapaa koprachiH (1) HOHBIHBIH TOTBIKCHI3JAHY YpJAICiHE Herisri
3IEKTPOXUMHUSIIBIK MapaMeTpiepAiH (TOK THIFBI3BIFGI, SJICKTPOJIUT aFbIHBIHBIH JKbLIIAM/IBIFBI, CPITIH/IIACT
Pb (I) nOHBIHBIH GacTanKel KOHIEHTPALMSCH, TrpaduT TYHIpUIIKTEpiHIH Meumepi >KoHE epiTiHiaeri
KOCBIMIIIA KaTHOHIAP/BIH KOHIICHTPALMICHI) dcepi 3epTTenii. 3epTTey HOTHXKeciHAe, akaba CynapablH
xopracein (II) MOHmaphlHaH TasajaHy jopexkeci TylipmiikTi rpadur snaextpoisina 150 A/mM?  Tok
TBHIFBI3/IBIFBIHA €H JKOFapbl MOHIe He OONaTBIHIBIFBI AHBIKTABL. ODJEKTPONU3II aFbIHABI PEKUMIC
KYPTI3yAiH ~ THIMIUIINT  KOpCeTinmi. ONEKTPOATHIK YpAiCKe KOPFACBIH HOHAAPHIHBIH  0acTamKbl
KOHIICHTPALIMSACBIHBIH dcepi eJeyci3 0osica, KOCHIMIIA KaTHOHAAPIBIH KOHLEHTPAlMICH eyl ocep
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Electrochemical method of lead (ll) ions removal ...

eTeTiHAiri aHplKTanapl. TyHipimikTi rpaduT JeKTPOATApBIHBIH ©Te Maiija YHTaKTapblH MaiiianaHraHia,
oJiapra arioMepanusi KyObUIBICH TOH eKSHAIr KOpPCeTiIai. DIeKTPONn3AiH OHTalbl xaFraaitnapsiaa (i = 150
a/m?, V =150 mi/car; [Pb?*] = 200 mr/i; s =0,05 c¢m®) akaba cynapawin Pb (II) moHmapeiHaH TasanaHy
nopexeci 97.6+0.3 % xypansl.

Kinm co30ep: xopraceiH (1) nonmapsl, TYHIpmIKTi TpaduT SIEKTPOATApHI, akada cyiap, ayblp MeTanmap,
aFBIHJIBI PEXKUM, TOK OOWBIHINA IIBIFBIMBI, Ta3aIaHy JOPEKeCi, TOK THIFBI3BIFHL.

P.H. Hypnunnaesa, A.H. XXsisicOaeBa, A.X. Ackapos, A. baemios

JIeKTPOXUMHUYECKHUI CTI0C00 0UYMCTKH CTOYHBIX BOJ OT MOHOB cBuHIA (IT)
¢ IPUMEHEeHHeM KYCKOBBIX ITPa()UTOBBIX 3JIEKTPO/I0B

DNEKTPOXUMHIECKHI METOJl OUYUCTKH CTOYHBIX BOJ OT TSDKEINIBIX METAUIOB OTJIMYACTCS OT JPYTHX METO/IOB
PSIIOM CBOWMCTB, TAKUX KaK MHTEHCHBHOCTH, CTAOMJIBHOCTD M IPOCTaTa KOHCTPYKLIUH YCTpoiicTBa. B craThe
HPEUTOKEH IEKTPOXUMUIECKHI CII0CO0 OYHMCTKH CTOYHBIX BOJ OoT MOHOB Pb (II) ¢ momompro KycCKOBBIX
rpadUTOBBIX AIIEKTPOJIOB. B KadecTBe KaToa MCIONB30BAIKNCH KYCKH TPaHYJIHMPOBAHHOTO Tpadura, B Kade-
CTBE aHOJOB — CTEp)KHEBBIE TpaUTOBBIE AIIEKTPOABI. METOIOM 3JIEeKTpoiH3a MOoKa3aHa OCOOEHHOCTH
OYHCTKH CTOYHBIX BOJ OT HOHOB TSDKEJIBIX METAJUIOB HA KYCKOBBIX IPAaHTOBBIX IEKTPOJAAX C PAa3BUTON MO-
BEPXHOCTBIO. DICKTPOXHUMHUUYECKUE UCCICAOBAHKS IPOBOANIIICH B ABYXKAMEPHOM 3JIEKTPOJIM3Epe B MPOTOU-
HOM pexuMme. M3ydeHO BIMSHHE OCHOBHBIX DJIEKTPOXMMHYECKHX MapaMeTpoB (IUIOTHOCTH TOKa, Pacxoia
JNEKTPOIIUTA, HAYAIbHOW KOHIICHTPALMK HOHOB CBHHIIA B PACTBOPE, pa3Mepa rpaHys rpaguTa U KOHIEHTpa-
MU JOMOJHHUTEIbHBIX KATHOHOB B PACTBOPE) HAa BOCCTAHOBUTENBHBIM MPOIECC HOHOB CBHHIIA HA KyCKOBBIX
JNIeKTposax. B pesynprare nccienoBaHus yCTAHOBIEHO, YTO CTENICHb OYHCTKH CTOYHBIX BOJ OT HOHOB CBHH-
Ila UMeeT MAaKCUMAJIbHOE 3HAaYeHHE MPU IUIOTHOCTH Toka 150 A/M? Ha KyCKOBOM TpaUTOBOM 3IEKTPOJE.
Tlokazana 3()(eKTUBHOCTB AJIEKTPOJIN3a B IPOTOYHOM PEeXHUME. Y CTAaHOBIICHO, YTO HAauaJIbHAsI KOHLICHTPALUs
HOHOB CBHHIIA BIMSET Ha JJIEKTPOAHBIN NpOIecC HE3HAUNTENBHO, B TO )K€ BpeMsl CYIIECTBEHHOE BIIMSHHE
OKa3bIBACT KOHLEHTPAIMS [OMOIHUTEIbHBIX KaTHOHOB. [IpH MCIOIb30BaHUN OYCHb MEIKUX KYCKOBBIX T'pa-
(UTOBBIX JIEKTPOJOB OBLIO MOKA3aHO, YTO ISl HUX XapaKTepHO SIBICHHUE arjoMmeparuu. [Ipu onTuManbHBIX
ycnosusix snekrponnsa (i = 150 A/m% V = 150 mi/g; [Pb?*] = 200 mr/i; s = 0,05 cM®) cTeneHb OYMCTKH
cTouHbIx Box oT HoHOB Pb (II) cocrasmna 97,6+0,3 %.

Knrouegvle cnoéa: NOHBI CBUHIIA (H), KYCKOBBIC Fpa(bI/ITOBBIe 3JICKTPOABI, CTOYHBIC BOABI, TSAXKEJIbIE METAJJIbI,
HpOTO‘IHBIﬁ PEXKUM, BBIXO/ IO TOKY, CTCIIEHb OYUCTKHU, INIOTHOCTh TOKA.
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ESR-Study of the Proton Exchange with Aliphatic Amino Acids in Toluene

This paper presents the results of an ESR spectroscopic study of the intermolecular proton exchange kinetics
with some isomers of aminocaproic acid, such as 2-aminohexanoic and 6-aminohexanoic acids in the toluene
indifferent medium. A stable semiquinone radical, namely 3,6-di-tert-butyl-2-hydroxyphenoxyl, is used as a
spin probe. The ESR spectra have been recorded on a RE-1306 spectrometer. The article provides the ob-
tained dynamic spectra of the intermolecular proton exchange process. Modeling of the proton exchange ESR
spectra has been carried out using a previously developed program, which is based on a four-jump model of
this reaction and modified Bloch equations. The kinetic parameters of the process of acid-base interaction of
the spin probe with amino acids and the activation barrier of the reaction have been estimated with a mini-
mum error based on a comparison of the model spectra with the experimental ones. The obtained data have
been analyzed and compared with previous studies. It has been found that the reaction rate of the intermo-
lecular proton exchange between 3,6-di-tert-butyl-2-hydroxyphenoxy and studied aliphatic amino acids is
comparable to the same with aliphatic carboxylic acids. Hoewever, in our case, there is an increase in the ac-
tivation barrier, which apparently is associated with a negative effect on the intramolecular hydrogen bonding
process between the amino and the carboxyl groups in the amino acid molecule.

Keywords: ESR-spectroscopy, proton exchange reactions, spin probe, semiquinone radical, Bloch equation,
aminohexanoic acid, 3,6-di-tert-butyl-2-hydroxyphenoxyl, OH-acids.

Introduction

The acid-base interactions are common phenomena in nature. They are widely used in scientific and
practical activities. Theoretical ideas about acids and bases are often of primary importance in the formation
of all conceptual systems of chemistry and have a versatile influence on the development of many theoretical
concepts in all fundamental chemical disciplines. Typical acid-base interactions, according to the Bronsted—
Lowry theory, include protolytic reactions involving proton. The proton exchange reaction is one of the vari-
eties of such reactions. To date, plenty of papers are devoted to acid-base interactions. However, as can be
seen from the literature analysis, most studies of protolytic reactions have been carried out in agueous media,
and there are data on such studies in non-aqueous media [1-6].

Previously, we have carried out ESR spectroscopic studies of proton exchange reactions between a sta-
ble semiquinone radical as a spin probe and various organic acids in non-aqueous media [7, 8]. It seems in-
teresting to study the proton exchange reaction with aminohexanoic acids (1), namely 2-aminohexanoic
(o-aminocaproic) and 6-aminohexanoic (e-aminocaproic):

e Va

H.-C—(CH,)-—CH—C 1
3 ( 2)3 | \OH HZN_(CHZ)S_C\ ( )
NH, OH
2-aminohexanoic acid 6-aminohexanoic acid

This study will make it possible to determine the protolytic ability of these acids and to evaluate the in-
fluence of their structure on the rate of the proton exchange reaction.

Amino acids play an important role in various biochemical processes. The scientists pay the attention to
this class of compounds. This is confirmed by a large number of publications devoted to the study of their
physicochemical properties [9-14].
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Experimental

The method of recrystallization from tetrahydrofuran was used to purify 3,6-di-tert-butylcyclohexa-3,5-
diene-1,2-dione (3,6-di-tert-butyl-o-benzoquinone) (N.D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences, >98 % purity) and 3,6-di-tert-butylbenzene-1,2-diol (3,6-di-tert-
butylcatechol) (N.D. Zelinsky Institute of Organic Chemistry of the Russian Academy of Sciences, >98 %
purity).

Toluene (CJSC “Ekos-17, >98 % purity) was purified by distillation under atmospheric pressure over
sodium hydroxide.

Amino acids, namely 2-aminohexanoic and 6-aminohexanoic (AppliChem GmbH), were used without
additional purification since their purity exceeded 99 %. Amino acids were placed in the desiccator for 48
hours before use [15].

The studied system of 3,6-di-tert-butyl-2-hydroxyphenoxyl — amino acids was obtained by direct mix-
ing of 3,6-di-tert-butylcyclohexa-3,5-diene-1,2-dione with 3,6-di-tert-butylbenzene-1,2-diol in a glass am-
poule followed by the addition of an amino acid solution in toluene of a given concentration. Then the am-
poule was degassed and sealed. The spectra were recorded on a RE-1306 spectrometer (Russia) with a unit
for temperature control in the range of 200-400K. The spectrometer was upgraded with a device that con-
verts the analog signal to digital. The ESR EXCHANGE program was used to process the experimental data.
Previously, we developed this program in the FORTRAN algorithmic language [16]. The ESR EXCHANGE
program includes calculation of the theoretical spectrum, comparison of this spectrum with the experimental
spectrum, calculation of the kinetic parameters of the intermolecular proton exchange reaction, Least-squares
processing with determination of the standard error of measurement.

Results and Discussion

The ESR spectrum of 3,6-di-tert-butyl-2-hydroxyphenoxyl is a triplet of doublets. It is formed by the
interaction of an unpaired electron with ring protons (ax= 0.392 mT) and with a proton of the hydroxyl group
(aon=0.162 mT). The advantage of the used spin probe is the hyperfine structure of the radical’s ESR spec-
trum, which is sensitive to acid-base interactions [7, 8].

A four-jump model can describe the process of intermolecular proton exchange with H-acids:

C(CH3)3 C(CH3)3
OH OH
* ko
+ HAc -.T—'—“ + HAc
O- i 0]
C(CH3)s C(CHa)s
kl kl kl l kl (2)
C(CH3)s C(CH3),
O- 0
* k
+ HAc —_— + HAc
k "
OH OH
C(CHz)s g C(CH3)3 p

Along with the above reaction (A—C, B<D), it includes tautomeric transformations of a semiquinone
radical, i.e., intramolecular migration of the hydrogen atom of the hydroxyl group between oxygen atoms
(A—B, CoD) [17].

This four-jump model (2) and the modified Bloch equation formed the basis of the previously devel-
oped program for modeling intermolecular proton exchange. In this program, the ESR spectra are calculated
from the coupling constants, rate constants, and linewidths of all chemical configurations of 3,6-di-tert-
butyl-2-hydroxyphenoxyl. The rate constants of the reaction of intermolecular proton exchange, the activa-
tion energy of the process, and the measurement error can be found by comparing the model spectra with the
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experimental ones. It should be noted that the proton exchange process presumably has a “cooperative”
mechanism, that is, a cyclic hydrogen-bonded complex is formed during the reaction. The lifetime of this
complex directly affects the rate of the whole process [17].

The ESR spectra of the 3,6-di-tert-butyl-2-hydroxyphenoxyl — aminohexanoic acid system were ob-
tained by the ESR method. The broadening of the hyperfine structure lines was noted with increasing tem-
perature. This is characteristic of proton exchange and confirms that an intermolecular reaction of proton
exchange is observed in the system under study.

Figure 1 shows experimental and simulated ESR spectra of the 3,6-di-tert-butyl-2-hydroxyphenoxyl —
6-aminohexanoic acid system in toluene.

T=29K

T=317K

T=355K

T=421K

05mT
| I

-
| |

Figure 1. ESR spectra of 3,6-di-tert-butyl-2-hydroxyphenoxyl — 6-aminohexanoic acid (0.05 mol/l) system in toluene
at different temperatures. Blue line is an experimental spectrum; red line is a simulated spectrum

The decrease in the central components of the ESR spectrum triplet (Fig. 1) indicates a slowdown in
proton migration between oxygen atoms in the radical. This means that the resulting intermediate of sem-
iquinone radical with acid is sufficiently stable.
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The Arrhenius plot showed a good linear relationship between Igkexch and 1/T (Fig. 2). The plot in Fig-
ure 2 also demonstrates the values of the standard measurement error calculated by the ESR EXCHANGE
program.

lOg 1;\exchg ‘

8,5

H

7,5

6,5 -

2 2,2 24 2,6 2,8 3 3,2 34 3.6 1000/T

3 f)

Figure 2. Arrhenius plot of the intermolecular rate constant (Kexcn) for 3,6-di-tert-butyl-2-hydroxyphenoxyl —
6-aminohexanoic acid system in toluene obtained from the experimental and theoretical ESR spectra

Kinetic parameters of intermolecular proton exchange reaction between 3,6-di-tert-butyl-2-hydroxy-
phenoxyl and aminohexanoic acids were calculated using the ESR EXCHANGE program. Table 1 presents
the obtained data and measurement error.

Table 1
Kinetic parameters of the intermolecular proton exchange reactions
between 3,6-di-tert-butyl-2-hydroxyphenoxyl and H-acids in toluene solution
H-acid Kexch (293K), I/mol's KCxch, I/mol's Ea, kd/mol pKa
2-Aminohexanoic acid (3.58+0.44)-107 1.96-10%° 15.4+0.7 ggg
6-Aminohexanoic acid (2.90+0.23)107 5.9510%° 18.6+3.6 4.43
Hexanoic acid (8.01£0.24)-107 2.78-10° 8.7+0.5 4.88
Hexanedioic acid (7.22+0.70)-108 5.09-10° 4.8+0.8 ggg
2-Anilinobenzoic acid (3.15+0.20)-107 9.25-10° 13.8+1.1 5.28
Dodecan-1-amine (1.02£0.02)-10° 3.64-10° 3.1x0.2 10.63

Table 1 shows similar parameters of hexanoic, hexanedioic, 2-anilinobenzoic acids and dodecan-1-
amine for comparison [17, 18]. Analysis of available data suggests that despite their amphoteric nature 2-
and 6-aminohexanoic acids in toluene react with the spin probe at a rate comparable to the rate of the proton
exchange reaction with aliphatic monocarboxylic acids (hexanoic acid is given for an example). The value of
this rate is far from the rates with aliphatic amines [18]. Therefore, a proton of the carboxyl group of ami-
nohexanoic acid is involved in the proton exchange. It is assumed that the proton exchange will occur both in
the amino group and in the carboxyl group simultaneously. At the same time, an increase in the rate should
be recorded at least by an order of magnitude, as in the case of dicarboxylic hexanedioic acid, but we do not
observe this. It should be noted that the high activation energy of the process is a feature of the proton ex-
change reaction with 2- and 6-aminohexanoic acids. There are competing reactions of the intra- and intermo-
lecular interaction of the amino group with the carboxyl group of aminohexanoic acid. Also, this interaction
is more pronounced in 6-aminohexanoic acid, where these functional groups occupy terminal positions, and
the flexibility of the carbon skeleton of the molecule makes it possible to form fairly stable structures. All
these processes have a negative effect on the resulting intermolecular complex with the spin probe and lead
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to an increase in the activation barrier. A similar situation is observed in the reaction of 3,6-di-tert-butyl-2-
hydroxyphenoxyl with 2-anilinobenzoic acid.

Conclusions

The intermolecular proton exchange reaction of the spin probe, namely 3,6-di-tert-butyl-2-hydroxy-
phenoxyl, with 2-aminohexanoic and 6-aminohexanoic acids, was carried out with the carboxyl group partic-
ipation. The protolytic ability of aminohexanoic acid isomers in the toluene is comparable to that of aliphatic
monocarboxylic acids and aromatic amino acids. The high activation barrier of the intermolecular proton
exchange is due to the presence in the system of intramolecular and intermolecular interactions between the
carboxyl and amino groups, which are typical of amino acids. This has a destructive effect on the intermedi-
ate reaction complex.
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N.JI. Cragnuk, ©.2K. Abunkanosa, E.B. Kyapssuesa, C.H. Hukonbckuii, A.C. MacaiuMoB

ToJuyos opragarsl keiibip aan@arTblKk AMMHKBIIIKBLIIAPbIMEH
npoToH anmacy peakuusicbln JIIP snicimen 3epTrey

Makanaga TOIyon CHUSKTbI MHAN(DQEpEeHTTI epiTKimTeri 2-aMHHOT€KCaH KBIIIKBUIBI XKOHE 6-aMHHOTeKCaH
KBIIIKBUIBI CHAKTHI aMUHOKAIPOH KBIIIKBUIBIHBIH KeHOip H30MepiepiMeH MOoJIeKyIaapaiblK IPOTOH ajaMacy
KuHEeTUKachlH DIIP-CrieKTpOCKONMMSIIBIK 3epTTey HOTWXKedepi kenTipinreH. CHOHHAIK 30HA peTiHae 3,6-au-
TpeT-OyThII-2-THAPOKCU(EHOKCUIT TYPaKThl CEMHUXUHOH pagukanbl maiaataHsuiael. DIIP cnektpiepi PO-
1306 cmexrpoMerpinae TipkeniHgi. MojekyaaapaiablK HIPOTOH alMacy MPOLECIHIH albIHFaH THHAMHUKAJIbIK
CIIEKTpJIepi OCHI XKyMbIcTa KenTipinreH. [Ipoton anmacysiHbiH DIIP criekTpiepiH Mozgenbaey OChl peakIiys-
HBIH TOPT CEKipMei MOJIEIIiHE jkoHe MOAUGDUIMPIICHIeH Bllox TeHaeynepiHe Heri3AenreH OYphIH 93ipiIeHTeH
GarapimaMa apKbUIBI XKy3ere achIpbULIBl. MO/eNb CIeKTpIIepiH SKCIIEpUMEHT HOTHKECIHAE ajbIHFaHIapMeH
CAJIBICTBIPY CHMHIIK 30HITHIH aMHUHKBIIKBULIAPBIMEH KBIIKBUIIBIK-HET13IK 9PEKETTECyiHIH KUHETHUKAIBIK
nmapameTpiiepiH eH a3 KaTeIKIICH aHbIKTayFa )KOHE peaKIMsAHBIH aKTUBTCHY KeIEpPriCiH OaranayFa MyMKIiHIIK
Oepai. Ocputaiiiia aneIHFaH MOTIMETTEP TAIIAHBII, OYpPBIH OSNTiIl aKmapaTIeH CaabICTHIPBUIABL. 3epTTEICTiH
anmudaTTl aMUH KBIIKBUIAAPHI CIHMHAIK 30HANEH 3,6-au-TpeT-0yTni-2-ruapokcu)eHOKCUIAIH aanpaTThIK
KapOOH KbIIIKBUIAAPBIMEH MOJICKYJIaapalibIK IIPOTOH alIMacy PEaKMsACHIHBIH JKbULIAMIBIFBIMEH CAJBICTBIPBI-
JATBHIH JKBULAAMJIBIKIICH OpEKeTTeCeTiHI aHBIKTanAbl. bipak, Oi3niH jkarnmaia, aKTUBTEHY TOCKAYbBUIBIHBIH
JKOFapbUIaybl OaliKamapl, OyII IIaMachl, aMHH KBIIIKBIIBI MOJICKYJIACBIHIAFBl aMUH TOOBI MEH KapOOKCHII TO-
OBl apackIHIAFBl MOJICKYJIQILIIIK cyTeri OaliaHbICH IPOIIECiHE Tepic acep eTyMeH OailIaHBICTEL

Kinm co30ep: DIIP cnekTpoCKoMmusl, MPOTOH alMacy peakIUsIapbl, CIUHIIK 30H], CCMUXHHOH/BI PaJHKall,
Bnox TeHaeyi, aMHHOTeKCaH KBIIKbUIBI, 3,6-10-TpeT-0yTiiI-2-ruapokcudenokcii, OH-KpIIIKpUIAApEL.

NI Cragnuk, ©.2K. Abunkanosa, E.B. Kyapsasuesa, C.H. Hukonbckuii, A.C. MacaiuMmoB

IIIP-uccienoBaHue peakuy NPOTOHHOTO 0OMeHa
€ HEKOTOPBLIMHU AJM(PATHUECKUMH AMHUHOKHNCJIOTAMM B TOJIYOJILHOIi cpee

B crarbe npexacrasieHsl pe3yibTatsl JI1P-CeKTpOoCKOMMYEeCKOro UCCIeI0BaHNsI KWHETHKN MEXMOJIEKYIISIp-
HOTO TPOTOHHOTO OOMEHa C HEKOTOPBIMH H30MEpaMH aMHHOKAlPOHOBOH KHCIOTBHI, TaKUMH Kak 2-
AMHMHOTEKCAaHOBasl KHCIIOTa M 6-aMMHOTE€KCaHOBasi KMCJIOTa B cpelie HHIM(depeHTHOro pacTBOpUTENst — TO-
nmyona. B kadecTBe CITMHOBOTO 30H/Aa OBUT MCHOJNB30BaH CTAOWIIBHBIA CEMUXMHOHHBIN pagukan — 3,6-mu-
TpeT-OyTri-2-ruapokcudenokcmt. Crektpel DIIP perucrpupoBamn Ha cnekrpomerpe PO-1306. Ilomyuen-
HbIe JMHAMHMYECKUE CIIEKTPBI MpOoIiecca MeKMOJIEKYIIPHOTO IIPOTOHHOTO 0OMEHa MPUBEACHBI B HACTOSIICH
paborte. MoaenupoBanue crekTpoB DIIP nmpoToHHOro 0OMeHa MPOBOMIOCH ¢ OMOIIIBIO paHee pa3paboTaH-
HOM IpOrpaMMBbl, B OCHOBE KOTOPOIl JIEKUT YETHIPEXIPHDKKOBAsI MOJENb JTAaHHOIM peakiuu U MOJU(UINPO-
BaHHbIe ypaBHeHUs bioxa. ConocTaBlieHHEe MOAENBHBIX CIIEKTPOB C KCIEPUMEHTAIEHBIMU ITO3BOJIMIIO HaM C
MHHUMAJIBHOH OIIMOKOIl ONpeneNuTh KUHETHYeCKHe MapaMeTphl Mpoliecca KHUCIOTHO-OCHOBHOTO B3aMMO-
JIEWCTBUSI CIIMHOBOTO 30H/a C aMUHOKHCIIOTaMH M OLIGHUTh aKTHBALMOHHBIN Oapbep peakuuu. [lomydyeHHbIe
TaKUM 00pa3oM JIaHHBIe ObLIM IPOAHAITN3UPOBAHBI H COIIOCTABIICHBI C paHee W3BECTHBIMHU CBEICHUSIMU. bbito
0OHapyXEeHO, 4TO HCCleayeMble aTn(aTHIecKue aMHHOKHCIIOTBI PEarupyloT CO CIIMHOBBIM 30H/IOM CO CKO-
POCTSIMH, CONOCTABUMBIMH CO CKOPOCTSMH PEaKILMH MEXMOJEKYJIIPHOTO MPOTOHHOro oOMeHa 3,6-1u-Tper-
OyTHi-2-rHapoKkcueHOKCHIIA ¢ aniu(aTHIeCKIMU KapOOHOBBIMU KHCIOTaMHi. Ho mpu 3ToM B HamieMm ciiydae
HaOJII01aeTCsl POCT aKTUBALIMOHHOTO Oapbepa, KOTOPbIH, BUANMO, CBSI3aH C HETaTUBHBIM BIMSHHEM Ha IIPO-
11eCC BHYTPHUMOJICKYJIAPHOI BOJOPOJHON CBSI3M MEXJY aMHMHO- M KapOOKCHIBHOH IpynmamMu B MOJIEKYJe
AMHWHOKHMCJIOTHI.

Knrouesvie cnosa: DIIP-crieKTpocKonusi, peakuy MPOTOHHOTO 00OMEeHa, CITHHOBBIN 30H/1, CEMUXWHOHHBII pa-
JIUKal, ypaBHeHHe biioxa, aMHHOTeKcaHoBash KHCIOTa, 3,6-au-TpeT-OyTui-2-ruapokcudpenokcun, OH-
KHCTIOTEL
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The Role of Zinc lon in the Active Site of Copper-Zinc Superoxide Dismutase

The interaction of the superoxide radical ion Oz~ with the active site of Cu, Zn-superoxide dismutase is stud-
ied by computer simulation using the ORCA software package version 5.0.2 at the level of density functional
theory using the PBE functional and the basis sets of functions def2-SVP, def2-SVPD and def2-TZVPD. The
main characteristics for two processes of electron transfer in the catalytic cycle of radical ion deactivation are
obtained: reaction potential AGY, total reorganization energy Awt, activation energy AG?, overlap matrix ele-
ment Hoa, and transfer rate constant k according to Marcus. The variable factor in the modeling is the pres-
ence of the Zn?* ion at the active site of the enzyme. Two variants of the electron transfer mechanism are con-
sidered: one carried out through ligands and another occurring in the immediate vicinity of an oxygen-
containing particle and a copper ion. It has been established that the presence of the Zn?* ion contributes to a
large extent only to the second electron transfer from the Cu* ion to the protonated form of the radical ion, to
the hydroperoxide radical HO2. Other things being equal, the zinc ion increases the electron transfer rate con-
stant by five times through specific interactions.

Keywords: Cu, Zn-superoxide dismutase, superoxide radical ion, enzyme, reactive oxygen species, antioxi-
dants, condensed state physical chemistry, computer simulation.

Introduction

Molecular oxygen O is an integral part of the energy chains of aerobic organisms. In addition to the
benefits that oxygen brings to the body when it is reduced to a water molecule during the redox process, the
oxidative power of O can also harm the cellular components of the body. During metabolic transformations,
oxygen is able to turn into extremely reactive particles, such as the superoxide radical ion O, considered in
this article, the hydroxyl ion OH-, the hydroxyl radical OH, hydrogen peroxide H,O,, etc. These are the so-
called reactive oxygen species (ROS). Their accumulation can adversely affect the state of cell components,
destroying them and leading to various diseases of the body as a whole. This phenomenon is called oxidative
stress [1, 2].

Antioxidants and antioxidant enzymes provide protection against excessive production of ROS in a
healthy body; for example, enzymes of the superoxide dismutase group (SOD) ensure the neutralization of
superoxide Oy by dismuting it into molecular oxygen and a hydrogen peroxide molecule:

20, + 2H30" = O, + H,0, + 2H,0.

These metalloenzymes include ions of 3d transition elements, such as Cu? and Zn?* (Cu, Zn-SOD or
SOD1), Mn® (Mn-SOD or SOD2), Fe** (Fe-SOD), and Ni** (Ni-SOD) [3, 4].

There are various approximate models for describing the quantum mechanisms of electron transport in
condensed states. The model for the case of an electron passing through a one-dimensional static potential
barrier over a distance of the order of the barrier width is justified for solid crystalline bodies. This model is
not suitable for liquid water-protein media of “living” biochemical systems, where significant relaxation
changes occur in the geometry of atoms surrounding the electron transfer channel. Therefore, when conduct-
ing this study, we were under the paradigm of the Marcus electron transfer theory for liquid biochemical sys-
tems. In this approach, a significant contribution to the value of the potential barrier AG* is made by the en-
ergy of reorganization of the condensed medium and the structure of the nearest environment of the electron
transfer channel. In this study, we evaluated all the main characteristics of an effective potential barrier AG*
for transfer between an electron donor and an acceptor. At the same time, the matrix element of the overlap-
ping of the electron molecular orbitals of the donor and acceptor Hpa makes it possible to estimate the effi-
ciency of electron tunneling in the semi-quantitative approximation, as a decrease in the height of the classi-
cal barrier AG” due to its quantum “smearing”.
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Previously, we studied the stability of the superoxide ion O, [5] in a dielectric medium. Also, using a
semi-quantitative technique for such a system as oxygen-SOD1, we evaluated the effect of the properties of a
continuous dielectric medium on the primary electron transfer [6]. This technique can be associated with fro-
zen strongly perturbed states during electron transfer. To fully appreciate the electronic and intermolecular
effects of interaction in such a system, we apply the opposite but complementary method associated with the
Marcus continuum approximation. This is the subject of our consideration in the present study.

This paper considers the main aspects and specifics of the interaction between the superoxide radical
ion and the Cu, Zn-SOD active center. The details of the catalytic mechanism are still debatable. Thus, the
mechanism of electron transfer is debatable: Does it proceed through the inner-sphere mechanism (in this
case, O, comes close enough to the copper ion and acts as a ligand) or through the outer-sphere (in this case,
the electron is transferred over a long distance through other ligands associated with the copper ion)? In addi-
tion, if the presence of the copper ion Cu?* is necessary for the creation of a redox potential through the for-
mation of a Cu?*/Cu* redox pair, then what is the role of the zinc ion Zn?* in the active site? There is evi-
dence that the zinc ion maintains the structure of the site and the Zn-deficient enzyme copes worse with the
reduction of O, to H,O- during the secondary electron transfer from Cu*, while the secondary transfer be-
comes pH-dependent [7]. This paper aims to study the processes of electron transfer at two stages of the cata-
lytic process of O, deactivation by enzyme SOD1 and identify the role of the Zn?* ion in this case by com-
paring the transfer characteristics with “normal” and “Zn-deficient” active sites.

Experimental

Modeling was carried out using the ORCA software package version 5.0.2 [8]. As a calculation method,
we applied the level of density functional theory using the GGA density functional of Perdew—Burke-
Ernzerhof PBE [9]. The def2-TZVPD basis set [10, 11] was used to optimize the geometry and calculate sin-
gle point energies of small particles (Oz, Oz, HO,, HO2™, H20, H30%). When optimizing the geometry of the
active site, a simplified def2-SVP basis [10] was used with additional restrictions in the form of pinning 8
hydrogen atoms of the methyl end groups to simulate the fact that the active site is retained by the protein
environment [12]. After geometry optimization, the one-point energy of the active center structure was cal-
culated with the def2-SVPD basis. In addition, in all cases, when calculating the active center, the oxygen
atoms O, copper Cu, and zinc Zn were always subject to the def2-TZVPD basis set. To speed up the hard-
ware calculation, the RI approximation with the basis set def2/J [13] was automatically applied. In any calcu-
lation, to consider fine dispersion interactions, the atomic pair dispersion correction algorithm based on rig-
idly coupled partial charges D4 was used [14, 15]. The influence of the dielectric medium was taken into
account using the CPCM continuum model. The surface type is Gaussian VdW [16]. The adequacy of the
selection of such calculation parameters was evaluated by one of the important characteristics for molecular
oxygen O, which participates in these reactions, namely, by electron affinity in the gas phase. The experi-
mental value A = -0.451 + 0.007 eV [17]. Our value A = —0.414 eV. This approach made it possible to bal-
ance the accuracy of the calculation and the cost of hardware time.

To begin with, we should briefly describe the catalytic cycle of the enzyme. Figure 1 shows a simplified
process diagram.

The 11-111 and 1V-I transitions are key to electron transfer. It can be seen that these transitions are
complex since the transfer of an electron is coupled with the transfer of a proton H*. Since the proton is 1836
times heavier than the electron, the same formalism cannot be applied to it as to the electron. Therefore, the
transitions should be divided into more simplified stages in order to be able to describe directly the electron
transfer separately from the proton.

It is rather easy to separate transitions Il-I11. Since molecular oxygen O is formed in this case, it is
reasonable to assume that the act of electron transfer from O to the copper ion Cu?* occurs first in a distort-
ed square environment. Then, monovalent copper Cu*, which is no longer able to maintain a complex with a
coordination number of 4, weakens the bond with the bridging histidine ligand and passes into a trigonal en-
vironment, followed by protonation of the nitrogen atom.
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Figure 1. Scheme of the catalytic cycle of dismutation of the superoxide radical ion Oz~
at the active site of copper-zinc superoxide dismutase

I\V-I transition is more difficult to separate. This is where the bifurcation occurs. 1. The copper ion Cu*
in the trigonal environment first donates the electron to the O, ion with the formation of a peroxide ion 0%
that is not stable in a condensed medium, followed by its protonation to the H.O, molecule. 2. The Oz ion
accepts a proton from the N—H bond to form the HO, hydroperoxide radical, and then the Cu* copper ion in
the trigonal environment donates the electron to the radical to form the HO," hydroperoxide ion. The simula-
tion showed the predominant flow of process 2, which will be reflected in the results. Figure 2 reflects the
above considerations regarding the choice of stages for electron transfer.
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Besides, for the case of a Zn-deficient active site, the Zn?* ion was removed from the structure of the ac-
tive site and replaced by two equivalent H* protons. The first of them was attached to the oxygen atom of the
former zinc ligand, and the second, to the nitrogen atom of the former bridging ligand. Figure 3 presents the
scheme for the removal of zinc ion.
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Figure 3. Scheme for the removal of zinc ion from the active site

The efficiency of electron transfer can be estimated to a complete extent by obtaining the value of the
second-order transfer rate constant k (hereinafter, we denote | as primary transfer and 1l as secondary):

O, + ICu?*SOD = O, +ICu*SOD Q)
dC _ .

Ez—k, -[0;]-[Cu™T; (2)

HO, + 1ICu*SOD =HO, + [ICuU?*SOD (3)
dC N

E =-k, -[HO,]-[Cu"]. (4)

In general, the rate constant k for reactions (1) and (3) can be estimated using an analogue of the Eyring
equation for the activated complex theory [18]:

k=k,-K? (%)

pre?
where ket — the frequency factor of electron transfer according to Marcus, s-1; Kye” — the concentration
equilibrium constant of the formation of the precursor complex from the electron donor and acceptor, M-1.
The frequency factor ke or the first-order rate constant of electron transfer can be calculated using the

Marcus formalism [19]:
2 2 —AG*
ket _ 4.1t . HDA e kg T . (6)
h  J4-m-h, KT

where h — the Planck’s constant, J-s; Hpa — the matrix element of overlapping molecular orbitals of the
electron donor and acceptor, J; Aot — the total energy of the system reorganization, J; ks — the Boltzmann
constant; J/K; T — temperature, K; 4G” — the transfer activation energy, J.

a. Calculation of the reaction potential AG°

According to the Hess law and the principle of the quantum dimension of the system, the change in the
potential of the electron transfer reaction was calculated according to the scheme:

AG’ =G°(0,) +G°(ICu*SOD) -G°(0,) —G°(ICu*'SOD) ; (7)
AG) =G°(HO;)+G°(lICu*SOD) - G°(HO,) -G’ (lICu*SOD) . (8)
It is also necessary to calculate the “corrected” value of AG® — adjusted for the fact that the electron

transfer occurs not at infinity, but at a specific finite distance R. To do this, we use the expression proposed
in [20]:

2
AGO=AG +(Z, 7, -1 — . % 9)
4-n-g, €-R
where Z, — the charge number of the acceptor; Zo — the charge number of the donor; & — the electrical
constant, F/m; g. — the electron charge, C; R — the transfer distance, m; ¢ — the static permittivity of the
medium.
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The transfer distance R is an extremely ambiguous value and can vary greatly. The principle of choos-
ing R values is presented below.

b. Calculation of the total reorganization energy it

The reorganization energy is the energy that must be expended to bring the system into a state as if the
electron transfer had already occurred, but de facto without it. The total reorganization energy consists of
two components. The first one is the internal Ai,, which includes the energy spent on rearranging the struc-
ture of the donor and acceptor for electron transfer. The second is the external Aout, Which includes the energy
consumption for the rearrangement of the structure of the environment surrounding the donor and acceptor,
the solvent.

The calculation of Ai, is generally similar to the calculation of the reaction potential, but with a differ-
ence in the products. Here it is necessary to take perturbed structures as finite particles, for example, if in its
ground state the superoxide ion Oz has, according to our modeling, an equilibrium internuclear distance of
1.353 A in the charge state —1, then the perturbed structure corresponding to it will have an internuclear dis-
tance of 1.218 A (as in molecular oxygen O;) in the charge state —1. Single point energy without optimiza-
tion of the geometry of such structures is denoted by *.

A =G”(0;)+G” (ICu*'SOD) -G°(0;) - G’(ICu**SOD) ; (10)
A =G” (HO,) +G (IICu*SOD) -G’ (HO,) -G’ (IICu*SOD) . (11)
Markus and Sutin proposed the calculation of Aoyt in the approximation of the solvent continuum model
[19]:
2
Mo = A9 ’ i_'_i_i (iz_}jv (12)
4-m-gy \ 21, 2r, R)\N" ¢

where Ag — the value of the transferred charge, C; ro — the donor radius, m; ra — the acceptor radius, m;
n — the refractive index of the medium.

The size of the transfer participants was estimated from the following considerations. All reagents were
presented as spheres with certain radii r. Thus, the radius of the superoxide ion O, was calculated as the sum
of the radius of the oxygen atom according to the continuum model (this is 1.52 A) and half the length of the
0-0 bond (this is 0.6765 A from 1.353 A). In the case of such a small particle, a solvent correction is also
needed [20]. When using the continuum model, it makes sense to add half of the probe radius (this is 0.65 A
from 1.3 A). We have the radius of the donor sphere centered in the middle of the bond rpi(Oz) = 2.8465 A.
By using a similar approach, we can obtain ra;(HO.) = 2.8365 A for the HO, acceptor. Also, for the active
site, it is logical to choose only such a region that changes significantly during the redox process. This is the
first ligand environment of the copper ion. A sphere centered on a copper ion with an average radius extend-
ing to the second nitrogen atom in the imidazole ring of the ligands was chosen with the addition of the radi-
us of the nitrogen atom according to the continuum model of 1.89 A. We have ra(Cu?*SOD) = 6.035 A. By
analogy, for the monovalent copper state, one can obtain rp(Cu*SOD) = 6.040 A. For the Zn-deficient ac-
tive site, the corresponding values are 6.047 A and 6.034 A.

To estimate the transfer rate constant by the outer-sphere mechanism, two reference values of R can be
chosen. The first of them is the sum of the donor and acceptor radii. In our case, this is 8.88 A. The second
value is 6 A, chosen from the consideration that a positively charged aspartic group adjoins the active center
at this distance, which is capable of directing O, to the reaction. Also, for the inner-sphere mechanism, the
distance R is determined, for the most part, by optimizing the O,” geometry in close proximity to the copper
ion.

c. Calculation of the transfer activation energy AG*

Knowing the values of the reaction potential AG® and A, it is possible to determine the value of the
activation energy [20] according to the equation:

2 Y
AG =—1t ZorZal 1, [4,[AG || (13)
4.-m-g, e-R 4 ot

d. Calculation of the overlap matrix element Hpa
The overlapping matrix element of the molecular orbitals of the electron donor and acceptor can be es-
timated using the generalized Mulliken—Hush (GMH) approximation [21]:
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Ho, = AE;, -y, (14)

\/ AHfz +4- Mlzz

where AEi, — the energy of electron transition from the MO of the donor to the MO of the acceptor, J;
w2 — the transition dipole moment, C-m; Api, — the difference between dipole moments before and after
electron transfer, C-m.

The values included in (14) were estimated using the time-dependent density functional theory (TD-
DFT) using the default TDA approximation.

e. Calculation of the equilibrium constant for the formation of the precursor complex Kpre*

The equilibrium constant Ky can be obtained based on various considerations. We used one of the ex-
pressions presented in [18], in which it suffices to know the work of approach of the donor and acceptor Wg
and the electron transfer distance R:

4 o
K? =§-n-NA-R3-ekB‘T, (15)

pre

where Na — the Avogadro constant, mol?; R — the transfer distance, dm; Wr — the electrostatic work of
bringing the reagents together at a distance R, J.

1 . Zy-Zy- Qez
4-m-g, e-R
Here and below, when calculating according to the above expressions, the temperature value T is equal
to the standard 298.15 K.

W, = (16)

Results and Discussion

To begin with, we point out that the experimental values of k for both primary and secondary electron
transfers do not depend on the charge of the copper ion and are equal to 2-:10° M5 [22].

Thus, let us consider the main characteristics of the primary electron transfer of the 11-I11 transition be-
tween the superoxide radical ion O, and the copper ion Cu?* according to the outer-sphere mechanism at a
distance of 6 A perpendicular to the square environment of copper (Table 1).

Table 1

Characteristics of primary electron transfer at R =6 A

Parameter SOD1 Zn-deficient SOD1
AGO, eV —0.444 -0.491
AG”, eV -0.385 -0.431
}htot, eV 1.754 1.686
AG?, eV 0.208 0.174
Hpa, eV 1.68:1072 2.51-10°°
Ket, st 1.11-10° 9.37-107
Kpre”, M1 5.56 5.56
k, M1g? 6.15-10° 5.21-108

Similar values of the rate constants of electron transfer at the same distance with and without zinc ion
indicate that the zinc ion does not play an important role in the first stage of deactivation of the superoxide
ion.

It should be noted that the overlap of the donor and acceptor molecular orbitals decays with increasing
transfer distance. Since the overlap matrix element, along with the activation energy, makes the most signifi-
cant contribution to the rate constant, we can compare how the matrix element decays with the transfer dis-
tance for the active site with and without zinc ion. The dependence of the overlap matrix element was as-
sumed to be exponential [23]:

Hon = HBA Lot (RR), (17)
where H%a — the value of the matrix element at the distance Ro = rp + ra; o — the overlap damping con-
stant, AL,

We obtained the following correlation equations for SOD1 o = 1.173 A and Zn-deficient SOD1
a=0.573 A For SOD1, the overlap integrals of molecular orbitals decay 2 times faster than for zinc-
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deficient. However, such a value is not particularly critical, given the similar values of the rate constants we
obtained.

Next, we consider the main characteristics of the secondary electron transfer of the 1V-I transition be-
tween the hydroperoxide radical HO, and the copper ion Cu* according to the outer-sphere mechanism at a
distance of 6 A. Let us give an explanation regarding the bifurcation discussed above. Why was HO, chosen
as the electron acceptor, and not O,? Does this mean that the proton transfer occurs before the electron
transfer? It is necessary to study the potentials of the corresponding reactions to answer this question:

O, +1ICu*(SODH ") =03 + IICu*" (SODH ") ; (18)
Q. +1ICu* (SODH ") = HO, + IICu* (SOD) ; (19)
AG% =+2.84 eV. AG%; = -1.90 eV. Sum: 0.94 eV.
0, +1ICu* (SODH ") =HO, + lICu*(SOD) ; (20)
HO, + IICu* (SOD) = HO;, + IICu** (SOD) ; (21)

AG%; =+0.354 eV. AG%;3 =-0.39 eV. Sum: —0.036 eV.

It is natural to choose scheme 2 (20-21) as the model scheme for secondary transfer. Further, it should
be pointed out that the superoxide ion O, is no longer bound by the copper ion Cu™ in the trigonal environ-
ment that is stable for such a valence state, but elsewhere. According to the geometry optimization results,
O tends to the source of protons, in this case, to the N-H bond of the bridging ligand. This proton is split
off from the nitrogen atom and goes to the radical.

Table 2

Characteristics of secondary electron transfer at R =6 A

Parameter SOD1 Zn-deficient SOD1
AG?, eV —-0.390 —0.044
AG”, eV —0.449 -0.104
Atot, €V 1.603 1.672
AG?, eV 0.208 0.368
Hpa, €V 1.91-101 3.70-102
Ket, s° 1.49-101 1.08-107
Kpre”, M1 0.545 0.545
k, Mgt 8.12-10%° 5.86-10°

As can be seen, the effects mainly concern only the secondary electron transfer. This indicates that the
copper ion Cu* in the absence of Zn?* becomes less labile with respect to the loss of an electron with the for-
mation of Cu?*. The effect is on all quantities that determine the value of the rate constant. Significant differ-
ences in the rate constants, both of the first order and of the second order, indicate that zinc-deficient SOD1
copes much worse with the role of a catalyst. The frequency transfer factor in this case is less by five orders
of magnitude than for the “normal” SOD1.

The removal of the zinc ion increases the value of the isobaric-isothermal transfer potential AG® by
0.35eV. Let's write its value as:

AG® ZZ'F'(EO(SODZ%OU)‘EO(HO%OJJ 22)

where z — the number of transferred electrons; F — the Faraday constant, C/mol; E° — the standard elec-
trode potential, V.

It can be seen that the value of the standard electrode potential of the SOD active center increases. The
oxidizing properties of the center are enhanced and the reducing properties are weakened. The oxidizing
properties of the center are weakened and the reducing properties are enhanced. The reorganization energy
somewhat increases by 0.07 eV due to the structural component. The zinc ion in a tetrahedral environment
more stabilizes the system and limits the geometric transformations of the active center after electron trans-
fer. Thus, with a change in these parameters, the activation energy of the second transfer for the Zn-deficient
center increases by about 16 kJ/mol. Given that the rate constant has a quadratic dependence on Hpa, this
effect is more significant than the increase in the transfer activation energy.
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There is clear participation of the bridging histidine ligand in the formation of the donor MO of the ac-
tive site, which promotes electron transfer. When the zinc ion is removed, the ligand is no longer bridging
and becomes more independent, while it does not take part in the formation of the donor MO.

As for the primary transfer, let us analyze the attenuation coefficient of the orbital overlap for the sec-
ondary transfer. For SOD1 o = 0.047 A and Zn-deficient SOD1 a = 0.569 AL. Here, we observe a signifi-
cant difference in the values of the indicator. The extremely low value for SOD1 indicates that the attenua-
tion of the orbital overlap is extremely weak and can reach significant values for the implementation of elec-
tron transfer, even at large distances through ligands. The obtained molecular orbitals for SOD1 and zinc-
deficient SOD1 for secondary transfer show that the bridging ligand connecting copper and zinc ions is also
involved in the formation of the outer orbital. This indicates the low attenuation and the participation of lig-
ands in the transfer.

It is reasonable to trace the distribution of an atomic-molecular characteristic, such as atomic charge,
throughout the active center before and after electron transfer. Let us look at the changes in atomic charges
according to Lowdin during the transition from IICu*SOD to 11Cu?*SOD with secondary (I1) electron trans-
fer:

—“normal” SOD1: AqCu = +0.177; A¢Zn = +0.008. The contribution of zinc is 4.3 %.

— Zn-deficient SOD1: AqCu = +0.188.

The difference between the atomic charges according to Lowdin for the copper atom Cu in IICu*SOD
with and without the zinc ion Zn?* is A(Cu = (Cu — 4Cu(Zn) = +0.021 (increase by 45 %). Based on the above
results on the population, we can conclude that, in addition to the structural organization of the active site,
the zinc ion Zn?* contributes to the partial delocalization of the electron density, accepting part of it through
the ligand bridge together with the copper ion Cu*.

Let us now look at the changes in atomic charges according to Lowdin during the transition from
ICu?*SOD to ICu*SOD during the primary (I) electron transfer.

— “normal” SOD1: AqCu = —0.314; AqZn =—-0.007. The contribution of zinc is 2.2 %.

— Zn-deficient SOD1: AqCu =-0.321.

The difference between atomic charges according to Lowdin for copper atom Cu in ICu*SOD with and
without zinc ion Zn?* is AqCu = 4Cu — 4Cu(Zn) = 0.0006. This implies another proof of the fact that the zinc
ion Zn?* has a much greater influence only on the secondary electron transfer.

It has been experimentally established that the reaction catalyzed by Zn-deficient superoxide dismutase
becomes pH-dependent on secondary electron transfer [7]. We present the calculated values of AGP for the
processes of O, protonation from the N—H bond before the secondary electron transfer in SOD1 and Zn-
deficient SOD1: +0.354 eV and +0.712 eV, respectively. In the absence of zinc, the cost of protonation dou-
bles, which indicates the stabilization of the protonated form of the histidine ligand, which is free of both the
zinc ion Zn?* and the copper ion Cu*. Such an increase in energy creates certain difficulties for the prelimi-
nary formation of HO,; therefore, the presence of an external proton from the solvent molecules is required.
For example, its source can be the hydronium ion H3O*. This explains why the removal of zinc results in a
pH-dependent electron transfer.

Conclusions

All two-electron transfer processes are associated with proton transfer. The primary electron transfer
occurs somewhat earlier than the proton transfer. In the case of secondary transfer, the situation is reversed.
A proton from the N-H bond of the bridging ligand is able to attach to the superoxide ion to form HO,
which then readily accepts an electron. The zinc ion Zn?" has little effect on the primary electron transfer
from O to the copper ion Cu?*. Its presence in the active site creates a suitable conformation for efficient
overlapping of the donor and acceptor MOs and creates an additional minor electron density delocalization.
At the same time, the zinc ion Zn?* has a significant effect on the secondary electron transfer from Cu* to
HO,. When the zinc ion is removed, the transfer rate constant decreases by five times. This is due to a signif-
icant positive increase in the value of the transfer reaction potential, which in turn increases the activation
energy. Thus, the zinc ion, by its presence in the active center, stabilizes the structure in such a way that dur-
ing the secondary electron transfer from the active center, its redox potential increases and the reduction
properties decrease. According to the results obtained, it follows that the redox potential increases by 0.35 V.
The bridging ligand retained by the zinc ion is able to participate in the formation of orbital overlap during
transfer, in contrast to the case of zinc removal. The participation of the ligand reduces the degree of damp-
ing of the overlap integrals and promotes rapid electron transfer. In addition, the electron density distribution
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between copper and zinc ions makes it easier for the proton to break away from the ligand and then attach to
the oxygen-containing particle.
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A.B. Pa6r1x, O.A. Macnosa, C.A. Besnocrok, A.C. MacaaumoB

Mbic-MBIpBIII CYNIEPOKCH TMCMYTA3aChIHBIH
0eJiceH i OPTAJIBIFBIHAAFBI MbIPBIII HOHBIHBIH POJIi

PBE ¢yskiuonanein xone def2-SVP, def2-SVPD wmen def2-TZVPD  (yHKUHMsTApBIHBIH —0Ga3HCTIK
JKUBIHTBIKTAPbIH TalajgaHa OTBIPBIN, THIFBI3ABIK (YHKIMOHANB TeopHschiHBIH neHreiinae ORCA 5.0.2
HYCKAaCBIHBIH Oaf[apiaMaliblK ITaKeTiHIH KOMETiIMEH KOMIIBIOTEPIIK MoJeNnbaAey apKelibl Oz CymepOKCHITI
HOH-paanKanbHbH Cu, Zn-CynepoKCHINCMYTa3aHbIH OEICeH Il OPTANBIFEIMEH 03apa OpeKeTTeCyiHe 3epTTey
Kyprizinai. IoH-paauKanasl Ae3aKTHBALUSIIAYIbIH KaTaIWTUKAIBIK HUKIIHACTI 3JEKTPOH TachIMaliayJbIH
€Ki TpOIECIHiH Herisri cumartamanapsl aneiFaH: AGC peakiuss TOTeHIMANbI, Mot KANMBI KaiiTa Kypy
sHeprusicel, AG” akTHBTeHy 3Hepruscel, Hpa KabaTTacaTbld MaTpHIla JIEMEHTI xkoHe Mapkyc 6olibmma K
TachIMalliay KbUIJAMJIBIFBIHBIH ~TYPaKThICEL. Mogenbaey OapbichlHOarbl e3repMmeni (akTop peTiHze
(depMeHTTiH Gencenai OpHBIHAA Zn®* HMOHBIHBIH OpHAIACYbl AIbIHABL JIMTAHATAPABIH KOMETIMEH KOHE
KypamblHa OTTeri Gap OeJlIeK MEeH MBIC HOHBIHBIH JKaKblH OPHAJIACybl apKbUIBI XKy3€re achIpbUIATHIH
SIEKTPOH/IBI TACHIMAIAAY MEXAHHW3MiHIH €Ki HYCKAachl KapacThIpbULAbl. ZN?* HOHBIHBIH Gomybl Tek Cu*
WOHBIHAH HMOH-PaJUKAJbIHEIH HpoToHAamFaH ¢opmacsiHa — HO2 runmponepokcuy pagukaablHAa eKiHII
JJIEKTPOHHBIH OTyiHE FaHa YJKEH IopeXene BIKIal eTeTiHI aHBIKTAIAbl. ApHAHbl e3apa opeKeTTecyiep
apKBUTBI MBIPBII HOHBI, 0acka karmaimap Oipaeidt OoiFaHma 37I€KTPOHABI TaCBIMANIAY JKBUIIAMIIBIFBIHBIH
KOHCTAHTAaChIH Oec PeTTIiK [TaMara apTThIPaJbL.

Kinm ce30ep: Cu, ZNn-cynepoKCHITUCMYTa3a, CYNEPOKCHATI WOH-pajukall, (EpMEHT, PEaKTHUBTI OTTETi
TYpJepi, aHTHOKCHIAHTTApP, KOHICHCAIMSJIAHFaH KYUIiH (HU3UKa-XHUMHUSICHI, KOMITBIOTEPIIIK MOJICIBICY.

A.B. Pa6s1x, O.A. Macnosa, C.A. be3nocrok, A.C. MacanumoB

Posib HOHA IUHKA B AKTHBHOM IIEHTPEe MeTHO-IIHHKOBOI CyNMepOKCHITUCMYTa3bl

TIpoBeneHo m3yueHne B3aMMOJIEUCTBHE CYNEPOKCHAHOTO HOH-pamukana Oz ¢ akTuBHEIM IieHTpoM Cu, Zn-
CYHNEpOKCHAIUCMYTa3bl IIyTeM KOMITBIOTEPHOTO MOZIEINPOBAHHMS IIPH IOMOIIH porpammHoro makera ORCA
Bepcun 5.0.2 Ha ypoBHE TeopuH (yHKIMOHANA IUIOTHOCTH C HCIoNb3oBaHueM (yHkimoHana PBE u 0asuc-
HbIX HaOopoB ¢yHkuuil def2-SVP, def2-SVPD u def2-TZVPD. IlosydeHbl OCHOBHBIE XapAKTEPHUCTUKH JUIS
JBYX MPOLIECCOB MEPEHOCA JIEKTPOHA B KATATMTHYSCKOM IHKJIE Ne3aKTHBAIMK MOH-PAJHKaa: MOTCHIHA
peaximu AG?, TonHast SHEPTHS PEOPTAHU3AINH Atot, SHEPTUs akTHBAU AG?, MATPHYHBII SIEMEHT TIEPEKPHI-
Banus Hpa u koHcraHTa ckopoctu nepenoca k mo Mapkycy. IlepeMeHHBIM (AaKTOPOM MPH MOJETUPOBAHUN
ABJISAIOCH HANIMYKE MOHA Zn?* B akTMBHOM IEHTpe (epMenTa. BBUTM paccMOTpEHB! 1Ba BAPHAHTA MEXAHU3MA
HepeHoca AIEKTPOHA, OCYIIECTBILIFOIINXCS TIPH MOMOIIY JIMTaHJIOB M HETOCPEACTBEHHOW OJIM30CTH KUCIIO-
poJicosiepKalieil YaCTUIIB K MOHA MeJIH. Y CTAHOBJIEHO, YTO HAJIM4He HOHA Zn®* crocoOGCTBYET B 3HAUUTENLHOI
CTETEeHH TOJIBKO BTOPOMY IEPEHOCY 3JIeKTpoHa oT HoHa Cu* K MpOTOHMPOBAaHHOM (GOpMe HOH-pajuKaTa — K
ruapornepokcuaHoMy paaukary HO2. TTocpenctBom crieniuUuecKix B3aUMOACHCTBUIA HOH [HKA [IPU MPOYHX
PaBHBIX YCIOBHSX MOBBIIIAET KOHCTAHTY CKOPOCTH MEPEHOCA 3JIEKTPOHA Ha MATh MOPSIIKOB.

Knrouesvle crosa: CU, Zn-cynepokCHIIUCMyTa3a, CyNepOKCHAHBIN NOH-pauKall, (epMEHT, akKTHBHBIE (Hop-
MBI KHCJIOPOJa, aHTUOKCHAHTHI, (PU3MKOXUMUS KOHJICHCUPOBAHHOTO COCTOSIHUSI, KOMIIBIOTEPHOE MOJIEIIHPO-
BaHUE.
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Simultaneous Immobilization of Gadolinium lons
and Di(o-carborano-1,2-dimethyl)borate on FesO4 Nanoparticles

Neutron capture therapy is a promising method for cancer treatment based on the targeted delivery of specific
isotopes into cancer cells and subsequent irradiation with epithermal neutrons. As a result, a large amount of
energy is released at a distance comparable to the size of the cell, destroying it from the inside. Magnetic iron
oxide nanoparticles can be used for the targeted delivery of isotopes. In this article, iron oxide nanoparticles
(FesO4) were modified with silanes and polyelectrolyte complexes for simultaneous immobilization of gado-
linium ions and carborane compounds through ionic interaction for potential application in targeted delivery
into cancer cells for neutron capture therapy. Structure, size and element composition was elucidated by the
Fourier-transform infrared spectroscopy (FTIR), Energy-dispersive X-ray spectroscopy (EDA), dynamic light
scattering (DLS) and X-ray diffraction (XRD) analysis. It was found that, according to EDA, resulting nano-
particles consist of 15.4 % boron and 1.5 % gadolinium, with average hydrodynamical size of 386 nhm meas-
ured by DLS. An in vitro cytotoxicity test using HepG2 (a cancer cell line) and human skin fibroblasts (a
normal cell line) showed minor cytotoxicity in concentration range from 0.05 to 1 mg/mL.

Keywords: FesO4 nanoparticles, silane, surface modification, targeted delivery of payload, BNCT, carborane,
cytotoxicity.

Introduction

The development of medicine has led to significant progress in cancer treatment during the past two
decades. Nevertheless, cancer remains a problem; for example, there were 2.7 million new cases and
1.3 million lethal cases in 2020. Such an approach as radiotherapy has shown its effectiveness, 40 % of can-
cer types can be treated using it alone or combined with other methods [1]. However, there is a type of tumor
considered to be radioresistant [2], and it cannot be treated with traditional radiotherapeutic approaches.
Neutron capture therapy (NCT) could be one of the ways to solve this problem [3].

To treat cancer with this method, a drug labeled with specific isotopes (usually *°B and *¥'Gd) is deliv-
ered to the tumor. After that, it is irradiated with epithermal neutron flux. As a result, we have a neutron cap-
ture reaction localized in tumor. In the case of B, the safety of nearby tissues can be achieved due to the path-
length of the resulting a-particles (4-9 um) and its high cellular response efficiency [4]. Other studies indi-
cate that the simultaneous use of Gd and B increases the efficiency of NCT by 80 % [5]. Currently, only clin-
ical trials have been conducted with BPA (p-borophenylalanine) and BSH (disodium mercaptoundeca-
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hydrododecaborate), and they have shown no selectivity. On the other hand, selectivity can be improved by
using nanocarriers as a drug delivery system. Nanoparticles possess unique physical properties, such as a
high surface-to-volume ratio, the ability to penetrate through vascular architecture and cellular membranes,
and, in some cases, low cytotoxicity [6, 7].

In this study, we present a method for the simultaneous immobilization of Gd ions and di(o-carborano-
1,2-dimethyl)borate to the core-shell Fe;O4 nanoparticles covered with polyacrylic acid/polyallylamine
(PAA/PALAM) polyelectrolyte. This approach has the following goals: The presence of Gd can not only
increase the efficiency of NCT, but also be used as a diagnostic agent for MRI, so after the injection of
nanocarriers it is possible to determine the drug distribution in body area [8, 9]. On the other hand, the mag-
netic core makes it possible to manipulate nanoparticles using an external magnetic field. In addition, alt-
hough di(o-carborano-1,2-dimethyl)borate has a large number of boron atoms in its structure, it is insoluble
in water. Therefore, simple injection of it into the blood could be problematic. This problem can be avoided
if it is immobilized on the nanocarriers surface. In contrast to our previous study [10], di(o-carborano-1,2-
dimethyl)borate is bonded to PAA/PALAm through NHs* groups via ionic bond, which may provide better
drug release.

Experimental

Reagents and materials

Iron chloride (I1) tetrahydrate, iron chloride (I11) hexahydrate, acrylic acid (AA), polyallylamine hydro-
chloride (PALAmM), aluminum oxide, 3-(trimethoxysilyl)propyl methacrylate (TMSPM), 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AAPH), gadolinium (I11) nitrate hexahydrate were purchased at
Sigma-Aldrich (Germany). Ethanol, methanol, benzene, o-xylol, diethyl ether, hydrochloric acid, ammonium
hydroxide aqueous solution, NaOH, and ethyl acetate were analytical grade (Russia).

Synthesis of iron oxide nanoparticles and its modification

FesO4 nanoparticles (NPs) were synthesized by the precipitation method described in our previous work
[10]. FesO. nanoparticles were modified according to the scheme presented in Figure 1.
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Figure 1. Schematic representation of iron oxide NPs modification,
and gadolinium and carborane immobilization via ionic interaction

To form methacrylate groups on iron oxide nanoparticles, 1 g of FesO4 NPs was added to a solution of
100 ml o-xylol, then it was ultrasonicated for 2 hrs, and bubbled with argon. After that, 3 ml of
3-(trimethoxysilyl)propyl methacrylate was dropped under vigorous stirring, then the reaction was heated to
80 °C and continued for 5 h. The precipitate was magnetically separated and washed with 0-xylol and diethyl
ether.

Then, for acrylic acid grafting, 1g of FesO4 NPs with methacrylate groups was ultrasonicated to 50 %
ethanol (90 ml) for fine desperation and degassing, moreover, argon was bubbled during 15-20 min to re-
move oxygen. 10 ml of purified AA and 0.05 g of thermal initiator 2,2’-azobis(2-methylpropionamidine) di-
hydrochloride (AAPH) were added to the solution. The reaction was heated to 80 °C and kept at this temper-
ature for 24 h. After that, obtained precipitate was magnetically separated and washed with water several
times.

To form a polyelectrolyte complex on modified nanoparticles, 1 g of grafted NPs was ultrasonicated in
a 0.012 g/ml of polyallylamine solution for desperation for 2 h and then shaken using tube shaker for 24 h.
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Then, Gd ions formed complexes from 0.016 g/ml of gadolinium (I11) nitrate solution in ethanol and
were shaken for 48 hrs. Samples were washed several times in ethanol and water and magnetically separated
from the solution.

Synthesis of di(o-carborano-1,2-dimethyl)borate

0.62 g (0.01 M) of an aqueous solution of boric acid was added to 4.08 g (0.02 M) of a dioxane solution
of 1,2-bis(oxymethyl)-o-carborane, and the reaction was stirred for 2 h. The precipitate was filtered. The ex-
tract was dried over Na,SO4 and evaporated. The yield was 3.58 g (86 %), m.p. > 400 °C.

FTIR (v, cm™'): 3000 (CH), 2625, 2596, 2568 (BH), 1350 (B-O).

NMR H (DMSO-d6, 5, ppm): 0.3-3.7 (m., 20H, B-H); 4.02 (s., 8H, CHy).

NMR B (DMSO-d6, §, ppm): 4.47 (s., 1B, B-0); 4.66 (s., 6B, B-H); 11,29 (s., 14B, B-H).

Complexation of di(o-carborano-1,2-dimethyl)borate on modified FesO4

1 g of NPs was dispersed in a 0.5 % solution of di(o-carborano-1,2-dimethyl)borate in CH;COOC;Hs
for 1 h and then it was additionally shacked for 1 h. The samples were washed several times in ethyl acetate
and aceton, magnetically separated from the solution, and dried.

Methods of characterization

InfraLum FT-08 FTIR (Russia) was used to record FTIR spectra in KBr pellets. The scanning range
was 4000-400 cm?, the resolution was 2 cm™, and the number of scans was 25.

Hitachi TM3030 (Japan) was used for EDA. Samples were magnetron sputtered with gold before the
analysis.

D8 ADVANCE ECO diffractometer (Germany) was used for X-ray diffraction analysis. To identify the
phases and study the crystal structure, the software BrukerAXSDIFFRAC.EVAv.4.2 and the international
database ICDD PDF-2 were used.

ZetaSizer Nano-ZS (United Kingdom) was used for evaluation of average hydrodynamical size and zeta
potential at different pH.

To determine the concentration of carboxyl groups, a colorimetric assay was applied [11]. The concen-
tration of carboxyl groups was determined using toluidine blue.

Cytotoxicity Assay

Cytotoxicity was evaluated using HepG2 cancer cell line and human skin fibroblasts as normal cells.
Cells were grown in a CO; incubator (Herra Cell) at 37 °C, 5 % CO-, 80 % relative humidity on 96-well
plates (50-70 thousand cells/ml was the seed concentration). Samples of NPs dissolved in Fetal Bovine Se-
rum were added to wells with adherent cells (second day of cultivation). After 24-hours of sample exposure,
total cell mitochondrial dehydrogenase activity in each well was measured photometrically in the methylte-
trazolium test (MTT).

Results and Discussion

The surface of FezO4 nanoparticles was functionalized according to the scheme presented in Figure 1 to
immobilize gadolinium ions and carborane compounds. At the first stage, iron oxide nanoparticles were cov-
ered with silane shell using 3-(trimethoxysilyl)propyl methacrylate (TMSPM) by reaction of hydrolysis and
condensation. This reaction is based on the removal of CH3;O- from alkoxysilane and attaching it to the OH
group of FesO4 nanoparticles. The reaction temperature of 80 °C makes it possible to remove effectively the
reaction product (methanol), forming an azeotropic mixture with xylene. The FTIR spectra presented in Fig-
ure 2 confirm the formation of Si-O-Si and C=C bonds at 1175, 1015 cm™! and 1640 cm™'. Also, Si-OH bond
was detected at 935 cm™!, it points to incompleteness of polycondensation reaction [12, 13]. EDA detected
silicon in elemental composition.

At the second stage, thermoinitiated graft polymerization of acrylic acid (AA) was performed on si-
lanized iron oxide nanoparticles. The effect of reaction time, temperature, concentration of initiator and
monomer on the efficiency of graft polymerization was studied. Considering the solubility of monomer and
initiator, and the good dispersion of NPs, 50 % ethanol is the optimal solvent.

The main peaks in the FTIR spectra, which can be seen after graft polymerization on iron oxide NPs,
appear at 2950 cm™! (C-H), and at 1725 cm™ (C=0 of carboxyl group). The amount of grafted polymeric
chains can be evaluated using ratio of intensities or area under the peak at 575 cm™ (Fe-O) and 1725 cm
(C=0 of PAA) [14]. Table 1 demonstrates the results. The amount of grafted polymer chain continuously
increased with time and decreased with the increase in the concentration of monomer due to homopolymeri-
zation but not grafting. Additionally, colorimetric assay was used to evaluate concentration of carboxylic
group on modified nanoparticles. Concentration of COOH groups was 174.61 uM/g (at 0.03125 % AAPH,
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10 % AA and 24 hour reaction time). This additionally confirms the grafting of PAA on the surface of nano-
particles.

Then, the samples were soaked in PAIAm solution to form polyelectrolyte layer on the surface of NPs.
In the FTIR spectra, the peaks were detected at around 1500-1600 cm*, which may be related to COO™ and
NHs*, 3340 cm™ (O-H/N-H), 1635 cm™' (N-H stretching), 1452 cm™ (C—H stretching) and 1178 cm™! (C-N
stretching) [12].

After the formation of polyelectrolyte complexes, the immobilization of Gd ions from their nitrate salt
was performed. After the complexation of Gd ions and the formation of chelates, as presented in Figure 1,
the FTIR spectra show a shift of the peak of the COO~ group from 1319 to 1399 cm™!. A peak was in addi-
tion recorded at 1386 cm™* (NO3") with low intensity. 2.9 % gadolinium has also been found in the EDA.

Table 1
Effect of different parameters on efficiency of PAA grafting
Concentration of AAPH, % Concentration of AA, % Time, h
0.0125 | 0.03125 0.05 10 20 30 2 6 24
11725/ 1575 0.15 0.184 0.181 0.184 0.181 0.103 0.162 0.181 0.184
1 — FesO,
7 Fe304 -TMSPM
Fe304-TMSPM-PAA
4 —— Fe;0,-TMSPM-PAA/PALAM-Gd
Fe,0,-TMSPM-PAA/PALAM-Gd-Carborane
1 FeO B-H
c COO  (as), NHj «
S A =
g ] cN ch)é coo
2 - \ c=0
< |
E C=0 (PAA) oH
T Fe-0 siosi ¥ 7P (TSP Fe-OH
500 1000 1500 2000 2500 3000 3500 400C

Wavenumber, cm™?
Figure 2. FTIR spectra of Fe3O, at different stages of modification and carborane immobilization

After that, a second layer of polyelectrolyte was formed for attaching the di(o-carborano-1,2-di-
methyl)borate through ionic interaction, while in our recent article [10], attaching of carborane diborate was
performed by covalent bonding. A new peak at around 2600 cm™' (B—H stretching) of diborate [15] was de-
tected in the FTIR spectra. Moreover, B was found in EDA in the amount of 15.4 at.%. This sample was also
characterized by DLS analyses to evaluate hydrodynamic diameters and zeta potential at different pH. Fig-
ure 3 represents the results. It was found out that the average hydrodynamic diameter of the FesOs-
TMSPMS-PAA/PAIAM-Gd-diborate sample is 386 nm. DLS analyzes the solvated state of the sample, in
which H20 molecules associate with nanoparticle [16], it should also be noted that the obtained sample is
unstable and tends to agglomerate, so it is necessary to find a method for suspension stabilization (for in-
stance, surfactants can be used for this purpose). Figure 3b provides the results of zeta potential measure-
ments at different pH. It is clearly seen that the modified samples are negatively charged at pH range of 3.5—
7.5 due to an excess of negatively charged carboxylic groups of the grafted polyacrylic acid.
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of Fes0s,-TMSPM-PAA/PALAM-Gd-diborate

Figure 4 illustrates the results of XRD analysis of the initial FesO4 and after diborate immobilization.

The diffraction patterns are characteristic for polycrystalline-like nanopowders, moreover, there are disor-
dered regions that are typical for oxide nanoparticles synthesized by wet chemistry. Full-profile analysis
shows that the presented peaks are attributed to cubic phase of magnetite with broadened reflections, in addi-
tion, the presence of altered positions of the interplanar distances indicates the disordering of the structure.
Modification is accompanied by partial ordering and an increase in the intensity of diffraction reflections due
to changes in the stoichiometry and defect structures. FesO4 NPs are characterized by a large number of dis-

ordered regions [13, 17].
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Figure 4. XRD patterns of: 1) initial FesO4; 2) Fe3sOs-TMSPM-PAA/PAIAM-Gd-diborate

Table 3 shows the results of XRD analysis; the stoichiometry was calculated according to method pre-

sented in [18]. It is seen that Fe (I1) oxidizes after modification and diborate immobilization. Thus, the initial
NPs have the Fe;gsOa stoichiometry, and the final NPs have Fe; 7504 stoichiometry.

Table 3
Data of XRD analysis
Sample Lattice parameter, A | Crystalline size, nm Degree Of struoctural Stoichiometry
ordering, %
Fes04 a = 8.29402 10.5 53.6 Fe2.8304
Fes0,-TMSPM-PAA/ _
PALAM-Gd-diborate a =8.30408 215 59.7 Fe2.7804

The cytotoxicity of FesO,-TMSPM-PAA/PALAM-Gd-diborate nanoparticles was elucidated by cell vi-

tality by the example of HepG2 and human fibroblasts cell lines. Figure 5 presents the results.
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Figure 5. Cell viability after incubation depends of NPs concentrations
for HepG2 and human fibroblast cell lines

The cytotoxicity of Fes04/TMSPM/PAA/PALAM/Gd-diborate towards HepG2 and human fibroblasts is
low even at the heist concentration of 1 mg/mL, so, it is not possible to determinate the ICs, for the consid-
ered cell lines. Thus, the obtained nanoparticles can be further studied for targeted delivery of
di(o-carborano-1,2-dimethyl) borate for BNCT.

Conclusions

This study presents the results of simultaneous immobilization of gadolinium ions and carborane com-
pound on modified iron oxide nanoparticles through ionic interaction. Average hydrodynamic radius of the
prepared nanoparticles was 386 nm, the boron content was 15.4 %, and the Gd content was 1.5 % according
to EDA. An in vitro test using HepG2 (cancer cell) and human fibroblasts (normal cell line) showed minor
cytotoxicity in concentration range from 0.05 to 1 mg/mL.

Acknowledgments

This study was funded by the Ministry of Education and Science of the Republic of Kazakhstan (grant
No. AP08051954) and grant #M20MC-024 of The Belarusian Republican Foundation for Fundamental Re-
search.

References

1 Grilo, A.M., Santos, B., Baptista, 1., & Monsanto, F. (2021). Exploring the cancer patients’ experiences during external
radiotherapy: A systematic review and thematic synthesis of qualitative and quantitative evidence. European Journal of Oncology
Nursing, 52, 101965. https://doi.org/10.1016/j.ejon.2021.101965

2 Cohen-Jonathan-Moyal, Vendrely, V., Motte, L., Balosso, J., & Thariat, J. (2020). Radioresistant tumours: From
identification to targeting. Cancer/Radiotherapie, 24 (6-7), 699—705. https://doi.org/10.1016/j.canrad.2020.05.005

3 Vares, G., Jallet, V., Matsumoto, Y., Rentier, C., Takayama, K., Sasaki, T., Hayashi, Y., Kumada, H., & Sugawara, H.
(2020). Functionalized mesoporous silica nanoparticles for innovative boron-neutron capture therapy of resistant cancers.
Nanomedicine: Nanotechnology, Biology, and Medicine, 27, 102195. https://doi.org/10.1101/471128

4 Issa, F., loppolo, J.A., & Rendina, L.M. (2013). Boron and Gadolinium Neutron Capture Therapy. Comprehensive Inorganic
Chemistry 11 (Second Edition): From Elements to Applications, 3(9), 877-900. https://10.1016/C2009-0-63454-1

5 Yoshida, F., Yamamoto, T., Nakai, K., Zaboronok, A., & Matsumura, A. (2015). Additive effect of BPA and Gd-DTPA for
application in accelerator-based neutron  source.  Applied Radiation  and Isotopes, 106, 247-250.
https://doi.org/10.1016/j.apradiso.2015.07.030

6 Huang, S., Li, C, Cheng, Z., Fan, Y., Yang, P., Zhang, C., Yang, K., & Lin, J. (2012). Magnetic FesOs@mesoporous silica
composites for drug delivery and bioadsorption. Journal of Colloid And Interface Science, 376(1), 312-321.
https://doi.org/10.1016/j.jcis.2012.02.031

7 Garcia-Fernandez, A., Sancendn, F., & Martinez-Mafiez, R. (2021). Mesoporous silica nanoparticles for pulmonary drug
delivery. Advanced Drug Delivery Reviews, 177, 113953. https://doi.org/10.1016/j.addr.2021.113953

92 Bulletin of the Karaganda University


https://doi.org/10.1016/j.ejon.2021.101965
https://doi.org/10.1016/j.canrad.2020.05.005
https://doi.org/10.1101/471128
https://10.0.3.248/C2009-0-63454-1
https://doi.org/10.1016/j.apradiso.2015.07.030
https://doi.org/10.1016/j.jcis.2012.02.031
https://doi.org/10.1016/j.addr.2021.113953

Simultaneous immobilization of gadolinium ions ...

8 Farhood, B., Samadian, H., Ghorbani, M., Zakariaee, S.S., & Knaup, C. (2018). Physical, dosimetric and clinical aspects and
delivery systems in neutron capture therapy. Reports of Practical Oncology and Radiotherapy, 23(5), 462-473.
https://doi.org/10.1016/j.rpor.2018.07.002

9 Lee, W, Jung, K.H., Park, J.A., Kim, J.Y., Lee, Y.J., Chang, Y., & Y00, J. (2021). In vivo evaluation of PEGylated-liposome
encapsulating gadolinium complexes for gadolinium neutron capture therapy. Biochemical and Biophysical Research
Communications, 568, 23-29. https://doi.org/10.1016/j.bbrc.2021.06.045

10 Korolkov, 1.V., Zibert, A.V., Lissovskaya, L.l., Ludzik, K., Anisovich, M., Kozlovskiy, A.L., Shumskaya, A.E.,
Vasilyeva, M., Shlimas, D.I., Jazdzewska, M., Marciniak, B., Kontek, R., Chudoba, D., & Zdorovets, M.V. (2021). Boron and
gadolinium loaded FesO4 nanocarriers for potential application in neutron cancer therapy. International Journal of Molecular
Sciences, 22(16), 8687. https://doi.org/10.3390/ijms22168687

11 Ho, A, Ho, K., Thiele, T., & Schedler, U. (2012). Scope and Limitations of Surface Functional Group Quanti Fi Cation
Methods: Exploratory Study with Poly(Acrylic Acid)-Grafted Micro- and Nanoparticles. Journal of American Chemical Society,
134 (19), 8268-8276. https://doi.org/10.1021/ja302649g

12 Shahbazi, M., Bahari, A., & Ghasemi, S. (2016). Studying saturation mobility, threshold voltage, and stability of PMMA-
SiO2-TMSPM nano-hybrid as OFET gate dielectric. Synthetic Metals, 32, 100-108. https://doi.org/10.1088/1361-6528/aa87fa

13 Korolkov, I.V., Ludzik, K., Lisovskaya, L.I., Zibert, A.V., Yeszhanov, A.B., & Zdorovets, M.V. (2021). Modification of
magnetic FesO4 nanoparticles for targeted delivery of payloads. Bulletin of the University of Karaganda — Chemistry, 101(1), 99—
108. https://doi.org/10.31489/2021Ch1/99-108

14 Purwar, R., Rajput, P., & Srivastava, C.M. (2014). Composite Wound Dressing for Drug Release. Fibers and Polymers,
15(7), 1422-1428. https://doi.org/10.1007/s12221-014-1422-2

15 Yue, J, Li, Y., Zhao, Y., Xiang, D., & Dai, Y. (2016). Thermal degradation behavior of carborane-containing phenylethynyl
terminated imide systems. Polymer Degradation and Stability, 129, 286-295. https://doi.org/10.1016/j.polymdegradstab.2016.05.006

16 Eaton, P., Quaresma, P., Soares, C., Neves, C., de Almeida, M.P., Pereira, E., & West, P. (2017). A direct comparison of
experimental methods to measure dimensions of synthetic nanoparticles.  Ultramicroscopy, 182, 179-190.
https://doi.org/10.1016/j.ultramic.2017.07.001

17 Kozlovskiy, A.L., Ermekova, A.E., Korolkov, 1.V., Chudoba, D., Jazdzewska, M., Ludzik, K., Nazarova, A., Marciniak, B.,
Kontek, R., Shumskaya, A.E., & Zdorovets, M.V. (2019). Study of phase transformations, structural, corrosion properties and
cytotoxicity of magnetite-based nanoparticles. Vacuum, 163, 236-247. https://doi.org/10.1016/j.vacuum.2019.02.029

18 Bondarenko, L.S., Kovel, E.S., Kydralieva, K.A., Dzhardimalieva, G.I., Illés, E., Tombacz, E., Kicheeva, A.G., &
Kudryasheva, N.S. (2020). Effects of modified magnetite nanoparticles on bacterial cells and enzyme reactions. Nanomaterials,
10(8), 1499. https://doi.org/10.3390/nan010081499

N.B. Koponbkos, A.B. 3ubept, JI.W. JIucosckas, K. Jlymxuk, M.B. AHucoBuy,
M.M. Bacunsena, A.E. [llymckas, A. Yceunos, A.b. Ecxxanos, M.B. 3gopogert

FesOs; nanobeamexTepine qu(o-kapoopan-1,2-numMeTni)oopar
JK9HE raJ0JIMHMI HOHAAPABI KATAP HMMOOM/IN3ANMAIAY

HelTpoHapIOackIl amy Tepanuschl — paKk KIeTKaJapblHa apHaiibl H30TONTAp/bl MaKCATThl TYP/E KETKizyre
JKOHE IMUTEPMIUIBIK HEHTPOHIApMEH KeHiHHEH COyJIeNIeHIipyTe HEeTi3ereH KaTepai icik aypybIH eMaeyIiH
MEepCeKTUBTI  omici. HoTmkeciHme jkacylIaHBIH ONIIEMIMEH CANBICTHIPBUIATHIH KAIIBIKTBHIKKA YJIKCH
MeJIepe dHeprusl OeiHill, OHBI iIIiHeH XKosAbl. V30TonTapapl MaKCaTTH KETKi3y YIIIH MarHUTTIK TEMip
OKCHUJIIHIH HaHOOeJIIEKTepiH Naijananyra Oojambl. Makanamga temip okcuai HanoGesmiextepi (Fe30Oa)
HEUTPOHIBIOACHIN ajly Tepanuschl KaTepii iCik jkacylaJapbIHBIH MaKCaTThI JKETKI3yJle JIeyeTTi maiiaany
YILIIH HOHJBIK ©3apa dPeKeTTeCy apKbUIbl raJONMHHUN MOHAApEl MEH KapOopaH KOCHUIBICTAPBIH Oip yaKbITTa
UMMOOMIM3AMsUIAY YIIH CHJIAHAApPMEH JKOHE MOJMIIEKTPOIUTTIK KelleHJepMeH MOANU(HKAINIIaHIbL.
KypbUIbIMBI, eJIIeMi KOHE BIEMEHTTIK Kypambl HH(PAKbI3BUT CIEKTPOCKONHS, SHEPTrOHUCTICPCHSIIBIK
PEHTICH CIEKTPOCKOMMSACHI, )KAPBIKTHIH JHHAMHUKAIBIK MIAIIBIPAYBl )KOHE PEHTTeHIIK (a3zaibIK Tayiay/IblH
KOeMeTiMeH 3epTTenii. AJbIHFAaH HaHoOemmekTepae 154% 6op sxeme 1,5% ragomumnit G6ap (EDA
MoJiMeTTepi OOMBIHINA) JKOHE ONIApABIH OpTamia THIPOAWHAMUKAIBIK Memmepi 386 HM Kypaimer (DLS
manimertepi Ooibiamma). HepG2 (kaTepii icik kacyIlalapblHBIH OKeJici) JKOHE ajgaM TepiciHiH
¢ubpobnacTrapsl (KaJbIlThl HKACylIa CHI3bIFBI) KONJAHBUIFAaH 1IN Vitro seprreymep 0,05-1 wmr/mn
KOHIIGHTPALHs IMANa30HbIH/a TOMEH [IUTOYBITTHUIBIKTBI KOPCETE/I].

Kinm ce30ep: Fe3Os nanoOemmiektepi, cunaH, OSTTiK MoanQuKanusiay, Maiizanbl )KYKTEMEHI MaKCcaTThl
*ketkizy, BHY T, kapOopaH, IUTOYBITTBUIBIK.
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OaHoBpeMeHHAsi MMOOHIH3AIUS HOHOB I'a/10JIMHUS
u 1u(0-kapoopano-1,2-qrumeTnin)6opaTa Ha HaHOYACTUIBI Fe304

Helitpono3axBaTHas Tepanusi — NEPCIEKTUBHBIM METOJ JIEUEHUsI paka, OCHOBAaHHBIN Ha aJpeCHON OCTAaBKe
crier(pUIecKUX M30TONOB B PAKOBEIE KIETKH U ITOCIEAYIONEM OOIyYeHHH SIUTEIUIOBEIME HeHTpoHamu. B
pe3yJibTaTe BBLICICHO OONBIIOE KOJMIECTBO YHEPIUHU Ha PAcCTOSHHE, CPABHIMOE C pa3MepoM KIIETKH, pas-
pymas ee U3HYTpH. st aipeCHON TOCTaBKH H30TOIIOB MOTYT OBITh MCIIOJIb30BaHBl MArHUTHBIE HAHOYACTHIIBI
oKcHIa kerne3a. B crarbe HaHOUacTHIBI OkcHaa xxene3a (FesO4) Obun MOAMQUIMPOBAHBI CUIIAHAMH U T1OJIU-
3MEKTPOIUTHBIMUA KOMIIJIEKCAMH JUISI OHOBPEMEHHOW MMMOOMIIN3AI[MY HOHOB TaJ0JMHUA U KapOOPaHOBBIX
COEIMHEHUH TTOCPEICTBOM HOHHOTO B3aMMOIEHCTBHS Ul MOTEHIMAIBHOTO MPUMEHEHHS B LIENIEBOM JTOCTaB-
K€ B PAKOBbIE KIIETKH JUI HEMTPOHHO-3aXxBaTHOM Tepamuu. CTPyKTypa, pa3Mep U JIEMEHTHBIH cOCcTaB ObLIH
U3YydeHBI C TIOMOIIBI0 HH(PPAKPACHOH CHEKTPOCKOIHHU, SHEPTOAUCIIEPCUOHHON PEHTI€HOBCKOH CIEKTPOCKO-
MY, AUHAMHUYECKOTO PACCESHUS CBETa M PEHTTeHO(a30BOro aHanu3a. [1omydeHHbIe HAHOYACTHIBI COAEPIKAT
15,4 % 6opa u 1,5 % ragommuus (o ganaeiM EDA), a ux cpeaHuil THApOANHAMHIECKHI pa3Mep COCTaBIIsET
386 M (o manHeIM DLS). In vitro uccnenoBanus ¢ ucrosnb3oBanneM HepG2 (MHMS pakoBBIX KIETOK) M
(ubpobIIacTs! KOXKH denoBeka (HOpManbHasl JIMHUS KIETOK) MOKa3bIBAIOT HU3KYIO IUTOTOKCHYHOCTH B JTHa-
na3oHe koHneHTpamumit 0,05—1 mr / M.

Knrouegvie crosa: nHanoyactuusl FesO4, cunad, MoauduKanus MOBEPXHOCTH, apecHast JOCTaBKa MOJIC3HOTO
rpy3a, BH3T, kapOopaH, TUTOTOKCHYHOCTb.
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The Effect of Aging on the Microstructure of Alloys (TiCr1.8)100-xVx
after Electrolytic Hydrogen Charging

The microstructure transformation of ternary Ti-Cr-V alloys after introduction of hydrogen has been analyzed
for a long time. Assessment of the impact of vanadium concentration and ratio of Ti and V concentrations on
composition stability has been carried out. Investigated alloys system corresponds to relation (TiCr1.8)100 xVx.
The atomic ratio Ti/Cr is constant. Vanadium content changes with the step 20 at.%. The hydrogen charging
has been carried out in a thermostatic three-electrode electrochemical cell using 1M KOH electrolyte
(ic = 10-30 mA/cm?) at 293 K for three hours. It was established that the hydrogen introduction leads to sur-
face migration of alloy components. Their distribution oscillates as time passed. This is due to the fact that
hydrogen interacts differently with titanium and vanadium. The electrolytic hydrogen introduction initiates
deformation of the crystal lattice and self-diffusion of alloy atoms. The statistically nonuniform distribution
of electrolytic hydrogen increases the intensity of the process. The relaxation of internal stresses leads to fur-
ther redistribution of components. The observed changes depend on the vanadium content in the alloys and
have a different character inside the grain and near grain boundaries. A significant change has been estab-
lished for (TiCr1.8)s0Vao.

Keywords: (TiCris)100xVx, alloys, electrochemical hydrogen saturation, stability, elements, concentration,
self-diffusion.

Introduction

Body-centered cubic (bcc) alloys have been studied as hydrogen storage materials for a long time. As
an example, the system of TiVCr alloys can absorb and store hydrogen better, than most metal compounds.
In fact, basic elements of TiVCr alloys have broad mutual solubility in solid state and can form solid solution
with bcc crystal structure. However, optimal conditions of TiVCr hydrogenation are determined by different
external factors: method of alloy obtaining, heat treatment, etc. Reversible hydrogen absorption fully de-
pends on (Ti+V)/Cr ratio at normal conditions. Optimized alloy compositions demonstrate maximum of hy-
drogen absorption, which achieves 3.7 wt. % [1, 2]. Furthermore, for high and stable reversible properties
(sorption/desorption of hydrogen) it is particularly important to have a stable and the same structure before
each hydrogenation cycle.

To propose a formula for the basic bce alloys, that provide optimal properties for hydrogenation / dehy-
drogenation, it is necessary to understand well the progressive effect of the influence of the composition on
the H-sorption parameters associated with the saturation conditions. The correlation between the relative
amount of Ti, V elements in alloy and the stability of Ti,VCr,-H hydrides formed in the gas-solid reaction
was shown in [3]. Increasing of concentration of hydride forming elements (Ti, V) leads to decreasing of hy-
drides stability and the temperature of hydrogen desorption [3-5]. Moreover, the investigations of hydrogen
diffusion characteristics to Ti-V binary system [6, 7] demonstrated dependence of hydrides stability on Ti/V
ratio. This could mean that nature of chemical bonding into metal-hydrogen interaction also not the same for
each element of the metal in ternary alloy.

In this work, the effect of change in composition of (TiCri.s)100 xVx System was researched. For this pur-
poses vanadium concentration in alloys was changed in the range from 0 to 60 at.%. Usually hydrogen sorp-
tion characteristics of alloys was studied by plotting diagrams “pressure—composition-temperature” as a re-
sult of hydrogen gaseous saturation of alloys under certain pressure at different temperatures [8-11]. As part
of this work, the electrolytic saturation method was used, which allows the process to be carried out at room
temperature [7, 12, 13] and there is the correspondence between cathode current density (electrochemical
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method) and hydrogen partial pressure on the sample surface (gaseous saturation). In addition, the surface of
sample is a barrier to hydrogen penetration into the material regardless of hydrogen saturation method, so it
is possible to define surface condition and its influence on sorption characteristics of alloys by electrochemi-
cal method [13, 14].

Experimental

The (TiCris)100xVx alloys were obtained in two steps. At the first step TiCr1s alloy (Laves phase, C14)
was prepared in high-frequency melting furnace in a water-cooled crucible under argon atmosphere (compo-
nents purity ~99.97 %). The TiCryg alloy was re-melted three times for homogeneity of structure. At the sec-
ond step Ti,VCr, alloy was obtained by co-melting of the TiCr.g ingot and vanadium (99.99 % purity). The
ratio of TiCryg and V corresponds with the content of elements in ternary system (TiCri.g)100xVx (X = 20, 40,
60). The samples were made in the CRETA laboratory (Center for National Research, Grenoble, France).

The samples for electrochemical hydrogen saturation were cut from ingots by mechanical method. The
surface of samples was treated by grinds “Sic-Paper” class 220+1000 (grain diameter 10050 pm). After the
samples were polished with discs “MC-Dac” (Struers) (grain size 910 um) and diamond paste “DiaDuo”
(Diamond Suspension and Lubricant in One) by polishing machine “STRUERS LaboPol-2”, electrodes for
electrochemical saturation were obtained from prepared samples. After hydrogen saturation the electrodes
were stored in a desiccator.

The electrochemical measurements were carried out in three-electrode electrochemical cell with cathod-
ic and anodic compartments separated by a porous glass diaphragm. The temperature of electrolyte was
21+1 °C. The electrolyte was the 1M KOH solution prepared from high-purity reagent and de-ionized water.
Hydrogen saturation condition (current of cathodic polarization) was chosen based on polarization studies
conducted earlier [15]. Registration of cathodic polarization curves (rate of potential sweep 2 mV/sec) was
carried out for determination of linear section (Tafel section). This section of potentials was used for electro-
chemical hydrogen saturation. Hydrogen saturation of samples was implemented at cathodic current density
(ic = 10-30 mA/cm?) for three hours. As a result of electrochemical investigation the amount of reversible
storage of hydrogen for all alloys was calculated [12, 16].

The microstructure study of samples surface before and after hydrogen saturation was carried out by
scanning electron microscope “Hitachi” S-3400 with energy dispersing device, which allowed determining
amount of alloys elements on the required point.

Results and Discussion

The following samples of (TiCris)s0V20, (TiCris)soVao, (TiCrus)a0Veo alloys were chosen for analysis of
stability of microstructure after hydrogen saturation. These alloys were selected due to possibility of practical
use because alloys with high vanadium content (80 at.% and higher) are much more expensive systems. For
the other hand, Laves phase appears in alloy with low vanadium concentration (lower 20 at.%) [17]. Before
hydrogen saturation all samples of alloys were tested by scanning electron microscope for determination of
homogeneity of the material. Table 1 demonstrates the results (errors are obtained for each sample by aver-
aging 5 measurements). Figure 1 illustrates an example of the distribution of elements in the samples.
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Figure 1. Image of elements distribution in (TiCr1.8)s0V20 (x1200)
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Table 1

Composition of (TiCrws)100-xVx alloys and concentration of Ti, Cr and V in grain
and on grain boundary before hydrogen saturation

Composition, at.%
X, . . Distribution of elements
at.% V | Elements of alloy |Grade composition Initial - -
Grain Grain boundary
Ti 28.56 27.10+2.15 27.96+2.23 39.19 £2.63
20 Cr 51.44 52.47+4.13 51.05+3.40 46.01+ 5.06
\% 20 20.43+3.78 20.99+6.23 14.80+5.80
Ti 21.42 20.60+2.43 20.01+2.06 31.89+2.48
40 Cr 38.58 37.45+4.16 36.59+3.40 33.92+2.94
\% 40 41.95+6.00 43.36+6.10 34.17+591
Ti 14.28 13.7740.93 11.32+1.13 18.44+1.87
60 Cr 25.72 25.05+1.74 25.93+3.02 25.93+£3.27
\Y 60 61.18+3.93 62.76+4.80 55.6246.15

From these results, it can be concluded that all samples correspond to the specified composition within
the scatter of results. It is important to emphasize that all of the alloys have a single-phase bcc structure;
however, the heterogeneity in the distribution of the components between the grain (G) and near grain
boundary (GB) exists. Furthermore, increasing of vanadium concentration leads to decreasing of the differ-
ence in distribution of elements between grain and grain boundary. This result was previously confirmed by
SEM investigations in secondary electrons [15]. The results (Table 1) demonstrate that initial state of the
(TiCr1s)a0Veo alloy (before hydrogenation) has more homogeneity structure than others. Figure 2 represents
the results of investigation of the degree of homogeneity of elements distribution of the alloy in the process
of aging after hydrogen saturation. After saturation, all samples were washed with de-ionized water and
dried. Samples were stored in a desiccator between studies. The point on the vertical scale corresponding to
“0” on the time scale indicates the amount of elements in initial state of the alloys.

Experimental data demonstrate insignificant influence of the aging after charging with hydrogen on el-
ements distribution in alloys. However, there is an exception — it is (TiCris)s0Vao alloy (Fig. 2). This alloy
has significant fluctuations all of elements near grain boundary and as well titanium inside of grain. The fact
of oscillating change of crystal structure occurring in alloy after electrochemical hydrogen saturation was
presented in studies [18, 19]. It should be pointed out that this effect can be caused by instability of structural
states of microgroups of atoms due to the hydrogen charging method. Moreover, radii of titanium, vanadium
and chromium atoms have close sizes (1.45, 1.31 and 1.25 A, respectively) and ratio of these elements at
grain boundary of (TiCr1.8)s0V4o alloy is approximately equal, therefore is more likely formation of unstable
complexes of hydrogen with a metal and/or with couple of metal-defect. In this case, defect can be any irreg-
ularity of the regular structure of the crystal lattice, for example, vacancy and dislocation. The existence of
these defects is especially likely near the grain boundaries. There is a relaxation of internal stresses in the
hydrogen-saturated alloy over time, and the system passes into the equilibrium state.

On the other hand, there are no significant changes in the concentration of chromium in all the investi-
gated alloys. It can be assumed, that relaxation process exists not only because of decreases of “mechanical”
stresses during hydrogen charging, but also because of influence of type of chemical bond between hydrogen
and metal atoms of alloys. Hydrogen dissolves in vanadium and forms hydrides according to the principle of
a solid solution [20]. The chemical bonding between the metal atom and hydrogen is observed for titanium
hydride [20]. It is noticeable that metals in (TiCr1.g)100xVx alloys are distributed statistically uniformly. How-
ever, it cannot be excluded that hydrogen distribution is not statistically even especially because of lack of
saturate hydrogen saturation. In this case, unstable metal-hydrogen complexes will migrate and create anoth-
er character of local ordering because of the relaxation processes and self-diffusion of metal atoms. Appar-
ently, this phenomenon is observed in the experiment.
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Figure 2. Influence of retention time of alloys samples after hydrogen saturation
on character of element distribution in grain (a, c, €) and on grain boundary (b, d, f)

Conclusions

In this work, we investigated the effect of electrochemical hydrogen saturation on surface migration of
components of (TiCrig)100xVx alloys. Assessment of the impact of vanadium concentration and ratio Ti/V
concentrations on composition stability was carried out. It was established that element distribution after hy-
drogen injection oscillates as time passed. Also, the electrolytic hydrogen introduction initiates deformation
of the crystal lattice and self-diffusion of alloy atoms. The statistically nonuniform distribution of electrolytic
hydrogen increases the intensity of the process. The relaxation of internal stresses leads to a further redistri-
bution of alloy components. The observed changes depend on the V concentration in the alloys and have a
different character inside the grain and near grain boundaries. A significant change was established for
(TiCri8)60Vao.
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CyTerimMeH 3J1eKTPoJnTTiK KaHbIKKaHHaH Keitinri (TiCryg)100-xVx
KOPBITNAJIAP MUKPOKYPbLIbIMBIHBIH IBOJIIOHHSCHI

Ti-Cr-V yuwTik KOpbITHAIapbIHBIH CyTETiMEH KaHBIFYBIHAH KEHiHI MHKPOKYPBUIBIMBIHBIH 63repyi GipHerie
carar Ooiipl Tammaunsl. KopeITnamarsl BaHanmmii KypaMbIHBIH dkeHe Ti MeH V-amiH e3apa KaTbIHACHIHBIH
KOPBITIIaHBIH TYPAaKTBUIBIFBIHA acepi Oaranan/s! (KOpHITHa KypaMaaps! %-0eH Oepinren). bapibik 3eprrenren
yarinep yurie Ti sxone Cr MenmepiHiH e3apa KaTbIHAachl TypakTsl 6omapl. Makanana (TiCri.s)100-xVx Kypamst
KophITIasap 3eprrenai. Bamammit memmepi 20 % kamammen esrepai. Kopwitma yarinepin cyrterimeH
KaHbIKTBIpy 1 M KOH TepmocTaTTanFaH YII 3JEKTPOATHI 3JIEKTPOXUMMSUIBIK YAIIBIKTA KATOATHIK TOKTHIH
TBIFBI3ABIFE ic = 10-30 MA/cM? kesinge ymr carar 60iibl 293 K Temmeparypana skyprizingi. CyTekTi eHrisy
HOTID)KECIHIE KOPBITIIa KOMIIOHEHTTEPiHiH OeTTIK MUTpalMsACHl JKYpPETiHI aHbIKTangsl. OmapablH OeTki
KabaTTa Tapaiybl yakbIT OoiibiHIIA TepOenemi. By cyTeri KOpBITHAaHBIH KypaMblHa KipeTiH THTaH >KOHE
BaHAaJUIMEH OpTYpPJi OpeKeTTeceTiHiHe OailaaHbICTHl. KOpBITHAHBIH CyTETiMEH 3JEKTPOJIUTTIK KAaHBIFYBI
KPHUCTAIABIK TOPIBIH Je(OopMaIHICHIHA JKOHE KOPBITIIA aTOMJIAPBIHBIH ©3AiriHeH nuddQy3msiceHa sKeneni.
CyTeKTiH CTaTHCTUKAJBIK OipKeJKi eMec Tapayrybl OHBI €HTi3yiH Oy 9miciMeH MpOIECTiH KapKbIHABUIBIFBIH
apTTeIpanbl. [mki kepHeynepaiH OocaHCYBl KOMIIOHSHTTEP[IH KOpBITIAHBIH OeTiHxe oxaH opi Kaifta
OeminyiHe okeneni. baiikamaTbiH e3repicTep KOpPBITHANAPAAFbl BAHAAUIIIH MeJIIepiHe OaiaHbICThI JKOHE
iIIKi skarpIH/Ia COHJIAM-aK, [IeKapa MaHaWbiHaa opTypJii cunarra 6onasbl. (TiCri,8)60V40. KYpaMBIHBIH €19Yip
©3repreHi aHbIKTaIFaH.

Kinm  ce30ep.: (TiCr18)100xVx, KOpBITIANApP, AICKTPOXHMHSUIBIK THAPICY, TYPAKTBUIBIK, JJIEMEHTTEp
KOHLIEHTPALUSCHI, ©3AiriHeH Tuddy3us.

H.A. Mensenesa, A.A. Muponosa, H.E. Ckpsiouna,
M.J. IlnotHukoBa, /. ®pymap, M.I". lllepbann

JBoJonus MUKPOcTPYKTYpsI ciiaBoB (TiCr18)100-xVx
nocJjie 31eKTPOJUTHYECKOT0 HACHILEHUS BOAOPOAOM

Tparcdopmaryss MUKpOCTPYKTYpBI TpOoHHBIX citaBoB Ti—Cr—V mocie uX HaCBILEHUs] BOZOPOJOM aHAJIH3H-
poBaJyiach B TEUCHHE HECKOJIBLKHMX YacoB. bplna mpoBenieHa orieHKa BIMSHHS COAEPIKaHHs BaHAIUS B CIUIaBE U
COOTHOIIECHUs KOMITIOHEHTOB Ti 1 V Ha cTaGHIBHOCTH CIUIaBa (COCTaBHI CIUIABOB MpHUBEIEHH! B aT.%). Coot-
HoreHne komrdecTB Ti m Cr ObUIO MOCTOSIHHBIM JUTS BCEX HUCCIIEIOBAaHHBIX 00pa3loB. B craTke nccinenoBaHbl
crutaBbl coctaBa (TiCrig)100 xVx. Comeprxkanue BaHaaus W3MEHsIIOCH ¢ maroM B 20 ar.%. HaceieHne o6pas-
[IOB CIUIABOB BOJAOPOJOM IPOBOAMIIOCH B TEPMOCTATUPOBAHHOM TPEXdIEKTPOIHON DICKTPOXMMHYECKON
sueiike n3 1 M KOH mpu mmotHOCTH KatoaHoro Toka ic= 10-30 MA/cm? B Teuenne Tpex 4acos mpu 293K.
VcraHOBIEHO, YTO BBEJEHHE BOAOPOJA NMPUBOIUT K MOBEPXHOCTHOW MMIPALIMM KOMIIOHEHTOB CruiaBa. Mx
pacrpeziesieHue MO0 MOBEPXHOCTU OCLMJLUIUPYET BO BPEMEHH. DTO CBA3aHO C TEM, YTO BOAOPO]] MO-Pa3HOMY
B3aHMOJICHCTBYET C THTAHOM M BaHAJWEM, BXOJIAIIMMH B COCTaB CIUIaBa. DJEKTPOJIMTHYECKOE HACHIIICHUE
CIJIaBa BOZOPOJIOM NPUBOIMT K Ae(OpMalUy KPUCTALTMIECKON peleTky 1 camoanddys3un aToMoOB CIjiaBa.
CraTicTHYeCKH HepaBHOMEPHOE PaclpeieieHne BOJIOPO/ia IIPU TaKOM CIIOCO0E ero BBEACHHS YCHIMBACT HH-
TEHCHBHOCTb TPOTEKaHMs Ipoliecca. Peakcalys BHyTPEHHUX HANPsDKESHUH MPUBOAUT K JaNIbHEHIIEMy me-
pepacrpe/ielieHHI0 KOMIOHEHTOB 110 TIOBEPXHOCTH cIIaBa. HaliromaeMble H3MEHEHHUS 3aBUCAT OT COAEpPIKa-
HMS BaHAIUs B CIJIaBaxX, UMEIOT Pa3IMyHbIH XapakTep BHYTPHU 3epHa U BOIM3H MEK3EPEHHBIX TPaHUIL. YCTa-
HOBJIEHO 3Ha4YnTENBHOE n3MeHeHue cocrana (TiCru,8)s0Vao.

Knwouesvie crosa: (TiCris)100-xVx, CIUIaBBI, IEKTPOXUMHUYECKOE HABOJIOPOKHUBAHHE, CTAOUIIBHOCTD, KOHIICH-
Tparys 2IEMEHTOB, caMoan(dy3us.
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Mono- and Bimetallic Silver-Containing Nitrogen-Doped Carbon Composites
and Their Electrocatalytic Activity

The N-doped metal-carbon composites based on the carbonized melamine-formaldehyde polymer (MFP) with
silver, silver-copper, and silver-cobalt particles were synthesized. Mono- and bimetallic silver-containing
composites were prepared by the reduction of metal nitrates with hydrazine hydrate in an aqueous ethanol
medium in the presence of carbon black particles obtained by the heat treatment of MF-polymer at
500 °C. The structural-phase changes before and after the use of metal-carbon composites as electrocatalysts
in the electrohydrogenation of p-nitroaniline (p-NA) were studied by X-ray diffraction analysis. The morpho-
logical features of the created MFBC + Ag, MFBC + (Ag+Cu) and MFBC + (Ag+Co) composites were stud-
ied by electron microscopy. It was established that the synthesized composites mainly contain crystalline
phases of the corresponding reduced metals or their alloys. The monometallic MFBC(1) + Ag(1) composite
contains reduced silver crystallites of various shapes and localization on porous MF carbon black particles.
Higher electrocatalytic activity of the synthesized Ag-containing composites in the p-NA electrohydro-
genation was shown in comparison not only with the electrochemical reduction of p-NA but also with MFBC
+ (Ag+Cu) composites with electrocatalytic hydrogenation of p-NA on Ag + Cu particles (without MFBC). It
was found that the use of the studied MFBC-composites increases the selectivity of the formation of the main
hydrogenation product (p-phenylenediamine) and decreases the yields of by-products.

Keywords: N-doped metal-carbon composites, silver, melamine-formaldehyde polymer, carbonization, bime-
tallic catalysts, Ag-Cu particles, Ag-Co particles, electrocatalytic hydrogenation, p-nitroaniline.

Introduction

Currently, much attention is paid to catalytic systems with metal nanoparticles (NPs) deposited on a
carbon carrier, metal-carbon composites with the distribution of metal NPs over the entire carbon matrix, as
well as metal NPs encapsulated in carbon, which exhibits catalytic activity in various chemical reactions
[1-3]. To create metal-carbon composites, modern carbon materials are used, such as carbon nanotubes
(CNTs), fullerenes, graphene, etc., which are subjected to oxidative treatment to form oxygen-containing
functional groups on their surface. The interaction of such groups with metal NPs promotes their confine-
ment in the carbon support. Also, for the same purpose, carbon-doped with nitrogen atoms (C—N) is pro-
duced [4-7]. Such metal-carbon N-doped (M/C-N) composites have improved the electrochemical, adsorp-
tion and catalytic properties.

Silver-containing carbon composites are of particular interest since, in addition to the listed properties,
they exhibit optical and antibacterial properties [8-10]. The methods for preparing Ag/C composites are gen-
erally similar to those described in the literature using carbon nanotubes [11, 12]. Among these are methods
of powder metallurgy, methods using melting and solidification, thermal spraying, electrochemical deposi-
tion and a whole group of methods, which includes the so-called molecular-level mixing method. Some pro-
cedures frequently used for the production of Ag/C composites belong to the method, and primarily it is the
chemical reduction of silver cations in the presence of suspended particles of a carbon material [8, 10, 13, 14].

One of the main methods for preparing nitrogen-doped metal-carbon composites is the carbonization of
a metal-organic compound or polymer structurally enriched in nitrogen [6, 7]. Acrylamide, cyanamide, mel-
amine, polyacrylonitrile, polyaniline, and other nitrogen-containing materials are often used as such sources
of C—N-carbon material, on which then (or in situ) metal NPs are deposited [15-17].

This work aims at the synthesis of mono- and bimetallic silver-containing composites based on carbon-
ized melamine-formaldehyde polymer (MFP) and the study of their structure and electrocatalytic activity in
the electrohydrogenation of p-nitroaniline (p-NA) as a model compound. It should be noted that there are
some studies in the literature devoted to the creation of various porous N-doped carbon materials based on an
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MF polymer as a carbon source with high nitrogen content [18—20]. However, there are no works on the cre-
ation of Ag/C-N composites based on them. Examples of such composites include a composite with silver
nanoparticles in the N/S doped carbon material (AgNPsS@NSC), which was produced by the hydrothermal
treatment at 700 °C of a silver polymer complex synthesized by the polycondensation of diphenylthiourea
with formaldehyde [21]. The authors of the article found that the highly porous nanocomposite
AgNPs@NSC shows excellent catalytic activity in the reduction of p-nitrophenol. A silver-containing N-
doped carbon nanocomposite was also prepared by thermolysis at 450 °C of the melamine with oxalic acid
complex, followed by the reduction of silver nitrate with sodium borohydride [22]. It is noted in many papers
that the metal NPs/N-doped carbon composites exhibit high catalytic activity, stability, and reusability due to
the interaction between metal nanoparticles including silver and nitrogen-containing groups. Furthermore,
the preparation of metal nanoparticles in the presence of carbon supports prevents particle aggregation and
increases catalytic activity.

Experimental

Mono- and bimetallic carbon composites based on a carbonized N-containing MF polymer and silver,
silver-copper, and silver-cobalt particles were created by chemical reduction of metal cations in an aqueous
ethanol medium in the presence of the carbonized MF polymer (MF-black carbon). Figure 1 demonstrates
the general scheme for preparing mono- and bimetallic silver-containing N-doped carbon composites.

Melamine Formaldehyde polymer
(MFP)

Thermal Treatment at 500°C

N-doped Melamine Formaldehyde Black Carbon
(MFBC)

Suspension of MFBC in Aqueous Ethanol Solution

Introduction Metal Salt to
Suspension

Reduction of Metal Cations
by Hydrazine Hydrate with
the Addition of NaOH

Filtration and Drying
of MFBC + Metal NPs
Composites

Composites: MFBC + Ag, MFBC + (Ag+Cu), MFBC + (Ag+Co)

Figure 1. General scheme for preparing mono- and bimetal silver-containing
carbon composites based on carbonized MF polymer

The MF polymer was synthesized by the polycondensation of melamine with formaldehyde in an alka-
line solution and the use of oxalic acid as a hardener [23]. The preparation and milling of MF polymer were
then thermally treated at 500 °C for 2 h under conditions with limited oxygen access in a high-temperature
chamber electric furnace (PL 5/12.5, Nakal, Russia). As a result, an MF soot (or black carbon) powder with a
loose structure was produced. Monometallic carbon MFBC + Ag composites were synthesized according to
the following procedure.
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A weighed amount of MF black carbon in the ratio of 1:1 and 2:1 (MFBC/silver) by weight was put into
a round-bottom flask (500 mL). 100 mL of water-ethanol solution was added (the ratio of distilled water and
ethanol was 1:1 by volume). The suspension was stirred at room temperature for 1 hour. Then, 3.15 g of sil-
ver nitrate AgNOs was added. Stirring was continued at 40 °C. Separately, the alkaline solution of hydrazine
hydrate was prepared by mixing 24 mL of 64 % N.H.-H.O and 20 mL of an aqueous solution of sodium hy-
droxide (content of NaOH was 1.60 g). This solution was added to the first reaction mixture by drops under
constant stirring and temperature of 40 °C. The obtained precipitate was separated and washed with distilled
water and ethyl alcohol that was heated to 40 °C. It was dried at 80 °C and at a pressure of 0.06 MPa.

The bimetallic MFBC + (Ag+Cu) and MFBC + (Ag+Co) composites were created by a similar proce-
dure with the use of both metal nitrates (with a ratio of Ag/M = 1:1) and the metals reduction at a higher
temperature: 60 °C for Ag+Cu and 70 °C for Ag+Co.

MFBC + Ag, MFBC + (Ag+Cu), and MFBC + (Ag+Co) composites were also prepared with the injec-
tion of the polyvinyl alcohol (PVA) into the reaction medium as a polymeric stabilizer. To reduce the parti-
cle size of the MFBC, the ultrasonic pre-treatment of the black carbon for 30 min was carried out, and then
MFBC + Ag + UST composites were also obtained.

The processes of metal cations reduction using hydrazine hydrate are described by the following reac-
tion equations [24, 25]:

4AgNO; + NoHs + 4NaOH — 4Ag°| + Np1 + 4NaNOj3 + 4H,0
2Cu(NOs3), + N2Hs + 4NaOH — 2Cu®| + N2t + 4NaNOs + 4H,0

2C0o(NOs3), + N2Hs + 4NaOH — 2Co°| + N2t + 4NaNOs + 4H,0

In the filtrates after the synthesis of MFBC + Ag, MFBC + (Ag+Cu), and MFBC + (Ag+Co) compo-
sites, the silver content was determined by the Mohr method, and copper and cobalt contents by the method
of complexometric titration [26, 27]. According to the titration results, the lack of metal cations in the pro-
duced transparent filtrates was established, which indicates their complete reduction.

The structure and phase constitution of the synthesized metal-carbon composites were determined by
X-ray diffraction analysis using a D8 ADVANCE ECO diffractometer (Bruker, Germany) with Cu-Ka. radia-
tion in the 15-80 2theta range. The morphological features of metal-carbon composites were studied by elec-
tron microscopy on the MIRA 3LMU scanning electron microscope (TESCAN, Czech Republic) using sec-
ondary (SE) and backscattered (BSE) electron detectors. The samples were analyzed with the deposition of a
conductive layer of carbon. Elemental analysis of the composites was performed using an energy dispersive
detector X-Act (Oxford Instruments) (EDS analysis).

The electrocatalytic activity of the prepared silver-containing N-doped carbon composites was studied
in the electrohydrogenation of p-nitroaniline. According to the procedure from our report [28], the experi-
ments were carried out in an alcohol-aqueous-alkaline catholyte of the diaphragm cell at a current of 1.5 A
and a temperature of 30 °C. The cathode was a copper plate tightly adjacent to the bottom of the electrolyzer,
on which the powder of composite was deposited as a catalyst (by a weight of 1 g), the anode was a platinum
gauze. The initial concentration of p-NA was 0.066 mol/L. The composite powders deposited on the cathode
were first saturated with hydrogen. Then, an organic compound was injected into the catholyte, and its elec-
trocatalytic hydrogenation was carried out. The volume of hydrogen absorbed (Vi, mL), the hydrogenation
rate (W, mL Ha/min), hydrogen utilization coefficient (1) and conversion of the hydrogenated compound (a)
were calculated from the volumes of gases (oxygen and hydrogen) evolved. The hydrogenation products
were extracted from the catholyte with chloroform, and the extracts were analyzed on a Kristallyuks-4000M
chromatograph (Meta-Chrom, Russia).

Results and Discussion

The phase constitutions of silver-containing carbon composites prepared based on the carbonized N-
reached MF polymer are determined after their thermal treatment and application in electrochemical experi-
ments. Figure 2 illustrates the X-ray diffraction (XRD) patterns of the monometallic MFCB(1) + Ag(1) com-
posite. As it follows from the XRD patterns, the composite contains crystalline phases of reduced silver, and
amorphous carbon is present. The intensity of its peaks is much lower than the intensity of the silver peaks
and therefore they are not visible on the XRD patterns. The sizes of Ag particles for the (111) phase with a
peak at a diffraction angle of 20 = 38.26° are ~20 nm. The particle sizes were calculated using the Scherrer
formula via the Bruker diffractometer software. It may be noted that the XRD patterns of this composite, as
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also of other monometallic composites, practically coincide after synthesis and electrochemical experiments,
indicating their stability in the aqueous-ethanol-alkaline medium of the catholyte.
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Figure 2. XRD patterns of MFBC(1) + Ag(1) composite before () and after (b) hydrogenation

The microscopic studies (Fig. 3) showed that the enlarged silver crystallites of two types are contained
in the MFBC(1) + Ag(1) composite after synthesis: some are located directly on the surface of the carbon-
ized polymer with a distance from each other and have rounded and other crystalline forms, their size chang-
ing within 50-220 nm. Their interaction with the carbon support probably occurs through nitrogen atoms in
the structure of MF polymer carbonization products. Others are located in the pores of the MFBC and repre-
sent an accumulation of interconnected rounded or elongated granules combined into short chains.

Figure 3. Micrographs of MFBC(1) + Ag(1) composite after synthesis

Figure 4 represents the X-ray patterns of bimetallic MFBC(1) + (Ag+Cu)(1) and MFBC(1) +
(Ag+Co)(1) composites. Their phase constitutions are also practically similar after syntheses and after appli-
cation in electrochemical experiments; therefore, they have been chosen with the best reproduction of reflec-
tions for crystalline phases.

According to the XRD pattern in Figure 4, a, the MFBC(1) + (Ag+Cu)(1) composite contains crystal-
line phases of both silver and copper metals reduced with hydrazine hydrate in the presence of MF black
carbon. Herewith, the intensity of the peaks corresponding to the crystalline phases of silver is noticeably
higher than copper. For the Ag (111) crystalline phase, the particles have sizes of ~39 nm, while Cu (111)
particles (at the angle of 20 = 43.5°) they are ~43 nm, according to calculations using the Scherrer formula.

In addition to the crystalline phases of both metals (Ag and Co) reduced, some peaks of which are local-
ized at the same diffraction angles, the MFBC(1) + (Ag+Co)(1) composite (Fig. 4, b) contains the crystalline
phases of cobalt hydroxide, B-Co(OH).. Its presence is explained by the incomplete reduction of cobalt cati-
ons during the synthesis of this composite. Probably, this was due to an unsuitable temperature regime for
the reduction of Co?" cations. In the case of using hydrazine hydrate as a reducing agent, the authors of the
research work [29] recommend temperatures of 90 °C for Co?* and 40 °C for Ag* cations. In the experi-
ments, the joint reduction of cations of both metals was carried out at 70 °C, which is indicated in the de-
scription of the procedure for synthesizing composites. From the XRD data, it was determined that the Ag
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(111) particle sizes in the MFBC(1) + (Ag+Co)(1) composite after electrohydrogenation are ~37 nm, parti-
cles of the joint crystalline phase of the Ag—Co alloy (at the angle of 20 = 44.5°) are ~31 nm.
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Figure 4. XRD patterns of MFBC(1) + (Ag+Cu)(1) composite (a) before
and MFBC(1) + (Ag+Co)(1) composite (b) after electrohydrogenation
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Figure 5. Micrographs of the MFBC(1) + (Ag+Cu)(1) (a) and MFBC(1) + (Ag+Co)(1) (b) composites
and EDS data for the surface of their particles

Microscopic studies and EDS analyses of the MFBC(1) + (Ag+Cu)(1) composite (Figure 5, a) revealed
that on the surface of the MF carbon black, the crystallites are formed, consisting almost entirely of silver or
copper, as well as crystallites with the joint presence of both metals (Spectrum 9). The joint chemical reduc-
tion of both metals is accompanied by the formation of bimetallic alloys particles in the MFBC(1) +
(Ag+Co)(1) composite, which follows from the EDS spectral data (Fig. 5, b). It is also evident from these
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data that the particles of bimetallic Ag-Co alloys are formed with different metal contents. Additionally,
these data confirm the relatively high nitrogen content in the MF black carbon composition.

The synthesized MFBC + Ag, MFBC + (Ag+Cu) and MFBC + (Ag+Co) metal-carbon composites
based on carbonized MF polymer were studied for the manifestation of electrocatalytic activity in the elec-
trohydrogenation of p-nitroaniline:

NH-} NH'E
+6H +6¢
—_—
NO, NH;
p-Nitroaniline (p-NA) p-Phenylenediamine (p-PDA)

The main product of the electrocatalytic hydrogenation of p-nitroaniline is p-phenylenediamine, which
is used in cosmetics for the production of permanent hair dyes and henna, in the synthesis of pharmaceuti-
cals, in industry for the production of Kevlar and Twaron synthetic fibers, as an analytical reagent for deter-
mining ozone in the air, hydrogen sulfide, chlorine, bromine, vanadium sulfides, in microscopy to detect ox-
idative enzymes of the oxidoreductase class, as well as antiozonants in the production of rubber products.

Table 1 presents the results of the experiments on the electrocatalytic hydrogenation of p-NA on silver-
containing composites deposited on the MFBC particles.

Table 1
Results of electrocatalytic hydrogenation of p-NA on silver-N-carbon composites
Metals content Electrocatalytic
in 1 g of compo- Hyd_rogen hydrogenation Composition products, %
. saturation stage ’
. site, g of p-NA
Composites
_ v W, m_L
Ag [Cu(Co)| t,min| " | Hamin | o, % |p-PDA |p-NA |by-products
mL
(a=0.25)

Cu cathode - 0 0.0 6.9 83.1 | 578 | 0.2 42.0

Ag 1.000 - 0 0.0 10,0 100.0 | 80.0 | 0.2 19.8
MFBC(1) + Ag (1) 0.498 - 0 0.0 8.6 954 | 925 | 0.1 7.4
MFBC(1) + Ag (1) + UST 0.508 - 0 0.0 9.0 100.0 | 97.2 - 2.8
MFBC(1) + Ag (1) + PVA 0.497 - 0 0.0 9.3 100.0 | 96.8 - 3.2
MFBC(2) + Ag (1) 0.341 — 0 0.0 8.6 100.0 | 91.6 — 8.4
Ag(1) + Cu(l) 0.500 | 0.500 20 17.4 9.0 100.0 | 845 | 0.1 15.4
MFBC(1) + (Ag+Cu)(1) 0.255 | 0.255 20 13.2 8.8 100.0 | 823 | 0.1 17.6
MFBC(1) + (Ag+Cu)(1)+ PVA | 0.251 | 0.251 | 20 | 175 9.2 995 | 832 | 0.1 16.7
MFBC(2) + (Ag+Cu)(1) 0.165 | 0.165 10 8.7 9.8 98.1 | 941 | 04 5.8
Ag(1) + Co(1) 0.500 | 0.500 20 17.5 8.3 98.7 | 91.8 - 8.2
MFBC(1) + (Ag+Co)(1) 0.231 | 0.231 20 30.0 8.2 96.0 | 99.0 | 0.1 0.9
MFBC(1) + (Ag+Co)(1)+ PVA | 0.224 | 0.224 10 8.7 6.5 916 | 96.2 | 0.2 3.6
MFBC(2) + (Ag+Co)(1) 0.156 | 0.156 20 17.4 5.0 82.7 | 955 | 0.2 4.3

A comparison of obtained results was done with data on the electrochemical reduction of p-NA on a
copper cathode under similar conditions. According to these results (Table 1), p-nitroaniline is electrochemi-
cally reduced on a Cu cathode at a high rate (6.9 ml Hx/min), and conversion of the initial substance of
83.1 % with formation of p-PDA (57.8 %). However, as it follows from chromatographic analyses, the elec-
trochemical reduction of p-NA is attended to with the formation of a rather large amount of side products
(42.0 %). Additionally, Table 1 shows the results of p-NA hydrogenation on the Ag, Ag-Cu and Ag-Co par-
ticles, prepared without the addition of MF black carbon. It should be noted that the hydrogenation of p-NA
using these particles occurs at high rates: 10.0, 9.0, and 8.3 mL Hx/min, respectively.
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The total content of metals in the created composites was calculated considering the titrimetric results
for determining metal cations amounts in the filtrates after the synthesis of these composites. The metal con-
tents in 1 g of the resulting composites were also calculated, which can affect the electrocatalytic activity of
the catalysts.

According to data in Table 1, almost all studied silver-carbon composites manifested the electrocatalyt-
ic activity in the electrohydrogenation of p-NA. Their use increases both hydrogenation rates and p-NA con-
version. The yields of the main product p-PDA increase with a sharp decrease in the formation of by-
products.

The hydrogen saturation of monometallic MFBC + Ag composites is not accompanied by hydrogen ab-
sorption, i.e., the silver cations were completely reduced during the synthesis of these composites (Fig. 2).
The application of ultrasonic treatment and the polymeric stabilizer improved the main characteristics of the
process of electrocatalytic hydrogenation of p-NA. A slightly higher hydrogenation rate was obtained in this
process for silver particles synthesized without MF black carbon compared to the MFBC + Ag composites.
However, according to Table 1, the silver content in 1 g of these particles is significantly higher than in the
Ag-carbon composites.

Bimetallic MFBC + (Ag+Cu) composites exhibited the similar and slightly higher electrocatalytic activ-
ity in the studied process as compared to monometallic Ag/C-N composites and even with bimetallic Ag+Cu
particles (without MFBC) with a high content of the metals (Table 1), showing the synergistic effect of two
metals in the composites. During the hydrogen saturation, these composites absorb the small volumes of hy-
drogen, which indicates the performing of additional electrochemical reduction of cations of both metals, or
copper cations from its oxides, which probably are present in the composites in small amounts and are not
indicated in X-ray patterns due to weak reflections of their crystalline phases (Fig. 4, a). A capacity of cop-
per and silver cations incorporated in polymer-metal composites for electrochemical reduction under similar
conditions was established by us earlier [30, 31].

In the bimetallic MFBC + (Ag+Co) composites, the silver cations are subjected to electrochemical re-
duction and cobalt cations to a lesser extent. At saturation of these composites with hydrogen, its absorption
occurs in small volumes, evidently with additional reduction of both metal cations (Table 1). These compo-
sites exhibited lower electrocatalytic activity in electrohydrogenation of p-NA among all silver-carbon com-
posites investigated, but with higher p-PDA vyields and less formation of by-products than at MFBC +
(Ag+Cu) composites application. Their lower activity is due to the presence of cobalt hydroxide in these
composites, which decreases the content of reduced cobalt catalyzing the electrohydrogenation process. In
addition, the resulting particles of silver and cobalt metal alloys in various ratios may have a lower electro-
catalytic activity than reduced metals.

Conclusions

Mono- and bimetallic N-doped metal-carbon composites based on carbonized melamine-formaldehyde
polymer with silver, silver-copper, and silver-cobalt particles were synthesized by the reduction of metal cat-
ions from their nitrates with hydrazine hydrate in an aqueous ethanol medium in the presence of dispersed
MF black carbon powder. MF carbon black was prepared by heat treatment of MF polymer at 500 °C. Ac-
cording to the X-ray diffraction analysis and microscopic studies, the resulting MFBC + Ag composites con-
tain crystalline silver phases with an average particle size of 20 nm, which form the larger crystallites with
different shapes and arrangements on the surface of the MF black carbon particles. Bimetallic carbon com-
posites contain crystallites of both individual metals and their alloys. The synthesized silver-containing
N-doped carbon composites were tested for the manifestation of electrocatalytic properties in the electrohy-
drogenation of p-nitroaniline. The investigations performed were established that almost all prepared MFBC
+ Ag, MFBC + (Ag+Cu) and MFBC + (Ag+Co) composites were electrocatalytically active in the process
under study, especially as to the increasing of p-nitroaniline conversion, the selective formation of p-
phenylenediamine, as the main product of the p-NA hydrogenation, and the decreasing of by-product con-
tents. The highest electrocatalytic activity in the electrohydrogenation of p-NA among all prepared silver-
containing composites was shown by MFBC + (Ag+Cu) composites. The hydrogenation rate of p-NA on
these composites exceeded its own value obtained by carrying out this process with the use of reduced
Ag+Cu bimetallic particles (without MF black carbon) with the increased metal content per 1 g of these par-
ticles used to activate the cathode. It can be concluded that the created silver-containing N-doped carbon
composites can be used as electrocatalysts or catalysts in various chemical catalytic processes.
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S.A. BucypxanoBa, H.M. Banosa, E.A. Co6oneBa, A.K. MyxamemxanoBa

Kypambinaa kymic 0ap MoHO-x9He OuMeTa/1 N-KOoCIaJIaHFaH KOMIPTEKTI
KOMIIO3UTTEP KIHE 0JIAPJABIH JTEKTPOKATAINTHKAJIBIK 0esIceHiIiri

Kywmic, xymic—MbIC jxo0HE Kymic—KoOanbT OemmekTepi 6ap KeOMipTeKTi MelaMHH(OPMAaIbICTHATI IOIUMED
(M®II) wmerizinaeri N-KocranaHFaH METaJUI-KOMIPTEKTI KOMIO3UTTEp cuHTe3xenmdi. Kypameiana kymic Gap
MOHO- JkoHe OmMeraur Kommo3utTepi M®-mommmepin 500°C  TemmepaTypaia TEpMIBUIBIK OHACY
HOTIDKECIHJIE aJIBIHFAH Kyie OeNIIeKkTepiHiH KaThICYBIMEH CYyJBI—ITaHOJI OPTAachIHIA METall HUTPATTaphlH
THAPa3HHTUIPATIICH TOTBHIKCHI3NAHIBIPY apKbUIbl ajJbIHABL. 7 -HUTpoaHwInHAI (n-HA) snextporuapneyne
KaTau3aTop PpEeTiHAE METaUI-KOMIPTEKTI KOMIIO3UTTEpi KOJNJAHFaHFa JCUIHTI JKOHE OJaH KeHiHTi
KYPBUIBIMIIBIK-(Da3alIbIK @3repicTep peHTreHIiK (a3aiblk Tanaay apKbpuisl 3epTrenai. AnsiHFan MOC + Ag,
M®C + (Ag+Cu) xone MDPC + (Ag+Co) KOMIO3UTTEPiHIH MOP(OIOTHSIIBIK epEeKIISTIKTePl AIEKTPOH B
MHUKpOCKONIHS  oniciMeH 3eprrenai. CHHTE3IeNTeH KOMIO3WUTTEpIiH KypaMblHIa HETi3iHeH coifkec
TOTBHIKCBI3/IaHFAaH METaJapAblH HEeMece OJApJbIH KOPBITHATAPBIHBIH KPUCTAIABIK (ha3zamapsl OOIaTHIHBI
anpIKkTanael. MOC(1) + Ag(l) MoHOMETaT KOMIO3UTI KypaMbIHAAFbl keyekri M®d-kylie GemmexTepinme
SPTYpIIi MilIiHAep MEH JIOKaJIM3alMsFa M€ TOTBHIKCHI3NAHIBIPBUIFAH KYMICTiH Kpuctaumrrepi Oap. n-HA
ANEKTPOTHIPIICY MPOLECIHIE CHHTE3eIreH Ag-KypaMabl KOMIO3UTTEPIIH KOFaphl AMEKTPOKATATUTHKAIIBIK
6encenpiniri n-HA-HBIH 21€KTPOXUMHSUIIBIK TOTBIKCHI3IaHYBIMEH FaHa eMec, CoHbIMeH Katap M®OC+(Ag+Cu)
koMmmo3utTepiniH n-HA-HpiH Ag+Cu OeuiekTepiHie 3JCKTPOKATATUTHKAIBIK TuapieHyi (Md-kyitecis)
JKarmaibeiHAa a kepcerinreH. 3eprrenreH M®OC-KOMIO3UTTEPAiH KOJNAHY JKaFmaiblHIa HETI3ri Tuapiey
OHIMIHIH (n-QeHWICHOINAMUHHIH) TY3UIy CEJNEKTHBTLNII apTaThIHBI JKOHE IKaHAMa OHIMAEPIiH
MIBIFBIMIBUIBIFBl TOMEHICHTIHI aHBIKTAIIBL.

Kinm ce30ep: N-KocnamaHFaH METAI-KOMIPTEKTI KOMIIO3UTTEP, KYMiC, MeIaMIH()OPMAaIbICTHATI TTOJTHMED,
kapOoHu3anys, OuMeramn karanusaropiapbl, Ag—Cu Oemmekrepi, Ag—Co GenmiexTepi, MeKTPOKaTaIUTH-
KaJIbIK THPJICY, 1-HUTPOAHHJIHH.
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S.A. BucypxanoBa, H.M. VBanosa, E.A. Co6onesa, A.K. MyxamemkanoBa

MoHno- u oumeTaInYeckne cepedpoconep:kamue N-10MUpoBaHHBIE
yrjiepoaHble KOMIO3UTHI H UX 3JIeKTPOKATAJIUTHYECKAS AKTHBHOCTH

Cunre3upoBaHsl N-IONHPOBAHHBIE METAIUIOYTIIEPOJHEIE KOMIIO3UTHI Ha OCHOBE KapOOHU3HPOBAaHHOTO Me-
JIaMIHO(OPMANBAETUIHOTO TIOJIMMepa ¢ YacTHLAaMu cepebpa, cepebpa—menu u cepebpa—kobaapra. MoHO- 1
OGuMeTaiuTYecKue cepedpocoepKalue KOMIIO3UThI ObUIH MOJIy4eHbl BOCCTAHOBICHUEM HUTPATOB METAJLIOB
THAPA3HHTUIPATOM B BOJHO-3TaHOJBHOI Cpele B NMPUCYTCTBHM YaCTHUIl CAXKH, NOJYYEHHOI B pe3ysbTaTe
Tepmudeckoil ob6pabotkn M®-nomumepa mpu 500 °C. MerogoM peHTreHo(a30BOro aHain3a H3y4YCHBI
CTPYKTYpHO-(ha30BbIC M3MEHEHHS 10 U IIOCIIe IPUMEHEHUS] METALI-YTIIEPOJHEIX KOMIIO3UTOB B KadecTBe Ka-
TaJIM3aTOPOB B IEKTPOTUAPUPOBAHHH n-HUTpoaHWIMHA (n-HA). Mopdonorundeckie 0cOOEHHOCTH MOy deH-
HBIX Kom1io3uToB MOC + Ag; MOC + (Ag+Cu) u MOC + (Ag+Co) ucciienoBaHbEl METOIOM HJICKTPOHHOMN
MHKPOCKOIIHH. YCTAaHOBJICHO, YTO B COCTaBE CHHTE3MPOBAHHBIX KOMIIO3UTOB, B OCHOBHOM, IIPHUCYTCTBYIOT
KpHCTAINTNIeCKHe (ha3bl COOTBETCTBYIOIINX BOCCTAHOBJICHHBIX METAJUIOB MIIM UX CIUIaBOB. B MoHOMeTaIm-
yeckoM komnoszute MOPC(1) + Ag(1l) comeprkaTcss KpUCTAJUTUTHI BOCCTAHOBICHHOTO cepedpa, UMEIoIIHe pas-
Hy!0 (OpMy M JIOKAJIM3aLHMIO0 HAa HOPHUCTHIX yacTuiax M®-caxu. ITokazaHa Gosee BBICOKas HIEKTPOKATAIIN-
THYECKasi aKTMBHOCTb CHHTE3MPOBAHHBIX Ag-COAEPXKALIUX KOMIIO3UTOB B IIPOLECCE NIEKTPOTHAPUPOBAHMS
n-HA 1o cpaBHEHHIO HE TOJBKO C 3NEKTPOXHMHUYECKHM BoccTaHoBieHHeM n-HA, Ho u B ciydae MPC +
(Ag+Cu) KOMIO3UTOB C DJIEKTPOKATAIUTHIECKUM TuapupoBanueM n-HA nHa dactumax Ag + Cu (6e3 M®-
caxxu). Y CTaHOBIICHO, YTO TIPH NMPUMEHEHUH HcciaenoBaHHEIX MO C-KOMITO3UTOB BO3PACTaeT CEICKTUBHOCTh
00pa30BaHUsI OCHOBHOT'O NMPOJYKTa THAPHPOBaHMs (n-heHWICHIMaMIHa) U CHIDKAIOTCS BBIXOZBI MOOOYHBIX
HPOJIYKTOB.

Knrouesvie crosa: N-monupoBaHHBIE METaIUI-yIJIEPOIHbIE KOMIIO3UTHI, cepebpo, MelIaMHHO(pOPMAIbICT U -
HBIH TonuMep, KapOoHM3aIms, Oumetamyeckue Karaau3atopsl, Ag—Cu gactunpl, Ag—Co 4acTHUIIBI, JJIeK-
TPOKATATUTHYECKOE THAPUPOBAHUE, -HUTPOAHUIIHH.
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Obtaining Carbon Sorbent from “Euromet” LLP Coke Breeze

The paper presents the results of a physicochemical analysis of a coke sample from “Euromet” LLP (Kara-
ganda, Kazakhstan), which is carbonaceous material with high carbon content, the absence of volatiles matter
and low ash content. Carbon sorbents were obtained from low-value fractions of carbonized materials of the
Karaganda region coke production by the steam-gas activation. An important advantage of using screenings
(coke breeze class 0-10 mm, which was crushed and fractionated to a particle size of 2-5 mm.) is the exclu-
sion of the energy-intensive carbonization stage from the technological process, which releases a large
amount of environmentally harmful substances (phenols, cresols, gaseous emissions etc.). The optimal condi-
tions for obtaining a sorbent from low-value coke breeze are a temperature of 850 °C and an activation time
of 2 hours. The physicochemical properties (ash content, bulk density, sorption capacity for iodine and meth-
ylene blue, total pore volume for water) of carbon sorbents were determined.

Keywords: coke breeze, coals, sorbents, activation, sorption capacity, ash content, burning, bulk density.

Introduction

Environmental pollution by the oil, coal and metallurgical industries is one of the reasons for the severe
environmental consequences and the negative impact on human health. Industrial enterprises of the republic
discharge insufficiently treated wastewater into water sources. In addition, the water resources of Kazakhstan
are polluted by household and agricultural waste. Currently, there is a tightening of requirements for the
standards of discharges and emissions from production and economic activities. The high sorption activity of
active carbons determines a wide range of their application, including the possibility of using them for puri-
fication from pollutants. The use of this product in the world is steadily growing with the development of
industrial production of activated carbon. So in Western Europe, activated carbons are used as the main ma-
terial for wastewater treatment and gas emissions, in accordance with current environmental regulations. The
areas of application of carbon sorbents are inextricably linked both with the knowledge of their sorption
properties in relation to various pollutants and with their physicochemical properties.

Also, in addition to activation gases, various chemical reagents are used at the stages of carbonization
and preparation of raw materials. Different vegetable raw materials such as wood, nutshell, remains of stems
and seed coats [1, 2], as well as processed carbon-containing substances such as plastics, rubber, oil, coal [3],
are used as raw materials for the production of carbon sorbents.

A large amount of low-value fraction (screenings) remains during the preparation of products for sale at
enterprises producing coke using different technologies. The use of this material will make it possible to ob-
tain highly effective carbon sorbents for the public utilities, chemical, oil, gas, and mining industries with
certain processing.
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The advantage of using screenings is the exclusion from the technological process of the energy-
consuming carbonization stage, which releases a large amount of environmentally harmful substances (phe-
nols, cresols, gaseous emissions, etc.). The ash content, bulk density, and average particle diameter are line-
arly related to the degree of burning during activation. However, it is necessary to consider the specifics of
the norms of sorbents for various purposes. Most of them require such parameters as grain size, total pore
volume in water, mass fraction of moisture, bulk density, and abrasion resistance.

The grade of coal should be considered when activating hard coal [4]. Bituminous coals with a high tar
and volatiles content, sinter or swell when heated, and therefore require pre-treatment. Another activation
process [5] for coals of the “bituminous C” class with a high content of volatiles and moisture is carried out
on grained raw materials, which are first subjected to drying and preliminary oxidation at 150-215 °C. An-
thracite, which contains significantly fewer volatiles, can be activated immediately under appropriate condi-
tions. To do this, anthracite is first crushed, the finely dispersed powder is briquetted with a binder, re-
crushed, and after sieving into fractions, it is subjected to carbonization and activation. Direct activation of
granular anthracite is difficult to implement and requires a long time in conventional rotary kilns. Low-grade
bituminous coals (fat coals) with a relatively high volatile content, which coke poorly and produce grains of
low strength, can also be used to produce activated carbons if crushed and washed with dilute mineral acid
(hydrochloric, sulfuric, or phosphoric). Then after drying, the grains are crushed, the powders are granulated
with binders, carbonized, and activated [6]. It is possible to activate the products of various stages of molded
coke production with gas [7]. Coal-based activated carbons are not produced in Central Kazakhstan. The
guality of the finished activated carbon depends on the correct set of technological parameters for the prepa-
ration of the initial material, activation modes. At present, the production of activated carbon is promising
due to the possibility of obtaining materials with a developed structure for solving various problems, includ-
ing protection of the biosphere from anthropogenic impact, in nuclear power engineering, and in modern de-
vices for energy storage and transmission. At the same time, the scale of the use of nanoporous carbon is lim-
ited by the rather high cost of materials. This leads to the search for new methods for obtaining carbon mate-
rials with the required set of properties from cheap types of raw materials, which is an urgent task for science
and industry [8]. For example, the cost of adsorbents is 450 times higher than the cost of raw materials with a
huge sales market, and the total world production of porous carbon materials is currently about 1 million
tons/year [9, 10].

With the high rates of development of heavy and light industry, motor transport entail an increasing
load on surface waters [11, 12]. The quality of some natural water sources is unacceptable for their use not
only for food purposes but also for technical needs. Hazardous organic substances, heavy metals, and radio-
nuclides may be present in water bodies. Such water is of poor quality and certainly needs to be cleaned. The
use of powdered activated carbon to capture mercury is actual for the Karaganda region (Nura river). In [13],
the porous carbon materials obtained from the coal of the Maikuben basin, the Shoptykol deposit (Kazakh-
stan), with a specific surface area (348.99 m?/g) were tested to treat waste sewage water taken from the SUC
“Astana Water Canal” (Nur-Sultan, Kazakhstan). Active carbon is the only type of sorbent that has a high
adsorption capacity when extracting toxic organic contaminants from water. All drinking water supply and
deep (below maximum permissible concentrations) wastewater treatment are based on the use of powdered
and granular activated carbons. For these purposes, 30 % of the global production of activated carbon is
spent.

According to experts, it is necessary to produce at least 0.5 kg of activated carbon per capita per year
for an environmentally safe and healthy lifestyle of people. This rate is undoubtedly higher in regions with
high environmental pollution (for the Republic of Kazakhstan, at least 7.5 thousand tons per year). The main
areas of use of carbon sorbents are associated with technological processes of adsorption purification, separa-
tion, isolation and concentration in gaseous and liquid media. Volatile organic compounds are the main pol-
lutants of various industrial installations [14-16]. Some volatile organic compounds, such as toluene vapor
released into the atmosphere as a result of their use, lead to serious environmental problems, therefore the
concentration of which should be reduced to low levels in the environment [17-19]. Adsorption by activated
carbon is one of the most common processes for the removal of volatile organic compounds, especially tolu-
ene from gaseous media [20, 21] and phenol from chemical wastewater [22].

In the world market, the main producer of activated carbon in the United States accounts for 34 % of
the annual production of this product category. Europe, with a share of 24 %, ranks second in terms of acti-
vated carbon production. Kazakhstan accounts for only 0.7 % of the global activated carbon production,
while Russia accounts for 2 % (Fig. 1).
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Demand for activated carbon is growing due to its usefulness as a carbonaceous material in the fight
against pollution. As a result, the cost of activated carbon rises depending on the application. The research of
scientists is carried out in the direction of searching for a raw material base for the production of activated
carbon for its low cost, availability, high carbon content and low ash content. The cost of coke breeze in the
Republic of Kazakhstan is 60-90 thousand tenge/t. Activated coals based on coal, depending on the brand,
cost from 800 thousand tenge/t. This indicates the need to organize their own production facilities for their
production.

Europe: 24%

China: 13%

USA: 34% Japan: 14%

Other Russia: 2%

countries: 12% Kazakhstan: 0,7%
Figure 1. Share distribution of the annual production of activated carbon by country

This paper aims to determine the possibility of using a low-value fraction of the coke production of
“Euromet” LLP (Karaganda, Kazakhstan) as a feedstock for the production of carbon sorbents.

Experimental

The object of the study was the coke breeze of the 0-10 mm class, which was subjected to crushing and
fractionation to a particle size of 2-5 mm. Activation of coke from Karaganda coal was carried out on a la-
boratory unit based on a high-temperature tube furnace with maximum heating of 1100 °C and a quartz reac-
tor. The amount of steam produced is controlled by the steam generator heater.

To work out the optimal conditions for obtaining active carbon, the feedstock was dried at a tempera-
ture of 120 °C for 3 hours, then 150-180 grams were loaded into the reactor, and, after connecting all sys-
tems, heating of the furnace was turned on. At 550—700 °C, the components absorbed during the quenching
of coke are removed. At a temperature of 800 °C, steam is supplied to the reactor from the steam generator.
After reaching the temperature of the set mode, activation continued for 1-2 hours, while the volatile sub-
stances condensed in the receiving flask cooled with water, and the resulting gases were removed carbon of
the studied coke. The temperature at which the process of interaction of water vapor with the carbon of the
coke under study begins was determined using GLC analysis on the “Crystallux 4000 M” (Research and
Production Association “MetaKhrom”, Russia) chromatograph. The relative average quadratic change in the
output signal for a detector of an accident chromatograph “Crystallux 4000 M” is no more than 2 %. The
accuracy of measurement results was estimated using a standard deviation (8) according to [23, 24]. The cor-
rection factor T is 2.7760 for a 95 % level of reliability (trust probability) of a series of 5 measurements. To
calculate the critical value F, the MS Excel program was used, where regression equations were obtained for
the indicators: burnt, ash content, bulk density, sorption capacity for iodine and methylene blue, total pore
volume for water, and structural strength.

250-300 g of dry coke with a grain size of 2-5 mm was placed in the reactor, the steam generator was
turned on and, after boiling water, the furnace was turned on. Activation temperatures were 750, 800 and
850 °C. The set time for heating the oven to the set temperature was 10 minutes; the duration of activation
was 60 and 120 minutes. At the end of the activation time, the heating and steam supply were stopped and,
after the reactor cooled down, the yield of the obtained sorbent, the degree of burning, and bulk density were
determined. The analysis of the obtained products was carried out according to the procedures [25].
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Results and Discussion
Table 1 shows the main indicators of coke breeze from “Euromet” LLP.

Tablel

Indicators of physico-chemical analysis of coke breeze from “Euromet” LLP

The name of indicators UM Medium
Mass fraction of carbon, C¢ % upto 84
Ash content on dry state, A® % upto 18.0
Mass fraction of total moisture % upto 5.0
Structural strength of dry coke % 78-82

According to the given parameters, coke breeze from the coals of “Euromet” LLP can be used as a raw
material for the production of carbon sorbents. Table 2 shows the data and test results from the laboratory of
“Coal Research and Development Center” LLP, characterizing the degree of coke activation for the “Eurom-
et” LLP coals in terms of its burning, ash content, bulk density, total pore volume in water, iodine and meth-
ylene blue activity.

Tables 2 and 3 demonstrate the boundaries of the confidence interval (+A) of the measured characteris-
tics of the “Euromet” LLP sorbent, determined considering the Student’s criterion.

Table 2
Conditions for obtaining and characteristics of the “Euromet” LLP sorbent
The mode for sorbent obtaining . 0 0 . 3

T oC duration of activation, hour Combustion loss, % Ash content, % Bulk density, g/dm

750 2 20.71+0.63 23.33+0.49 33044.5

800 1 20.90+0.32 24.04+0.50 333+4.3

800 2 22.00+0.42 24.75+0.51 335+4.2

850 1 23.11+0.49 25.78+0.54 338+3.9

850 2 34.76+0.49 29.82+0.45 339+3.8
Table 3

Conditions for obtaining and characteristics of the “Euromet” LLP sorbent

The mode for sorbent . .
obtaining Sorption capacity Total pore volume by
- - 3 Structural strength, %

o duration of activa- A Methylene blue, water, cm’/g

T,°C . for iodine, %
tion, hour mg/g

750 2 22.50+0.41 55+0.9 0.5258+0.0102 9.50+0.115
800 1 23.05+0.53 50+1.1 0.3533+0.0089 9.40+0.207
800 2 24.20+0.58 20+1.2 0.5975+0.0081 9.70+0.158
850 1 25.50+0.60 100+1.4154 0.5711+0.0167 9.60+0.207
850 2 27.94"+0.63 130+1.4 0.7501"+0.0086 9.80"+0.158

For the combustion loss index, the regression equation with different variations in the temperature and

time modes of coal processing (Table 2) is described by the following equation:
Y (combustion loss) = 0.1244T + 9.32t — 92.34. Q)

The coefficient of determination R-square is 0.83, the critical value F is 5.03, which is greater than the
significance criterion F, equal to 0.16, which confirms the significance of the burn value from the mode of
obtaining the sorbent. From equation (1), the amount of combustion loss increases linearly with increasing
temperature and duration of the process.

The following equation describes the regression equation for the ash content index from the temperature
and time modes of coal processing (Table 2):

Y (ash content) = 0.030902T + 3.00523t — 3.923233. 2
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In this case, the value of R-square is 0.15, the critical value of F is 0.18, which is less than the signifi-
cance criterion F, equal to 0.84, which indicates the significance of the value of the composition of the initial
coal, but does not depend on the mode of its processing. Analysis of equations (2) shows that the ash content
depends on the temperature and duration of the process, due to a decrease in the mass fraction of carbon.

The regression equation linking the obtained indicators for bulk density with different variations in the
temperature and time modes of coal processing (Table 2) is as follows:

Y (bulk density) = 0.144T + 1.4t — 471.4. 3)

The value of the R-square is 0.03, and the critical value F 0.03 is less than the significance criterion F
0.96, which also indicates the significance of the value of the composition of the initial coal, but does not
depend on the processing mode. An analysis of equation (3) shows that the bulk density value slightly de-
pends on the process temperature and increases with the length of the processing time.

A regression equation has been obtained that relates the obtained indicators for the iodine sorption ca-
pacity with different variations in the temperature and time modes of coal processing (Table 3):

Y (sorption capacity for iodine) = 0.05332T + 1.938t — 21.652. 4)

The R-square value is 0.96; the critical value F 25.19 is greater than the significance criterion F 0.03,
which indicates the significance of the indicator from the mode of obtaining the sorbent.

A regression equation was obtained that relates the obtained indicators for the sorption capacity for
methylene blue with different variations in the temperature and time modes of coal processing (Table 3):

Y (sorption capacity for methylene blue) = 0.8T + 13.33t — 598.333. (5)

The value of the R-square is 0.53, the critical value F 1.36 is greater than the significance criterion F
0.46, which indicates the significance of the indicator from the mode of obtaining the sorbent.

A regression equation has been obtained that relates the obtained indicators for the total pore volume in
water with different variations in the temperature and time regimes of coal processing (Table 3):

Y (total pore volume by water) = 0.002666T + 0.228907t — 1.96583. (6)

The R-square value is 0.93, the critical value F 13.68 is greater than the significance criterion F 0.06,
which indicates the significance of the indicator from the mode of obtaining the sorbent.

A regression equation has been obtained that relates the obtained indicators for structural strength with
different variations in the temperature and time modes of coal processing (Table 3):

Y (structural strength) = 0.0032T + 0.246667t — 6.613333. @)

The R-square value is 0.97, the critical value F 36.5 is greater than the significance criterion F 0.02,
which indicates the significance of the indicator from the mode of obtaining the sorbent.

Equations (4—7) show that the contribution of temperature to the increase in sorption capacity is signifi-
cant for the indicator of sorption capacity for iodine and methylene blue, and for indicators of the total pore
volume for water and structural strength, which will allow us to conclude that macropores in the sorbent in-
crease. The value of the sorption capacity for iodine increases with increasing temperature treatment, which
is consistent with theoretical ideas about the process.

Methylene blue activity indicates the AC surface formed by pores larger than 1.5 nm since the indicator
molecule is relatively large. Therefore, low activity indicators for iodine, which is adsorbed on the surface of
pores with a diameter significantly more than 1 nm, and methylene blue are not an indicator of the low quali-
ty of the carbon sorbent [26]. With a large specific surface, the proportion of thin pores increases, which do
not fit large molecules, for example, persistent organic pollutants such as phenols, aromatic and polyaromatic
hydrocarbons, etc. The results of sorption activity for iodine (MRTU No06-16-1003-67) [27] and clarifying
ability for methylene blue (GOST 4453-74) [28] showed that the optimal conditions for obtaining a sorbent
from coke breeze are: temperature 850 °C and activation time 2 hours. Properties of activated carbons de-
pend on the choice of the appropriate raw material, method, and activation conditions. At the same time, a
number of conditions can affect certain properties. Thus, the number and distribution of pore sizes depend, in
particular, on the nature of the raw material, type and conditions of the activation process. The formation of
gaseous products (Hz, CO, CO,, CH,) begins at a temperature of 670°C, which indicates the presence of wa-
ter vapor with the carbon of the coke breeze.

It is established that the exhaust gas contains hydrogen, carbon dioxide, methane, and carbon monoxide.
When carbon interacts with water vapor or carbon dioxide, the following reactions occur simultaneously
(Equations 8-10):
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H,0+C=CO+H, AH = +117 KJ; (8)
2H,0 + C = CO; + 2H, AH = +75 KJ; 9)
CO, +C =2C0O AH = +159 KJ. (10)

Table 4 shows the composition of gases obtained during the activation of coke breeze of “Euromet” LLP.

Table 4
The composition of the gas obtained during the activation of “Euromet” LLP coke breeze
Gas outlet mode
Gas T,°C T, min T,°C T, min T,°C T, min T,°C T, min
670 120 750 120 800 120 850 120
Ho> 50.33 55.23 59.08 53.7
0, - - - -
N2 0.780 0.80 0.95 0.95
CO2 18.90 20.40 15.43 10.74
CHg4 3.35 3.05 3.38 0.89
CO 17.42 20.52 21.16 33.72

Thus, a carbon sorbent with a high adsorbing property was obtained as a result of the high-temperature
process of activation of the coke breeze with water vapor on the basis of “Euromet” LLP (Karaganda, Ka-
zakhstan) coal.

Conclusions

Physical and chemical analyzes showed that a sample of coke breeze from “Euromet” LLP (Karaganda,
Kazakhstan) is a highly active carbonaceous material with high carbon and low ash content. The optimal
technological parameters for obtaining carbon sorbents from screenings of coke production at a laboratory
facility (temperature 850 °C and activation time 2 hours) were established. The conditions for coke breeze
activation and characteristics (combustion loss, ash content, bulk density, total pore volume in water, and
activity in terms of iodine and methylene blue) of the obtained sorbent were determined.
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«EBpoMer» KIIC kokc YHTAFBIHAH KOMIPTEKTi COPOCHT ayry

Makanaza KypamblHOa KOMIpPTEri >KOFaphl, YIINa JKOHE KYJJAUIrT TOMEH KOMIPTEeKTi MaTepHay OOJBII
tabsumateiH  «EBpomer» JKIIC (Kaparangsl K.) KOKC YHTarbl YATICIHIH (QHU3MKa-XUMHSUIIBIK —Tajiay
HoTWKenepl kentipinreH. Kewiprekti copOentrep Kaparanabl OONBICHIHBIH KOKCXHMES —©OHAIPICIHIH
KapOOHM3AIMsIAHFaH MaTepHAIIAPBIHBIH a3 JHKBHATI (pakisuiapelHaH Oy-Ta3[apl aKTHBTEHAIPY OIiciMeH
anbIHABL. KanablKTapapl HaiiiaigaHyIbIH MaHbBI3Ibl apTHIKIIBUIBIFEL (YcakTayFa joHe 2-5MMm-re neilin
¢pakiusnayra ymbiparan 0—10 MM KiTacThl KOKC YCakTapbl) TEXHOJOTHSUIBIK MPOLECTEH JKOJOTHSUIBIK
3USHIBI 3aTTapablH Kem Meumepi (heHonaap, Kpe3ojmap, TIas3Topi3li IIbIFaphIHAbLIAp koHE T.0.)
IIBIFAPbUIATBIH KapOOHU3AIMSHBIH SHEPTUSIHBI BICBIPAIl €TETiH CaTBICBIH AJIBII TacTay OOJbIN TaObLIambl. A3
JIMKBU/TI KOKC YHTaFbIHaH COPOEHT aiyIblH OHTAMIIBI IIApTTapbhl aKTUBTEHIIPY yaKbITHl 2 caraT OOJFaH
ke3ne 850 °C temmeparypa Gombin TabbiIambl. Kemipreri copOeHTTepiHIH (QH3MKa-XUMHSIIBIK KacHeTTepi

CHEMISTRY Series. No. 2(106)/2022 121


https://doi.org/10.1134/S0023117718050043
https://doi.org/10.1016/j.ijmst.2018.06.005
https://doi.org/10.31857/S0023117720030032
https://doi.org/10.1016/j.biortech.2010.01.025
https://doi.org/10.1016/j.jhazmat.2007.02.030
https://doi.org/10.1016/j.colsurfa.2009.10.025
https://doi.org/10.1016/j.colsurfa.2009.10.025
https://doi.org/10.1016/j.cej.2012.03.029
https://doi.org/10.1016/j.biotechadv.2010.04.002
https://doi.org/10.1016/j.buildenv.2011.08.005
https://doi.org/10.1016/j.cej.2012.06.044
https://doi.org/10.31857/S0023117721030105

Z.M. Muldakhmetov, A.T. Ordabaeva et al.

(kysimiri, yHIHIUTK THIFBI3OBIFGL, HOJ KOHE KOK METWIICH OOMBIHINA COPOLHSIIBIK CHIABIMABUIBIFGI, CY
OOMBIHIIIA KEYEKTEPIiH XKHUBIHTBIK KOJIEM1) aHBIKTAJIbI.

Kinm ce30ep: KOKCTHI ycak-Tyiek, KeMip, COPOCHTTEp, aKTUBTEHAIPY, COPOLUSIBIK CHIMBIMIBLIBIK, KYIILTIK,
KYHAipy, YHIHIUIIK THIFBI3/IBIFEL

3.M. MynmaxmeroB, A.T. Opnabaesa, M.I'. MeilipamoB, A.M. I"azanues,
K.C. aiikenosa, I'.K. Mykymesa, T.C. J)KuBotoBa

[Hony4enune yriiepogHoro copoenra u3 kokcosoit mejiouu TOO «EBpomer»

B craTthe mpuBeneHB! pe3ynbTaThl (PU3MKO-XMMUYECKOT0 aHaiuu3a obpasua kokcoBoi memoun TOO «Espo-
MmeT» (1. Kaparanaa), npeacraBisioniero co0oi yriepoaucTelii MaTepHal ¢ BBICOKUM COJIEP)KaHHEM yTIepo-
Jia, OTCYTCTBHEM JICTYUHX BEIIECTB M HU3KOH 30JIbHOCTBIO. YTJICPOIHBIC COPOCHTHI OBUIH MOTYyYEHBI U3 Ma-
JIOMKBUHBIX QpaKIuil KapOOHU30BaHHBIX MAaTEPUAIOB KOKCOXMMHYECKOTO Npou3BoacTBa KaparananHcekoi
o0JlacTH METOJIOM IapOra30BOH aKTHUBAIMH. Ba)KHBEIM IPENMYIECTBOM HCIIOJIB30BaHUS OTCEBOB (KOKCOBAs
Menoub kinacca 0—10 MM, KoTopas mojBeprazack ApoOieHnIo 1 (pakIHOHUPOBAHHIO 0 KPYITHOCTH 2—5 MM)
SIBJIIETCSl MCKITIOUEHUE N3 TEXHOJOTMYECKOTo IpoIiecca YHepro3aTpaTHoil cTaguy KapOOHH3aINH, TIPH KO-
TOPOI1 BBIAEISAETCS OOJBIIOE KOINIECTBO SKOJIOTHIECKH BPEIHBIX BemlecTB ((peHOIbl, Kpe3osl, ra3o00pas-
HBIE BBIOPOCHI U T.1.). ONTHMAIBHBIM YCIOBHEM MOMYUYECHUS COPOCHTA U3 MAJIOJIMKBHIHON KOKCOBOM MEIIOYH
apasercsa Temneparypa 850°C npu BpeMenn axtupauuu 2 4. OnpeneneHsl (PU3HKO-XHMHYECKHE CBOMCTBA
(30JILHOCTB, HACBHINHAS IUIOTHOCTH, COPOLIMOHHAST EMKOCTH IO HO/ly ¥ [0 METHUJICHOBOMY rOJIyOOMY, CyMMap-
HBII 00BEM TIOP 110 BOJIE) YIIICPOJHBIX COPOCHTOB.

Kniouesvie crosa: KOKCOBasi MEJIOYb, YIIIH, COPOEHTHI, aKTHBAIIKS, COPOIIMOHHAs EMKOCTh, 30JIbHOCTD, 00rap,
HACBITHAS TUIOTHOCT.
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Improvement of Extraction Technology and Electrotechnological Equipment
for Obtaining Gallium from Alumina Production Solutions

High-purity gallium, not worse than 6N, with the concentration of controlled impurities (except H, C, N, O)
of maximum 0.00007, including, wt.%-108: Fe — 2, Cu—5, Pb — 4, Mn — 1, In — 2, and Sn — 2.5 was
produced by electrolysis of preliminarily purified aluminate solutions of alumina production. An improved
design of electrolyzer with increased efficiency has been developed for gallium electroextraction. It was pro-
posed to divide the casing of the advanced-efficiency electrolyzer by longitudinal partitions into two parts,
each of which was divided by transverse partitions into 8 sections. The width of these sections was one-third
smaller than that of available electrolyzers. The dimensions of the sections and the arrangement of electrodes
in them were reduced by half, from 140 to 70 mm — a distance covered by gallate and zincate ions from
electrolyte depth to cathodes, which decreased the duration of electrolysis. The optimal current density of
7.5 kA/m® at the calculated density of 5.8 kA/m® was proposed, which allowed electrical energy consumption
to be reduced. The polarization component of voltage on the electrolyzer was decreased by lowering the aver-
age current density achieved by a three-fold enhancement of the anode surface. The technological order of
seven sequential operations of metallic gallium extraction from cycling aluminate solutions is shown: 1) puri-
fication of electrolyte by an air or vapor-air mixture; 2) purification of solution by lime; 3) galvanization of
cathodes and dissolution of cathode precipitate; 4) purifying electrolysis; 5) basic electrolysis with precipita-
tion of zinc-gallium alloy; 6) cementation of gallium by aluminum gallam; 7) removal of impurities. Prelimi-
nary purification of gallate-zincate alkaline solution allows decreasing the granular aluminum consumption to
the weight ratio Al : Ga =1 : 1 during gallium cementation.

Keywords: gallium, electrolysis, aluminate solution, solution purification, alumina production, interelectrode
distance.

Introduction

Gallium is a dispersed metal, contained in small concentrations in non-ferrous metal ores. In the world,
gallium is obtained mainly as a by-product during the processing of bauxite, the basic technological scheme
of the Bayer process is shown in Figure 1, where the source of gallium is recycled solutions of alumina pro-
duction.

—>»  Bierowski bauxite
The aluminate solution Autoclave leaching
Uterine ' ‘
sanan Alumina Red mud
l ¥
J Electrolysis
Negotiable ‘
solution Aluminium and
| its alloys

Figure 1. Schematic diagram of bauxite processing by the Bayer method
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The main field of application of gallium is the electronic industry. LEDs, solar panels, smartphones “eat
up” much more than half of the gallium produced, about 6 % goes to alloys, the most important use of galli-
um is the synthesis of compounds of the A"BY type (GaN, GaP, GaAs, GaSbh) — basic materials for modern
opto- and microelectronics. The main producer of gallium is China and it continues to increase production,
despite the fall in metal prices [1, 2], and subsequently came close to becoming a global monopolist, because
the output of primary gallium in China this year amounted to 90 % of the world [3, 4]. The CIS countries, on
the contrary, reduce the production of gallium. The main reason is the lack of demand in the Russian Federa-
tion due to absence of factories for the production of LEDs, semiconductors, etc. However, according to
Rusnano, there are potential producers and consumers of semiconductors [5]. Gallium arsenide can rightfully
be considered the engine of progress in the field of electronics [6], and the rise to the modern level of indus-
trial production of semiconductor materials will contribute to solving the problems facing the country [7].

This may require developing a theoretical and practical implementation of various methods for obtain-
ing gallium based on various sources and by various physicochemical methods [8-11]. There are several
methods for obtaining gallium from alkaline aluminate solutions of alumina production [12, 13], but the most
effective is electrolytic extraction [14-20]. However, electroextraction of gallium from solutions that have
not undergone preliminary preparation will not provide serious extraction, productivity, cost reduction and
reliable release of high purity metal (6N). This is largely due to the change in the composition of bauxite ex-
tracted from the new mine to SUBR-e (for the plant of JSC “BAZ-SUAL”) and the transfer of JSC “UAZ-
SUAL” to 100 % use of bauxite from the STBR deposits. The conducted studies found that the indicators of
JSC “BAZ-SUAL” deteriorated: the concentration of gallium in the electrolyte decreased from 0.36 to
0.33 kg/m® — by 10 %, and the extraction of gallium by electrolysis lessened by 5 %, the purity of gallium
deteriorated to 5N, the indicators of JSC “UAZ-SUAL” deteriorated significantly more, for example, the pu-
rity of gallium reduced to 4N. A significant change in the impurity composition of the initial bauxite (for the
plant of JSC “BAZ-SUAL” and to a lesser extent for JSC “UAZ-SUAL”), caused by the launch of a new
mine at the SUBR, required a more thorough cleaning of the initial electrolyte. These changes require tech-
nological improvements, first of all, to improve the purification of the initial electrolyte, which will increase
the extraction of gallium, reduce the time of operations and increase the number of gallium concentration
cycles to increase its release.

The purpose of this work was to improve the technological scheme for the extraction of gallium from
alumina solutions, which will allow the production of high-purity metal gallium (6N), suitable for semicon-
ductor production (Fig. 2).

PREPARATION of ELECTROLYTE

Introduction ZE

> (aluminate solution
alumina production) _l
» CATHODE Zn-Ga ALLOY |« ELECTROLYSIS
v
DISSOLUTION, A 4
the accumulation of gallium SPENT ELECTROLYTE

(the aluminate solution)

THE REMOVAL OF ZINC !

(reagent carbonization)
¢ —>| In the alumina production
P Granular Al
DRAFT GALLIUM “

ACID TESTING,
FLUSHING WITH WATER COMMODITY Ga

Figure 2. Technological scheme for obtaining gallium from aluminate solutions
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Experimental

The separation of gallium from aluminate solutions was performed via the electrochemical method us-
ing an electrolytic bath made of stainless steel 1X18H9T with external water cooling (Fig. 3), a cathode
made of the same stainless steel and two nickel anodes. Nickel prolongs anode lifespan by 2—-2.5 times due to
a decrease in the anode potential by ~0.2 V, and the thiosulfate ion is reduced to sulfur on the nickel anode,
forming a protective layer of NiS. Direct current was supplied from the T1021 charger through a laboratory
rheostat and an ammeter.

Figure 3. Water-cooled electrolyzer for laboratory extraction of gallium from alkaline-aluminate solutions

The studies were carried out on solutions of alumina production of JSC “UAZ-SUAL” and JSC “AZ-
SUAL”. The results are presented by average values considering previous production experience.

The probable discharge mechanism during gallium electrodeposition can be represented as follows [21]:

[H2G303]7 +e—> [HG&Oz]7 +O0H
2[HGaO;] + H.0 + & — Ga® + [H,GaOs3] +20H

standard electrode potential in acidic solution of gallium salts (Ga/Ga®*"): —0.56 V, in alkaline solution:
-1.226 V.

The chemical composition of the starting materials and products was monitored on an inductively cou-
pled plasma mass spectrometer ELAN 9000, Perkin Elmer.

Results and Discussion

1. Comparison of electrolyte purification by air and steam-air mixture by bubbling hot solution

The initial mixture is prepared: 150 m® of circulating solution (Table 1, p. 1), cooled to 30+5 °C and
aged for at least a day in the reactor for the separation of soda-sulfate sludge, and 133 m3 of the mother (Ta-
ble 1, p. 2) solution (volume ratio 1:0.887), this mixture of solutions is heated to a temperature of 85-90 °C
and treated with a vapor-air mixture in the amount of 0.3-0.4 nm%hour per 1 m2 for 2.0-2.5 hours with a ra-
tio of air and steam volumes = 1.0 : 2.5 with a steady temperature at the outlet of the nozzle 250 °C. As a
result, according to the analysis data, the content of organic substances decreases by 25-31 %, sulfide sulfur
by 95 %, which is mainly oxidized into sulfate form (Table 1, p. 4). In comparison to the Chinese electrolyte
processing method that uses only air and no steam, the operation time was reduced. Since aluminate solu-
tions no longer require the introduction of sodium sulfide (up to 0.20 kg/m?, counting for sulfur), the corro-
sion of the equipment has decreased, a better removal of zinc (less than 0.010 kg/m?) and organic substances
from solution was achieved.

2. Cleaning the solution with lime (consumption of 0.5 mol of CaO per mol of alumina in solution)

Lime milk (composition of 56 kg of CaOact. and 18 kg of water) is fed into the solution at a temperature
of 80-90 °C with stirring for 1.5 hours. The precipitate is filtered out at a temperature of 70 °C to remove
tricalcium hydroaluminate, on which iron, manganese, vanadium compounds and up to 25-30 % of organic
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substances are sorbed (Table 1, p. 5). The precipitate is returned to alumina production. Reducing the content
of impurities during lime cleaning: vanadium by 30 times (up to 0.01 kg/m?®), iron by 3 times (up to
0.002 kg/m?), manganese is completely removed (Table 1, p. 5).

Table 1

Compositions of solutions: alumina production (circulating (1), masterbatch (2), mixed (3),

their double purification with a vapor-air mixture (4) and lime (5), synthetic alkali-zinc (6),

purification electrolysis (7), initial and final (spent) electrolytes (8, 9), during carburization
of the initial (10) and final (11), processing of slags of the initial (12) and final (13)

Components Name (numbering) and compositions of solutions, kg/m®

1 2 3 4 5 6 7 8 9 10 11 12 13
Na20com. 314 | 157 | 240 | 230 235 | 220 | 210 233 235 | 105 | 103 | 170 | 168
Na20caustic 290 | 145 | 222 | 220 231 | 200 | 200 230 232 | 100 | 100 | 165 | 165
Na20soga. 24 12 18 18 4 20 10 3 3 3 4 5 4
Al203 138 | 69 | 106 | 105 87,5 - 87,0 | 87,0 | 88,0 50 63 | 42 | 43
Ga 0,46 | 0,23 | 0,35 | 0,34 | 0,33 - 0,34 | 0,34 | 0,48 | 10,2 | 0,25 | 100 | 100
Zn 0,06 | 0,03 | 0,04 | 0,004 | 0,004 | 20 | 0,003 | 045 | 0,04 | 3,0 | 0,06 | 29 | 1,25
s> 0,42 | 021|032 0,013 | 0,010 | — | 0,010 | 0,008 | 0,02 - - - -
$,05% 14 | 07 | 107 | 084 | 0,65 - 060 | 065 | 060 | 20 | 2,0 - -
SO+ 18 | 09 | 14 2,2 0,8 - 0,80 0,8 065 | 10 | 10 - -
Corganic subst. 30 | 05 | 23 | 166 | 1,30 - 130 | 130 | 125 | 18 | 18 - -
V205 042 021032 031 | 0,01 - 0,08 | 0,01 | 0,005 | - - - -
Fe,03-10* 80 40 60 50 20 - 10 20 - - - - -
Cu 105 13 10 12 12 10 - 11 1,0 60 100 | 10 | 12 | 10
Mn-10~ 60 30 50 45 H/06. | — 12 - - - - - -
Pb-107* 80 80 78 80 80 - 5 80 5,0 80 30 | 8 | 40

3. Galvanizing of cathodes and dissolution of cathode sediment

Before applying the zinc coating, the cathodes are cleaned by reverse current from the existing impurity
sediment. To apply a zinc layer to the cathodes, a zinc solution prepared from a sodium hydroxide solution
with an alkali concentration of 150-200 kg/m?® and zinc oxide 15-20 kg/m? is used, followed by dilution be-
fore electrolysis with condensate to the composition, kg/m?®: sodium oxide ~125 and zinc ~12.5 (Table 1,
p. 6). Electrolysis is carried out at a temperature of 45-55 °C and a volumetric current density of 4-5 KA/m?3,
A layer of zinc 10-15 microns thick is increased in 12-15 minutes. This thickness of the cathode layer is suf-
ficient for carrying out four to five operations of the main deposition of the zinc-gallium alloy and subse-
quent removal of the sediment after the last operation.

4. Purification electrolysis from impurities

Cleaning is carried out in a separate electrolyzer at low densities: cathode current (40-50 A/m?), anode
current densities 100-140 A/m? (volumetric current density 4-5 kA/m?®), temperature 6070 °C and the volt-
age on the bath ~1.9 V (the bath body is also a cathode). The duration of the electrolyte cleaning operation is
~ 4-6 hours. The content of impurities during this period decreased by more than an order of magnitude,
kg/m?3: copper from 0.000125 to 0.000011; lead from 0.0078 to 0.0005; iron and manganese by two to three
times. The concentration of gallium in the electrolyte under the recommended electrolysis conditions practi-
cally does not decrease (Table 1 p.7). The precipitates isolated on the cathodes are dissolved in an alkaline
synthetic solution at a temperature of 70-85 °C with the imposition of a reverse current. The resulting solu-
tion after settling is filtered out with the removal of impurities. The resulting purified alkaline solution is
used for galvanizing the electrodes.

5. Conducting basic electrolysis with deposition of zinc-gallium alloy

Into the purified electrolyte with a content, kg/m?®: Na,Os 220-230, Al,O3 75-90, Ga,03 0.33-0.35 a di-
lute solution of zincate is introduced in an amount of ~1/30 of the volume of the initial electrolyte. As a re-
sult, the zinc content in the electrolyte reaches 0.2-0.3 kg/m?®. The electrolyte prepared and cooled to ~30 °C
is poured into a water-cooled electrolyzer and electrolysis is carried out on galvanized cathodes at a volumet-
ric current density of 6.0-6.2 kA/m?, a process temperature of 25-30 °C and an electrolysis duration of 2.0—
2.15 hours. During this time, about 43 % of gallium and at least 80 % of zinc are released (Table 1, p. 8, 9).
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6. Cementation of gallium with aluminum gallam

Cementation is carried out in apparatuses with a capacity of up to 2.5 m® equipped with a stirrer, a de-
vice for filling granulated aluminum, level and potential sensors, a jacket for heating and the necessary
hatches and pipes. For cementation, a settled filtered receiving solution, sufficiently rich in gallium
(10.0 kg/mq), and granular aluminum are used. ~2.0 m® of mortar and 40 kg of cement base are poured into
the 2.5 m® cementator, aluminum is supplied according to the program with the EMF measurement of the
cementation base — earth system. 97.5 % of gallium passes from the solution to the rough gallium (approxi-
mately 0.25 kg/m?® remains in the solution) and almost all zinc (~4% remains). The consumption of alumi-
num is ~1.1 kg per 1 kg of isolated gallium (Table 1, p. 14, 15).

7. Removal of impurities from sludge

After dissolving the pressed sludge in a solution of sodium hydroxide (Na,O — 150-200 kg/m®), the
impurities are removed by electrolysis under the following conditions: The cathode current density is 40—
50 A/m?, the anode current is 100-120 A/m?, the volumetric current is 2-3 kA/m? and the process duration is
up to 5 hours. The concentration of gallium ~100 kg/m?® remains unchanged. The impurity content decreases
by at least an order of magnitude (Table 1, p. 12, 13).

To organize the gallium production at alumina plants, based on existing experience, it is advisable to
use the improved design of electrolyzers (Fig. 4) combined with the gallium electrolysis technology de-
scribed above. The body of the electrolyzer is divided by a longitudinal partition into two parts, each of
which in turn is divided by transverse partitions into 8 sections.

Y i Ei_ P_—/?Q
| wrr
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1 — steel case; 2 — the longitudinal wall; 3 — transverse, end wall; 4 — bottom; 5 — horizontal platform; 6 — drain
hole; 7 — flushing device (flushing device); 8 — partition; 9 — section; 10 — a block of electrodes; 11 — electrolyte
level during electrolysis; 12 — the initial level of the electrolyte; 13 — single anode; 14 — “IT’-shaped anode;

15 — position lock; 16 — electrical insulation cap; 17 — box-shaped water-cooled cathode; 18 — anode rod;

19 — groove in the anode rod; 20 — anode tire; 21 — mounting bolts on the anode bus; 22 — steel plate for clamping
anode rods; 23 — fixing screws for clamping anode rods; 24 — slots in the anode electrical insulation plate;

25 — anode electrical insulation plate; 26 — deep grooves in the anode electrical insulation plate; 27 — cathode rods;
28 — a groove in the cathode bus; 29 — cathode bus; 30 — mounting bolts on the cathode bus; 31 — steel plate for
clamping cathode rods; 32 — fixing screws for clamping cathode rods; 33 — slots in the cathode insulating plate;
34 — cathode electrical insulation plate; 35 — deep grooves in the cathode insulating plate; 36 — exhaust ventilation;
37 — corrugated rubber pipe; 38 — the frame of the shelter; 39 — the arches of the frame; 40 — tie rods;

41 — covering the frame; 42 — horizontal support tube; 43 — an opening in the frame; 44 — sliding curtains

Figure 4. Gallium electrolyzer

The two sections are symmetrically arranged along the width of the housing, forming a compartment,
where a package of electrodes is placed, divided in two along the length, and each half is connected to one
copper rod resting on a conducting busbar of the corresponding polarity. The accepted dimensions of the sec-
tions and the location of the electrodes in them were reduced by 2 times, from 140 to 70 mm — the distance
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that gallate and zinc ions pass from the depth of the electrolyte to the cathodes. Accordingly, the duration of
electrolysis is reduced. In the space occupied by the sections, there is more than 80 % of the electrolyte with
minimal gas filling, so it maintains an optimal current density of 7.5 kA/m® at an estimated density of
5.8 kA/m®, which reduces electricity consumption. The polarization component of the voltage on the electro-
lyzer is reduced due to a reduction of the average current density achieved by a 1.5-fold increase in the sur-
face of the anodes; a decrease in the interelectrode distance; a reduction of foaming, which increases the ac-
tive component of the electrolyte resistance. As a result, the voltage on the bath is decreased by 16 %.

Conclusions

The refinement of gallate-zinc alkaline solution helps reduce the consumption of granular aluminum
during carburization to a mass ratio of Al : Ga = 1 : 1. Sludge formation is also reduced. In practical terms
[22], at least 2 kg of sludge is formed per 1 kg of obtained gallium, but this solution reduces the amount of
sludge to 0.1 kg — twenty times less.

The gallium ingots obtained after purification using this technology have a total composition of con-
trolled impurities (excluding impurities H, C, N, O) of no more than 0.00007, including %-10%: Fe — 2,
Cu—5,Pb—4,Mn—1, In— 2, Sn — 2.5. The gallium content in the ingot is not less than 99.9999 %.

The effectiveness of the proposed solution has been tested on an industrial scale. The purity of gallium
obtained at the industrial plant of JSC UAZ-SUAL was 5N (99.999 %), on solutions of JSC BAZ-SUAL us-
ing the proposed technology, the purity of metallic gallium was 6N (99.99995 %), produced at the plant in
Ping-Guo (PRC) according to our technology (transferred under contract) also corresponds to the brand 6N.

For the production of 10 tons of gallium per year, it is technically and economically feasible to use elec-
trolyzers developed at the IHTT of the Ural Branch of the Russian Academy of Sciences with increased
productivity. It is recommended to use 10 electrolyzers of the described type for the convenience of their
operation, rational organization, technological and production processes, and to create an optimal DC power
supply system ensuring high energy security of the enterprise. The electrolyzers are connected in series by
five in chain, forming 2 chains of gallium electrolysis; each circuit of gallium electrolyzers receives power
from an individual DC converter unit; the power supply system of electrolytic gallium production should
contain a third, backup converter unit; nominal output parameters of the converter unit: rectified voltage of
20 V, rectified current of 30 KA.
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B.M. Ckaukos, JI.A. ITaceunuk, N.C. Mensakuna, C.A. bubanaesa, H.A. Cabup3siHoOB

KepOaambIK 6HAIPiCiHIH epiTiHALIEpIHEH raJuIMil a1y YIIIH YJKCTPAKIUA
TeXHOJIOTHSICBIH JKOHE JJIEKTPOTEXHOJIOTHSIJIBIK Ka0ABIKTHI KeTLIAIPY

JKepOanmplk eHAIpiCiHE aNABIH aja Ta3apThUIFAaH ATOMHHATTHI EPITIHIUIEPIl 3JIEKTPONHU3ACY OIiCiMeH
Ta3aJBIFBl KOFaphl TAUIMH aNbIHABL, 6H TOMEH eMmec, OakbUIaHaThIH KocmanapaeiH kypamsel (H, C, N, O
Kocrnanapbia Kocrnaranaa) 0,00007-1eH acnaiiibl, oHbIH iminge Maccanap %-10-8 Fe — 2, Cu— 5, Pb — 4,
Mn — 1, In — 2, Sn — 2,5. lanmiiai 3MeKTposKCTpaksiay YIIiH OHIMAUIIT 5KOFaphl JIEKTPOIN3EpAiH
JKETUINIPUITeH  KOHCTPYKLMACHI  JKacayiibl, OHIMJUIII JKOFapbl 9JNEKTPONU3ep KOPIYCHIH — OOMIBIK
OemiMIepMeH eki Oellikke 06y YCHIHBUIIBI, OJAPABIH OPKAKWCHICHI ©3 KE3CeTiHAC KOJICHEH KajKaibl 8
cekuusra OemiHeni, eHi OOWBIHIIA OyJI CEKIMsUIap 3JIEKTPOJIM3EpPIIEpPAiH KOJIAAaHBICTaFbl d3ipieMenepiHiy
CeKUMsUIapbiHAaH ymTeH Oip ecere a3. CexkumsuiapaslH KaObULIAHFaH —eJIeMIepi MEH OJapaarbl
JJIEKTPOATApABIH OpHamacysl 2 ece asaiapl, 140-tam 70 MM-re AeHiH KbICKapAbl, SFHU DIEKTPOIHUT
TepeHJIiIriHeH KaTOATapFa rajulaT IeH LHUHKAT HOHIApbhl OTETiH KAIIBIKTHIK, OYJI SJIEKTPOIU3 Y3aKTBHIFBIH
KbICKapTThl. TOKTHIH 5,8 KA/M® ecemnTenreH THIFBI3NBIFEI Ke3iHZeTi 7,5 KA/M® OHTAMIBI THIFBI3IBIFEI
YCHIHBUTFaH, OYJI 2JIEKTP HEPTHSACHIH TYTBIHYIBl a3alTyFa MYMKIHZIK Oepefli. DIeKTpoiu3epae aHoITap
OeriniH 1,5 ece yIFalObIMEH KOJ JKCTKI3UIT€H OpTalia TOK THIFBI3JBIFBIHBIH a3al0bl ¢CeOIHEH KepHEYIiH
MOJISIPU3ALMSICEl  TOMEHIEl. AJIOMHHATTHI  aiffHaIbBIM  epITIHAUIEpIHEH MeTawl TauMial — anmy
OTEPAIMSIAPBIHBIH  TEXHOJOTHSIBIK PETTUTIN  KOPCETIIreH, ON JKeTi JKyHeli omepanusgaH Typajbl:
1) snexTponuTTi aya koHe Oy-aya KOCHACBhIMEH Tasanay;, 2) epiTiHIiHI OKMeH Tasanay; 3) KaToITapbl
MBIpBIIITAY JKOHE KaToA TYHOAchlH epiTy; 4) Ta3apTy SJNeKTpOoJiu3i; 5) MBIPBII-TaIHA KOPBITIACHIH
TYHJIBIPATBIH HETi3ri JIEKTPOIH3; 6) alIOMUHUH TaJUTHHIH LEMEHTTeY; 7) KocHanap/sl ajbl Tacray. [ammar-
MBIPBII CINTUT  epITIHAICIH algplH-ala Ta3apTy TN [EeMEHTTEy Ke3iHAe TYHIpPIIiKTI aTFoMHUHHUHA
welFeIHBH Al : Ga =1 : 1 MaccalbIK KaThIHACHIHA JICHIH a3aiiTyFa MYMKIHIIK Oepei.

Kinm ce30ep: Tamnuii, >MEKTPOIN3, ATFOMUHATTHI €PITIHAL, ePITIHAIHI Ta3apTy, TIMHO3EM OH/IPiCi, SITEKTPOJ
apaJIbIK KalIbIKTHIK.
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B.M. Ckaukos, JI.A. Ilaceunuk, U.C. Mensukuna, C.A. bubanaesa, H.A. Cabup3sHoB

CoBeplIeHCTBOBAHHE TEXHOJOTHH U3BJIE€YEHHS
¥ JIEKTPOTEXHOJIOTHYECKOT0 000PYA0BAHUS VIS MOJTYyUYEeHH sl TaJLIUs
U3 PacTBOPOB IJIMHO3E€MHOT0 MPOU3BOACTBA

Mertonamu 3eKTpoJIM3a MPeABAPUTENFHO OYMIIEHHBIX aJIOMHHATHBIX PACTBOPOB TIIMHO3EMHOTO MPOU3BOI-
CTBa MOJYyYEH TaJUIM BHICOKOW YHCTOTHI, HE HIKE 6N, COCTaB KOHTPOJIMPYEMBIX MpHMecel (MCKIIIouas npu-
mecu H, C, N, O) ue 6onee 0,00007, B Tom uncne, macc.%- 108 Fe — 2, Cu—5,Pb —4, Mn — 1, In — 2,
Sn — 2,5. Pa3zpaboraHa ycOBepIICHCTBOBAaHHAS KOHCTPYKIHS JIEKTPOIN3epa MOBBIICHHON IIPOU3BOAUTEIb-
HOCTH JUIS QJICKTPOAKCTPAKIIUY TAJUTHS, TPEUIOKEHO Pas3/IelIuTh KOPIyC AJIEKTPOJIM3epa MOBHIIIEHHON Mpo-
W3BOANTEIEHOCTH TPOJIOJIBHEIMH IEPErOpOAKaMH Ha IBE YaCTH, KaIas U3 KOTOPHIX, B CBOIO OYepelb, pas-
JeTsieTcsl OIePEeYHBIMY IIepEeropoaKaMy Ha 8§ CEeKIMH, IO MIUPHHE STH CEKIUM MEHBIIE Ha TPETh 10 CpaBHe-
HHIO C CEKIHAMH MMEIOIIUXCSl Pa3paboTOK MeKTponu3epoB. [IpuHATHIE pa3Mepsl CEKLUN U PacIONoXKEeHUE B
HUX 3JIEKTPOJOB yMEHBIIIIH B 2 pa3a, co 140 1o 70 MM, — paccTosiHHEe, KOTOPOE MPOXOAAT HOHBI Tajjarta 1
IIUHKaTa U3 TTyOHHBI 3JEKTPOIMTA K KaToJaM, 9TO COKPATUIIO MPOAOILKUTENBHOCTh deKkTponusa. [Ipenio-
JeHa ONTUMANIbHAs INIOTHOCTh ToKa — 7,5 kKA/M® Ipu pacueTHoi mI0THOCTH 5,8 KA/MS, UTO MO3BONSET CHU-
3UTh NOTpeOIIeHHe eKTposHeprun. Ha anexTponmsepe CHIKEHA MOJSIPU3AI[OHHAsT COCTABIISIONIAs Harpsi-
JKSHUS 33 CUET YMEHBIICHHUS CPeAHeH INIOTHOCTH TOKA, JOCTUTHYTOTO YBEJIMYEHUEM B 1,5 pa3a MoBEepXHOCTH
aHonoB. Iloka3aHa TEXHOJIOTMYECKasl MOCIEeIOBATEIbHOCTh ONEpalMi U3BJICYCHUS] METAJUIMYECKOTO TaJlIns
U3 ATIOMHHATHBIX OOOPOTHBIX PAacTBOPOB, COCTOSINAs M3 CEMH IMOCIEIOBATENBHBIX orepanuii: 1) ouncrka
3JIEKTPOJIUTA BO3AYIIIHOW U MTapOBO3AYIIIHOW CMECHIO; 2) OYHCTKA PacTBOpa M3BECTHIO; 3) IMHKOBAHHUE KAaTO-
JIOB U PAaCTBOPEHHE KaTOJHOTO 0CajKa; 4) OUUCTUTENBHBIA IIEKTPOIIN3; 5) OCHOBHON 3IIEKTPOIIH3 C OCAXKIEC-
HHEM IMHK-TAJIMEBOTO CIUIAaBa; 0) EMEHTAlUs TaJUIMs TaulaMOil amiOMHUHUS; 7) ylaleHHe IpUMeceH.
IIpenBapurenbHas 04YNCTKA Tra/UIaTHO-IIMHKATHOTO IIEJIOYHOTO PAcTBOpPA IO3BOJISICT CHU3UTH IPH IIEMEHTA-
LMY TaJUTHS PACXOJ IPaHYIMPOBAHHOTO AIOMHHUS 10 MaccoBoro otHomenust Al : Ga=1:1.

Knrouegvie cnosa: raimii, 3MeKTpOIN3, AIIOMHHATHBINA PacTBOP, OYKCTKA PACTBOPA, INIMHO3EMHOE IPOU3BO/I-
CTBO, MEXJJICKTPOJHOE PACCTOSHHUE.
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Effect of Nickel Nanopowder on the Thermal Degradation of Coal Tar Distillate

Regularities of influence of nickel nanopowder on the thermal degradation of coal tar distillate were deter-
mined using model-free Kissinger, Flynn-Wall-Ozawa and model-fitting Coats-Redfern methods. Coal tar
distillate with a boiling point of <350 °C was obtained by simple distillation of primary coal tar from the
Shubarkol deposit. Nickel nanopowder was used as a catalyst and was added to coal tar distillate in a quantity
of 1 % of the mass of the distillate and then the process of thermal degradation of coal tar distillate was con-
ducted at heating rates 5, 10 and 20 °C/min in an inert gas medium. Nickel powder was obtained by high-
voltage discharge impact on the dc electrolysis. X-ray diffraction (XRD) analysis showed that the obtained
nickel powder has face-centered cubic structure and the average crystallite size calculated by the Scherrer
equation was ~ 34 nm. Calculations of activation energy were performed via processing of thermogravimetric
data. The Kissinger method showed that the activation energy value decreases from 145.19 kJ/mol to
43.65 kd/mol, by the Flynn-Wall-Ozawa (FWO) method the value decreases from 152.82 kJ/mol to
51.65 kd/mol, and by the Coats-Redfern method the value decreases from 143.38 kJ/mol to 52.64 kJ/mol. Ap-
plicability of these methods is ensured by the high values of correlation coefficients.

Keywords: thermal degradation, nickel, nanopowder, coal tar, distillate, crystallite, thermogravimetric analy-
sis, activation energy.

Introduction

The increasing demands placed on the quality of technological processing of organic raw materials [1]
are primarily related to more stringent environmental requirements [2], point to the need for in-depth re-
search on the development of methods for obtaining effective catalytic systems [3]. Studies on the develop-
ment and application of various nanoheterogeneous catalytic systems for the processing of organic raw mate-
rials have risen in recent decades [4]. Nickel and its compounds are widely used in the production of various
catalytic systems. The processes of aquathermolysis in the presence of iron, cobalt, and nickel at 300 °C im-
prove the quality of heavy oil increasing the amount of low-molecular alkanes and reducing content of res-
ins, asphaltenes, polyaromatic compounds, sulfur and nitrogen [5]. For instance, it was found that the pump-
ing hydrogen, nickel-molybdenum nanoparticles in the form of a suspension in a vacuum oil residue at
360 °C in carbonate reservoirs was leading to destruction of almost 50 % of asphaltenes thus causing heavy
oil liquefaction and increasing oil recovery [6].

Palladium-nickel phosphide deposited on a silicone-aluminum phosphate molecular sieve contributes to
a more orderly mechanism of hydroisomerization of n-hexadecane, which leads to a high yield of isomeriza-
tion products [7].

Coal tar can serve as a raw material for producing gasoline, diesel fuel, etc. For example, the simultane-
ous use of NiW/y-Al,Os and NiW/SAPO-11 catalysts in the process of hydrotreating low-temperature resin
in a two-stage reactor makes it possible to obtain jet fuel with a freezing point of —-51 °C and a high heat val-
ue [8]. The catalytic hydrogenation of coal tar in a reactor with two fixed layers in the presence of two cata-
lysts MoNi/y-Al,0; and of WNiP/y-Al,O3-USY leads to formation of diesel and gasoline fractions with a
reduced sulfur and nitrogen content [9]. The Ni/ZSM-5 catalyst obtained by decomposition of nickel tetra-
carbonyl promotes to deeper hydrogenation of low-temperature and high-temperature resins, and also con-
tributes to the removal of sulfur and nitrogen [10].
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Hydrogenation of a mixture of resin and oil distillation residue with the addition of nickel nitrate and
elemental sulfur leads to formation of products which are suitable for coke producing with a more ordered
structure and yield greater than with the use of industrial catalysts [11].

Mesoporous spherical NiO-containing catalyst promotes the complete decomposition of anthracene in
the hydrogenation process at 300 °C [12]. High conversion of anthracene was observed when hydrogenation
process of anthracene in the presence of NiCo supported on chrysotile [13].

NiO supported on chrysotile leads to a significant reduction of activation energy in the process of ther-
mal destruction of primary coal tar/polymeric materials mixture [14].

In this work, the kinetics of thermal degradation of primary coal tar distillate from the Shubarkol depos-
it without a catalyst and with the addition of nickel nanopowder in a quantity of 1 % of the mass of the or-
ganic compound was studied. Nickel nanopowder obtained by the action of a high-voltage discharge on the
electrolysis process was used as a catalyst [15].

Experimental

The composition of coal tar distillate obtained by simple distillation of primary coal tar to 350 °C was
determined using an Agilent 7890A gas chromatograph having an Agilent 5975C mass-selective detector.
Column parameters Rxi-5ms: length — 30 m, diameter — 0.25 mm, column adsorbent thickness — 0.25
microns, column heating rate 8 °C/min, carrier gas — helium; gas pressure in the column 1.38x10° Pa; sam-
ple volume 2x10* c¢cm?; input mode — split, library — NIST08. The composition of fractions was deter-
mined by a semi-quantitative method relative to the peak area. Data processing was carried out using the GS-
MSD Data Analysis program.

The surface morphology of the nickel powder was studied using the MIRA 3 TESCAN scanning elec-
tron microscope (SEM). Phase composition and crystallite size of nickel powder were determined using X-
ray diffraction (XRD) analysis and energy dispersion spectroscopy (EDS). X-ray diffraction analysis was
performed on Shimadzu XRD-6000 diffractometer with CuKa-radiation with a wavelength A = 0.15418 nm.
Phase identification was carried out using PDF 4+ databases, as well as the POWDER CELL 2.4 full-profile
analysis program.

The average crystallite size of nickel powder was calculated for the largest diffraction peak (111), using
the Scherrer equation for spherical particles of cubic symmetry:

_ E(;).94 A , 1)
-cos 0
where D — the average crystallite size (hm); A — the X-ray diffractometer wavelength (nm); B — the line
broadening at half the maximum intensity (radians); 6 — the Bragg angle. In this equation K — the numeri-
cal factor dependent on crystallite shape and in our case K = 0.94.

Thermogravimetric analysis was performed on the Labsys Evo TG-DTA/DSC 1600 °C derivatograph
(Setaram, France) at heating rates of 5, 10 and 20 °C/min, in nitrogen atmosphere.

Since the distillate is a liquid organic mass, it was mixed with Al,Os to avoid boiling and splashing.
Al,Os3 was pre-calcined at 600 °C for 4 hours. Distillate with the mass of 5 g was mixed with Al>Oz in the
ratio of 1:4.

Sample containing nickel powder was prepared as follows: 5 g of the distillate was mixed with the
0.05 g (1 % of distillate weight) nickel powder and this mixture was thoroughly stirred. Then Al,O3 was add-
ed to obtained mixture with the same ratio as in the case of sample without nickel powder. 10-10- g of ob-
tained mixture was taken for thermal analysis.

The kinetic parameters were determined based on the assumptions that the rate of transformation of a
substance is a linear function depending on the temperature T and conversion o [16]:

do
E=k(F)f(o>), )
where ® — the conversion which can be found from the relation [17, 18]:
= mi _mt ’ (3)
m, —m,

where m; — the initial mass sample; m; — the mass at time; me — the final mass.
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The basic equation for non-isothermal conditions has the form:
do Z
2 Lo . @
where Z — the pre-exponential or frequency factor (sec™); R = 8.314 kJ/(mol-K) — the universal gas con-
stant; T — the temperature (K); E — the activation energy (kJ/mol); B — the heating rate.
The Kissinger and Flynn-Wall-Ozawa model-free methods and the Coats-Redfern model method were
used to evaluate the effect of nanosized nickel powder on changing the activation energy.
The calculation of kinetic parameters by the Kissinger iso-conversion method is based on the equation

[19]:
|n{'”B}_| {ZR} £ (5)
T2 E | RT

The slope of the straight line plotted in coordinates In{ITB} Versus (1(_1_&) allows the activation ener-

gy E to be computed.
For the calculation kinetic parameters according to the Flynn-Wall-Ozawa model-free method was used
the following equation, taking into account the Doyle’s approximation [20]:

ZE E
InB = |n{R'g(®)}5.331—1.oszﬁ. (6)

("1000"/"T") along the slope of the straight line, the activation energy E was found.

A plot of In[ gT(?)} Versus (H?l_ﬂ) gives a straight line with the slope which allows the determination

of the activation energy E.
A Coats-Redfern method, which refers to model-fitting methods, was also applied to determine the ac-
tivation energy E [21]. The equation used in this method is of the form:

o[ 0] 2] £

All calculations are made under the condition that the reaction order isn = 1.

Results and Discussion

According to the result of the chromatography-mass spectrometric analysis, it was found that the ob-
tained coal tar distillate comprised alkanes (C12—C2o), alkenes (C13—Cis), cycloalkanes (C;—Cu1), alkylben-
zenes (Cs—C11), bicyclic alkanes, phenyl-cycloalkanes, naphthalenes (alkylnaphthalenes), biphenyls (alkyl
biphenyls), phenols and O-, N- and S-containing compounds. Table 1 shows the composition of distillate.

Table 1
The composition of the obtained coal tar distillate (< 350 °C)

Ne Compound Ag/‘z 1 N Compound Ag/i 2
1 2 3 4 5 6
1 |3-Methylpyridine 0.15 | 12 |5-Decanone 0.20
2 |1,3-Dimethylbenzene 0.11 | 13 |2-Ethylphenol 5.4
3 |3,5-Dimethylpyridine 0.21 | 14 |1,3-Cyclopentanedione, 2-chloro- 0.19
4 |Phenol 3.78 | 15 |3,5-Dimethylphenol 3.32
5 |3-Methylbenzyl mercaptan 0.21 | 16 [Triquinacene 0.53
6 |1-Methylpropyl benzene 0.14 | 17 |2,6-Dimethylanisole 0.27
7 |2-Cyclopenten-1-one, 2,3-dimethyl 0.27 | 18 [3-Ethylphenol 1.90
8 |1-Propynyl benzene 0.13 | 19 |(3-Methyl-2-butenyl) benzene 0.22
9 |2-Methylphenol 3.21 | 20 |1,2-Benzenediol 0.52
10 |4-Methylphenol 7.50 | 21 |4,7-Dimethylbenzofuran 0.28
11 |2,6-Dimethylpyridine 0.18 | 22 |2-Propylphenol 0.43
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Continuation of Table 1

2

3

4

5

6

23 |2-Ethyl-6-methylphenol 1.03 | 55 |1-Naphthalenol 1.15
24 |2,3-Dimethylanisole 0.14 | 56 |2(1H)-Quinolinone, 4,8-dimethyl 1.76
25 |1-Ethyl-4-methoxy benzene 1.05 | 57 |1,6,7-Trimethyl naphthalene 2.5
26 |2,4-Dimethylanisole 1.84 | 58 |1,4,6-Trimethyl naphthalene 0.84
27 |1,2-Benzenediol, 3-methyl- 1.35 | 59 |4,6,8-Trimethylazulene 1.47
28 |3,4-Dimethylanisole 0.48 | 60 |1-Heptadecene 1.35
29 |Cyclohexane, 1,2,3-trimethyl-, (1 alpha., 0.38 | 61 |Heptadecane 5.11
2.beta., 3.alpha.)
30 |1H-Indene, 2,3-dihydro-4,7-dimethyl 0.27 | 62 |1-methyl-7-(1-methylethyl) naphthalene 0.70
31 |3,5-dimethyl octane 0.76 | 63 |1-Naphthalenol, 2-methyl- 2
32 |1,2-Benzenediol, 4-methyl 1.45 | 64 |Ethanol, 2-(5-amino-6-chloropyrimidin-4- 1.32
ylamino)-
33 |2-Methyl naphthalene 3.08 | 65 [1-Methyl-7-(1-methylethyl) naphthalene 0.43
34 |1-(2-Hydroxy-5-methylphenyl) ethanone 0.40 | 66 |[Methyl diisopropylphosphoramioridite 0.51
35 |2-Methyl-5-(1-methylethyl) phenol 0.51 | 67 |1,6-Dimethyl-4-(1-methylethyl) naphthalene | 1.41
36 |6,7-Dimethyl-1,2,3,4-tetrahydronaphthalene | 0.54 | 68 |9-Methoxyfluorene 0.53
37 |1H-Inden-5-0l, 2,3-dihydro 0.86 | 69 |1,4-Dihydro-2,5,8-tri methyl naphthalene 1.04
38 |1,3-Benzenediol, 4-ethyl 0.71 | 70 |1-Naphthol, 6,7-dimethyl- 1.19
39 |6-Methyl-4-indanol 0.29 | 71 |1-Naphthol, 5,7-dimethyl- 0.41
40 |2-Ethyl-3-methoxypyrazine 1.61 | 72 |N-Methoxy-2-carbomethoxy-2-carbeth ox- 0.33
yaziridine
41 |1-(2,4-Dimethylphenyl) ethanone 0.51 | 73 |N-Methyl-1-hydroxycarbazole 0.64
42 |1,2,3-Trimethylindene 0.71 | 74 |3-Methyl tetradecane 3
43 |1,3-Cyclohexanedione, 5-isopropyl 0.45 | 75 |Phenanthrene 0.35
44 |1-(2,4-Dimethyl-furan-3-yl) ethanone 2.75 | 76 |6-Methoxy-2-(1-buten-3-yl) naphthalene 0.32
45 11,2,3,4-Tetrahydro-1,1,6-trimethyl 1.08 | 77 |3,4-Dimethyl(1H)pyrrole, 2-[(3,4-d imethyl- | 0.24
naphthalene [2H]-pyrrol-2-ylidene
46 |2,7-Dimethyl naphthalene 1.28 | 78 |Trifluoroacetoxy hexadecane 0.19
47 |2-Allyl-4-methylphenol 0.32 | 79 |Eicosane 2.45
48 |2,3-Dimethyl naphthalene 3.19 | 80 |7-Hydroxycadalene 0.20
49 |1-(2,5-Dimethylphenyl) ethanone 2.06 | 81 |1-Hexadecene 0.24
50 |1-Pentadecene 0.70 | 82 |Heneicosane 1.58
51 |Pentadecane 1.57 | 83 |Octadecyl trifluoroacetate 0.26
52 |Acenaphthene 0.58 | 84 |1-Methyl-7-(1-methylethyl) phenanthrene 0.41
53 |3-Ethyl-1,2,4,5-tetramethyl benzene 0.90 | 85 |11-Tricosene 0.16
54 |2,3,6-Trimethyl naphthalene 0.64 | 86 |Hentriacontane 2.3

SEM analysis (Fig. 1) showed that the nickel powder consists of nanoscale particles with a form close to
spherical forming aggregates. The presence of small amount of oxygen and carbon were found by EDS (Fig. 1).

SEM HV: 30.0 kV. WD: 5.97 mm
View fieid: 1.80 um Det: SE
SEM MAG: 153 kx  Date{midiy): 02/10/21

xS e e

500 nm

MIRA3 TESCAN|

Porformance In nanospace

Figure 1. SEM image and EDS of nickel powder
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On the XRD pattern (Fig. 2) basic peaks with the Miller indices (111), (200) and (220) were observed at
the appropriate values of interplanar distances 2.034 A, 1.762 A and 1.246 A. These parameters were in ac-
cordance with face-centered cubic structure. Calculation using the Equation (1) showed that medium crystal-
lite size was approximately 34 nm.
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Figure 2. Diffraction pattern of the nickel powder

Figure 3 presents the effect of heating rate 5, 10 and 20 °C/min on weight loss (%).

The values of activation energies calculated by the Kissinger method showed that high correlation coef-
ficients R? = 0.966-0.9915 were received for the conversion w in the range of 20-60 % for thermal decom-
position of primary coal tar distillate without a catalyst (Table 1).

a) b)
) Heating rate °C/min: Heating rate °C/min:
_100 5 100 — 5
& g0 - € 80 -
et
S 60 1 20 || & %07 20
= 40 A S 40 A
20 A 20 -
o T L T T Ll L] L R v = L 1 0 T L L) L] P |
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400
Temperature (°C) Temperature (°C)

a — without a catalyst; b — in the presence of nickel powder
Figure 3. The effect of heating rate 5, 10 and 20 °C/min on weight loss (%)

At a heating rate of 5 °C/min, a temperature shift of the start of degradation is observed from ~140 °C
without a catalyst versus ~90 °C in the presence of nickel powder. The shift was from ~150 °C to ~125 °C
for the heating rate 10 °C/min. Also, for the heating rate 20 °C/min the temperature of the start of degrada-
tion was ~125 °C without the catalyst and ~160 °C in the presence of nickel powder.

Figure 4 designates the plots obtained by the Kissinger method.
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Figure 4. Kissinger approximation plots of thermal degradation of primary coal tar distillate

The average value of the activation energy Ea. = 145.19 kJ/mol was calculated from the activation ener-
gy values for conversion () in the range 0.2-0.6 with correlation coefficients R2> 0.96.

Table 2
Calculation of activation energy at various conversions by the Kissinger method
Without a catalyst
Conversion (o) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
8‘;{5;&2‘;’” Coeffi- | 841 | 0.9847 | 0.9915 | 0.9857 | 0.9832 | 0.963 | 0.9352 | 0.9177 | 0.8913
Activation energy | 99 g9 | 22004 | 15842 | 131.9 | 114.97 | 10062 | 96.77 | 87.07 | 76.62
(Ea, kJ/mol)
In the presence of catalyst
Conversion () 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cci‘;:]rtezgtz';’” Coeffi- | 09403 | 0.9177 | 0.9359 | 0.9404 | 0.9514 | 0.9606 | 0.9682 | 0.9667 | 0.9762
Activationenergy | 4q1 | 4553 | 4472 | 4457 | 4354 | 4452 | 4375 | 4269 | 43.76
(E., kd/mol)

When calculating by the Kissinger method for the thermal decomposition of coal distillate with the ad-
dition of nanoscale nickel powder in a quantity of 1 % of distillate weight, the activation energies with corre-
lation coefficients R?<0.98 were obtained for all the range of » = 0.1-0.9 (Table 2). The average activation
energy Ea=43.65 kJ/mol was calculated from the activation energies obtained in the range of o = 0.5-0.9
with R?2 =0.9514-0.9762.

Figure 5 illustrates the linear relationships obtained by the Flynn-Wall-Ozawa method.
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Figure 5. Linear relationships obtained by the Flynn-Wall-Ozawa method
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The calculation of activation energies at various conversions by the FWO method (Table 3) showed that
the highest correlation coefficients R? were in the range of conversions o = 0.2-0.6 for thermal decomposi-
tion of primary coal tar distillate without a catalyst. The average value of activation energy were calculated
for w in the range 0.2-0.6 and accounted for E, = 152.82 kJ/mol.

Table 3
Calculation of activation energy at various conversions by the FWO method
Without a catalyst
Conversion () 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Correlation coeffi- | ) g0y | (9856 | 0.9922 | 0.9872 | 0.9852 | 0.9679 | 0.9441 | 09302 | 0.9098

cient (R?)
Activationenergy | y5 | 59735 | 16589 | 12277 | 14027 | 10858 | 104.88 | 9539 | 85.15
(Ea, kJ/mol)
In the presence of catalyst
Conversion () 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Correlation coeffi-
cient (R?)
Activation energy
(Ea, kJ/mol)

0.9527 | 0.9364 | 0.9511 | 0.9549 | 0.9636 | 0.9705 | 0.9764 | 0.9756 | 0.9826

55.85 52.57 51.97 52 51.15 51.31 51.74 50.88 51.2

Calculation by the FWO method for thermal decomposition of distillate with the addition of nickel
powder (in a quantity of 1 % of distillate weight) showed that the values of activation energies were received
at correlation coefficients R?< 0.99 for all the range of conversion o = 0.1-0.9. The average activation ener-
gy Ea=51.65 kJ/mol was calculated from the activation energies obtained in the range ® = 0.5-0.9 with
R? = 0.9636-0.9826.

Figure 6 demonstrates curves of thermal degradation of primary coal tar distillate in the presence of
nickel powder constructed by the Coats-Redfern method.
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Figure 6. Curves of thermal degradation of primary coal tar distillate in the presence of nickel powder

The calculation of activation energies at different heating rates by the Coats-Redfern method is present-
ed in Table 4.
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Calculation of activation energies at different heating rates by the Coats-Redfern method

Table 4

Kinetic parameters Without a catalyst In the presence of nickel powder
Heating rate (°C/min) 5 10 20 5 10 20
Activation energy (Ea, kd/mol) 178.753 119.185 132.203 52.525 57.22 47.18
Correlation coefficient (R?) 0.9926 0.9909 0.9935 0.9676 0.9226 0.9446
The average value of E,, kJ/mol 143.38 52.64

According to the calculation received by the Coats-Redfern method for thermal degradation of primary
coal tar distillate without a catalyst, the average activation energy was E.= 143.38 kJ/mol without a catalyst
and was close to activation energy value obtained by the Kissinger method.

In the presence of nickel powder the activation energy was E.=52.64 kJ/mol, which was close to acti-
vation energy value obtained by the FWO method.

Conclusions

The results of this study revealed that in the process of thermal degradation of primary coal tar distillate
(<350 °C) the values of activation energy calculated by the model-free Kissinger and Flynn-Wall-Ozawa
methods are consistent with the model-fitting Coats-Redfern method. The differential between obtained val-
ues is insignificant. The calculation of the activation energy with high correlation coefficients is provided by
the Kissinger and FWO methods for the process of thermal degradation of primary coal tar distillate
(<350 °C) without a catalyst.

The Coats-Redfern method is also suitable for calculating the activation energy in the presence of nickel
nanopowder, because obtained dependences are close to linear and have the high correlation coefficients. It
was found that the addition of nanoscale nickel powder in a quantity of 1 % of distillate weight the activation
energy reduces by approximately 3 times.
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Tackemip maibIpbl AMCTH/VIATBIHBIH TEPMUSJIBIK bIABIPAYbIHA
HHMKeJIb HAHOYHTAFBIHBIH dcepi

TackeMip HIAABIPEl JUCTHUIATHIHBIH TEPMHSUIBIK BIABIPAY MPOILICCIHE HUKENIb HAHOYHTAFbIHBIH dCEp €Ty
3aHIBUTBIKTApEl Kuccuumkep, ®amaH-Yomn-O3aBaHblH IHHAMHUKAIBIK MOJIENBCI3 omicTepiH xoHe Koyte-
PendepHuin Monenbai omiciH KojjiaHa OTHIPHIN aHbIKTanabl. KaitHay temmeparypacsl <350 °C GonatsiH
TacKeMip MANBIPBHIHEIH TUCTHLATH 1lyOapkesn keH OpHBIHBIH OipIHIIIIIK TACKOMIp IIAWBIPBIH KapamaibiM
aiiay apkpuibl anblHABL KaTanuszaTop peTiHae KONIAHBUIFAH HAHOGJIIeMJI HUKEIb YHTarbl TacKeMip
MIAABIPBIHBIH  JUCTWLIATEL MaccackiHa | % Menmiepae KOCBULABL, COJAH KeHiH TacKeMip INabIphI
TUCTHIUIATBIHBIH TEPMIBUTBIK BIIBIpAy Tpoleci MHepTTI ra3 oprackiHAa S, 10 sxoHe 20 °C/MHH KBI3IBIPY
JKBUIIAMJIBIKTApBIMEH JKYPrizingi. Hukenb YHTaFbl 9JEKTPOJIH3 MPOIIECiHe TYPAKThl TOKTA )KOFAphl BOJIBTTHI
paspsdneH ocep €TKeH Kesne anmblHAbl. PeHTrennik dazanbik anamms (PDPA) anpiHFaH HUKENb YHTaFbI
LEHTPIIKBIPIIBI TEKIIE KYPBUIBIMIBI €KeHiH KopceTTi, an Llleppep TeHaeyiMeH ecenTenreH KpUCTaUTUTTEePIiH
oprama enmeMmi maMaMeH 34 HM Kypaabl. AKTHBTENY SHEPIHSCBHIH €CENTEy TepMOTPaBUMETPHSIIBIK,
MaTIMETTEep/li OHJeY apKbUIbl XKyprizinai. Kuccunmkep aici OoMbIHIIA ecenTey aKTUBTENTY SHEPrHsCHIHBIH
MoHi 145,19 kJx/Monb-1eH 43,65 kJ[)x/Momb-Te Aeiiin ToMeHAeHTiHIH KopceTTi, PnunH-Yot-O3aa (FWO)
ozici OOWBIHINA aKTHBTENY SHEPrHschIHBIH MoHI 152,82 kJbx/Momb-neH 51,65 xJ[k/Monb-re neifin
TOMEH/ICHTIHI aHBIKTAIIEI koHe KoyTc-Pendepn Monmenpaik omiciHe colfkec aKTHBTEITy YHEPTHSCHIHBIH MOHI
143,38 x/[x/mMomb-nen 52,64 xJx/Monb-Te NeiiH ToMeHIeH 1. AIBIHFaH KOppensus Ko3hOUIHeHTTepiHiH
JKOFapbl MOHJIEP1 OYIT oMTiCTepIiH KOJIAHBITY MYMKIHIIUTITiH aHBIKTaHIbL.

Kinm ce30ep: TepMHUSANBIK IECTPYyKIHWs, HUKENb, HAHOYHTAK, TaCKeMip MIABIPHI, IUCTIILIAT, KPUCTAJUIHT,
TEpMOTPAaBIMETPHSUIBIK aHAIN3, aKTUBTEILY SHEPTUSICHL
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C.B. Kum, M.U. Baiikenos, K.C. Ouies,
M.T". MeiipamoB, ®en FOn Ma, T.O. XamuToBa

Bausinue HAHOMMOPOMIKA HUKEJISI HA TEPMUYIECCKOEC Pa3J/I0KEHUE
AUCTUIIJIATA KaMeHHO)’FOHBHOf/i CMOJIBI

3aKOHOMEPHOCTH BIMSHHS HAHOMOPOIIKA HUKENS Ha MPOIECC TEPMUUECKOTO Pa3IOKEHUs IUCTUILIATA Ka-
MEHHOYTOJIBHOW CMOJIBI OBUTH OIIPEAENCHEI ¢ HCII0JIb30BaHNEM TMHAMHYECKHX 0e3MOJIeNbHBIX MeTo0B Kuc-
cupmxepa, ®muaHa-Yomma-O3aBel u MogjenbHoro Merona Koyrca—Pendepna. JlucTmmmar kaMeHHO-
YTOJBHON CMOJBI ¢ TeMmmepaTtypoit kumeHus: < 350 °C ObIT TMOSydeH IPOCTOH NMEeperoHKOl IMepBUYHOI Ka-
MEHHOYTOJIHOH cMOIIBI ¢ MecTopokaeHus «lllyGapkomb». B kadecTBe karanmsaTropa HCIONB30BaINd HAHO-
pa3MepHbIH MOPOIIOK HHUKENs, KOTOPhIA JOOABISUIM B AUCTHUILUIAT KAaMEHHOYTONBHOM CMOJBI B KOJHYECTBE
1 % ot maccel TUCTHIUIATA M 3aTEM MPOBOJAHMIM MPOIECC TEPMHUYECKON AECTPYKLUUH JUCTUIIIATA KAMEHHO-
YTOJIBHON CMOJIBI TIpH CKOpocTsixX Harpesa 5, 10 u 20 °C/muH B cpene nHepTHOTo rasa. [Topomiok HuKkesst ObL1
MOTy4YeH NP BO3AEHCTBUN BBICOKOBOJIBTHOTO pa3psiia Ha MPOIECC MEKTPOIN3a Ha MOCTOSIHHOM Toke. IIpo-
BEJICHHBII peHTreHo(a30BbIi aHAN3 TO0Ka3al, YTO MONY4YEHHBIH MOPOLIOK HHUKEISl MMEET TPaHElEeHTPHPO-
BaHHYIO KyOHUYECKYyIO0 CTPYKTYpPY, a CpPEJHUI pa3Mep KpHUCTAJUTUTOB, PACCUYMTAHHBIA 10 ypaBHeHHIo [lleppe-
pa, cocTaBmI IprMepHO 34 HM. PacdeTsl SHEPTHH aKTHBAIUH NIPOBOAMINCE C TOMOIIBI0 00pabOTKH TepMo-
TpaBUMETPUYECKHX HTaHHBIX. Pacuer mo metomy Kuccummkepa mokasan, 9To 3HaUCHHE SHEPIHU aKTHBAINI
yMeHbIiaetrcs ¢ 145,19 k/x/monb mo 43,65 k/[x/Mons, o Metony DnuaHa—Y oita—O3aBbl YCTaHOBJICHO,
YTO 3HAYCHHE SHEPIUU aKTUBAIMU yMeHbmiaercs ¢ 152,82 k/x/momp go 51,65 xJ/Momb, u cOriacHO Mo-
nensHOMY Metony Koyrca—PendepHa 3HaueHHe sHEprun akTUBanuMM yMeHbIaercs co 143,38 k/x/mMonb g0
52,64 xJlx/Moinb. [IpUMEHUMOCTD TaHHBIX METO/IOB 00ECIICUUBACTCS MOTYICHHBIMU BHICOKUMH 3HAYCHUSIMH
K02() QUIIHEHTOB KOPPEIAIIIH.

Krniouegvie cnosa: TCPMHUYECCKasd NCCTPYKIHUA, HAKCIb, HAHOIIOPOIIOK, KaME€HHOYTOJIbHasi CMOJia, JTUCTUIIIAT,
KpUCTAJIJINT, TepMOI‘paBI/IMeTpI/IquKI/Iﬁ aHaJIn3, SHEPI'vsd aKTUBallUU.
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