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Objectives. Cinnamic acid derivatives belong to a large class of phenolic compounds, which
are widely distributed in plants and have high potential for use in the medical and industrial
fields. They have various useful practical properties, e.g., antioxidant, anti-inflammatory,
antiplatelet, and anti-melanogenic properties. Hydroxycinnamic acids are of particular interest
as phenylpropanoids, which are the starting compounds of lignin. The aim of this work was
to study the electronic structure and analyze the reactivity of the simplest representatives of
phenylpropanoids formed during the biosynthesis of the coumaric (p-hydroxycinnamic), caffeic
(3,4-dihydroxycinnamic), ferulic (3-methoxy-4-hydroxycinnamic), sinapic (3,5-dimethoxy-4-
hydroxycinnamic), and 3,4-dimethoxycinnamic acids. These acids are the biogenetic precursors
of most other phenolic compounds (coumarins, melanins, lignins, and flavonoids) and are found
in almost all higher plants.

Methods. Calculations with full optimization of the geometric parameters were performed using
the original Hartree—-Fock theory and hybrid density functional method. All calculations were
performed using the Firefly program.

Results. A comparative quantum chemical calculation of the geometric parameters of hydroxycinnamic
acid molecules was conducted via two methods, and the values of the charges on atoms according to
Mulliken were determined. It was found that with the addition of hydroxyl and methoxy substituents
at the meta and para positions relative to the carboxyl fragment, the electron density shifts toward the
benzene ring, and the symmetry of the molecule decreases. Additionally, in these structures, there
is m,m-conjugation of the carboxyl fragment of the -CH=CHCOOH molecule with the aromatic ring,
which significantly affects the geometric configuration of the molecule. The maximum positive
charge is concentrated on the C, atom, while the maximum negative charge is on the oxygen
atoms belonging to the methoxy substituents and the hydroxyl group, which confirms the role of
oxygen atoms in the chemical transformations of acids.

Conclusions. Two different methods were used to calculate the geometric, electronic, and energy
parameters and electrophilicity indices of the studied hydroxycinnamic acids in the gas phase.
The obtained values were consistent (within the limits of error) with the experimental data as well
as the results described in earlier works’ calculations by other methods.

Keywords: oxy-cinnamic acids, coumaric acid, caffeic acid, sinapic acid, ferulic acid,
dimethoxycinnamic acid.
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KOPUYHOM KUCJIOTHI — MPEIIIeCTBEHHUKOB JIUTHUHA
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@Aemop ons nepenucku, e-mail: karimov.oleg@gmail.com

Ienu. ITpou3gooHble KOPUUHOU KUCOMBL OMHOCAMCSL K OONbULOMY KAACCY (PeHONbHBLX COeOu-
HeHUll, Komopble WUPOKO PACNPOCMPAHEHbL 8 pacmumenbHocmu U 06aadarom 6blCOKUM No-
MeHYUANOM OS5t NPUMEHEHUSL 8 MeOUYUHe U npomblulieHHocmu. OHu obiadarom pasiuuHsbimu
npaxmuuecku nosesHblLMU C80LICM8aMU, HaANPUMep, AHMUOKCUOAHMHBIMU, NPOMUBOBOCNANU-
MeNbHbIMU, AHMUARPE2AHMHBLIMU U AHMUMENAAHO2EHHbIMU ceolicmaamu. OmoensvHbulili uHme-
pec npedcmasnsiiom OKCUKOPUUHbLE KUCOMbL KAK (PEHUNNPONAHOUObL, SBALIOULUECS. UCXOOHDL-
MU COEOUHEHUAMU AuUHUHA. Llenvto daHHOU pabombl sensiemcest Ucciedo8aHuUe 9NeKmMpPOHHOU
cmpyKkmypbsl U AHAAUS3 PEaKUUOHHOU cnocobrHocmu npocmetiuiux npedcmasumeneti peHunnpo-
naHouoos, 06pa3yUUXCSL 8 npoyecce buocuHmesa: KYymapoaoil (N-0KCUKopuuHoti), KogetiHol
(3,4-0uzudporcurxopuuHoti), pepynogoli (3-memorcu-4-eudpoxKcuKopuuHoii), cuHanosoti (3,5-ou-
Mmemorcu-4-2udporcuKopuuHoti) u 3,4-oumemorcuKopuuHoil Kuciom. Omu KUCI0mbl s18A10M-
csi buozeHemuueckumu npeduecmgeHHUKamu boasuuHemaa opyaux peHoNbHbLX coeOUHeHUT
(KymapuHos8, MenAHUHO8, JAUHUHA U (PABOHOUO08) U 8CMpeuaromest npaKkmuuecku 80 8cex
8LICULUX PACMEHUSLX.

Memoovl. B pamkax ozpaHuueHHozo memooa Xapmpu Doka u memooa 2ubpudHo2o pyHKUU-
OHAA NJIOMHOCMU ONMUMUIUPOBAHLL UcCaedyemble monekyasl. Bece pacuemubt nposodusuces ¢
ucnosbzosaHuem npozpammel Firefly.

Pesynomamut. I[Ipogeder cpagHUMENbHBLI KBAHMOBO-XUMUUECKUL pacuem 2eoMempuueckux
napamempog MoseKysl. OKCUKOPUUHBLX KUCOM 08YMSL mMemooamu, npusedeHsbl 3HaUeHus 3a-
psidoe Ha amomax no Mannukery. Ilpu egedeHuu 2uOPOKCUNBHBIX U MEMOKCUNLHBLX 3aMeCcmu-
menetl 8 M- U N-NOJIOIKEHUSL OMHOCUMENbHO KAPOOKCUNBbHO20 (hpazmeHma npoucxooum cmeuie-
HUe 3/1IeKMPOHHOT NJIOMHOCMU 8 CMOPOHY OEH30bH020 KObUA U, KAK ciedcmaeue, NOHUKeHue
cummempuu monekyasl. Tarixke 8 uccriedyemblx Cmpykmypax umeemesi T, T-conpsikeHue Kap-
6orxcunvbHo20 ppaemerma monekysol —-CH=CHCOOH c¢ apomamuuecKum KOAbUOM, Umo cyuie-
CMBEHHO CKA3bIBAEMCSL HA 2e0MempuUecKoli KoHpuypayuu moaexya. MakcumaneHblll NO0IKU-
menbHbLil 3aps0 cocpedomoueH Ha amome C,, a MAKCUMATbHBLUL OMPULAMENbHBLU — HA AMOMAX
KUCIOPOOQ, OMHOCAUUXCSL K MEMOKCUNbHBIM 3aMecmumensm U 2uOpOKCUNbHOU epynne, umo
noomeepskoaem posie KUCOPOOHBLIX AMOMO8 8 XUMUUECKUX NPEe8PAULeHUSIX KUCIOM.

Buieodsl. B pabome 08Yymsi pasiuuHbiMu memodamu Obliu PpacCuumamsl eeomempuueckue,
2NIeKMPOHHbBLlE U SHepzemuueckue napamempsl, a maksKke UHOeKCbl 9I1eKmpopuibHOCMU UCCe-
JyemblxX OKCUKOPUUHBLX KUCAom 8 2a3080li ¢pase. IlonyueHHsble 8enUUUHbL CORNACYIOMESL 8 npe-
desniax nozpeulHocmetl ¢ 9KCNepUMeHMANbHbIMU OAHHbIMU, A MAKIKE ONUCLIBAEMBIMU 8 PAHHUX
pabomax npu pacuemax Opysumu memooamu.

Knroueeble cnoea: oKCUKOPUUHbLE KUCAOMbL, KYymMaposast KUCAoma, kKogeliHas Kucaioma,
cuHanosas Kucaoma, gpepysrosas Kucioma, OUMemoKCUKOpUUHas Kucioma.

Jna yumuposanua: Kapumos O.X., Komuuna I'TO., Tenrepesa I'A., Uersepruesa M.A., Kapumos 3.X., Bagpernunos A.P.
HccnenoBanue peaklMOHHOH clIOCOOHOCTH NPOU3BOIHBIX KOPUUHOI KHUCIIOTHI — IIPEIIIECTBEHHUKOB JIUTHUHA. TOHKUe XumMuyecKue
mexnonoauu. 2020;15(4):7-13. https://doi.org/10.32362/2410-6593-2020-15-4-7-13
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Cinnamic acid derivatives (hydroxycinnamic
acids) belong to a large class of phenolic compounds,
which are widespread in vegetation and have high
potential for use in medicine and industry. They
are involved in the biosynthesis of lignins and
flavonoids as well as interact with sugars, cell wall
polysaccharides, acyclic and alicyclic acids, terpenes,
amines, alkaloids, and several other substances.

Various biological properties of oxy-cinnamic
acids are known. For example, coumaric acid has
antioxidant, anti-inflammatory, antiplatelet, and
anti-melanogenic properties [1], while caffeic acid
is a polar compound with a strong chelating ability
toward metals as well as antioxidant activity [2, 3].

Oxy-cinnamic acids are of particular interest as
phenylpropanoids, which are the starting compounds
of lignin. In the course of biosynthesis, they are
reduced to oxy-cinnamic alcohols [4], which serve as
direct precursors of lignin.

Many reports have been devoted to the study
of the structure and properties of lignin precursors.
For example, in [5], the antioxidant properties
of coumaric and sinapic acids are studied using
quantum chemistry methods. Calculations within the
framework of the density functional theory “Becke,
3-parameter, Lee—Yang—Parr” (B3LYP) in the
6-311+G(2d,2p) basis for compounds in a vacuum
and an aqueous medium show that the OH group is
responsible for the antioxidant properties. In another
work [6], the structure of coumaric and caffeic acids
is comparatively studied by physicochemical analysis
methods and quantum chemical calculations. The
results obtained, which are also calculated within the
framework of the density functional theory B3LYP in
the 6-311G basis set, are in good accordance with the
experimentally obtained values.

Derivatives of cinnamic acid, i.e., o-coumaric,
m-coumaric, caffeic, ferulic, and chlorogenic
(caffeyl-3-quinic acid) acids [7], are studied using
the limited Hartree—Fock method in the 6-311G(d)
set. Hydroxycinnamic acid derivatives, in which
the carboxyl group is separated from the aromatic
ring by a vinyl bridge, are characterized by higher
antioxidant activity than the corresponding benzoic
acid derivatives.

The aim of this work is to study the electronic
structure and analysis of the reactivity of the simplest
representatives of phenylpropanoids formed during
biosynthesis: coumaric (p-hydroxycinnamic) (I), caffeic
(3,4-dihydroxycinnamic) (II), ferulic (3-methoxy-4-
hydroxycinnamic) (III), sinapic (3,5-dimethoxy-4-
hydroxycinnamic) (IV), and 3,4-dimethoxycinnamic
acids (V) (see figure below). These acids are the

biogenetic precursors of most other phenolic
compounds (coumarins, melanins, lignins, and
flavonoids) and are found in almost all higher plants.

17
R=H(I—IV),—CH;(V)

1314
R2 RZZ—OCH3(III_V)9 H(I’ II)

1516
Ry=H(I—III, V), —~OCH;(IV)

OR,
11

Structural formulas of hydroxycinnamic acids.

MATERIALS AND METHODS

Calculations with complete geometric parameter
optimization were performed using the restricted
Hartree—Fock (RHF) theory and the hybrid density
functional method B3LYP in the 6-311 (d,p) basis
using the Firefly program', which is a version of the
General Atomic and Molecular Electronic Structure
System program (USA) [8] with new computational
algorithms [9, 10].

RESULTS AND DISCUSSION

The geometric parameter calculations (Table 1)
showed that the addition of hydroxyl and methoxyl
substituents in the meta and para positions relative
to the carboxyl fragment led to a shift in the electron
density toward the benzene ring and, consequently, a
decrease in the symmetry of the molecule. Additionally,
in the studied structures, there was m,m-conjugation of
the carboxyl fragment of the molecule -CH=CHCOOH
with an aromatic ring, which significantly affected the
geometric configuration of the molecule.

Considering the theory of valence bonds, the ZCCO
angles between bonds should be approximately 111°.
The opening of ZCCO (117.74°-124.96°) is associated
with the introduction of methoxyl groups and, thus,
the emergence of strong stress and increased reactivity
(Table 1). The distortion of the bond angle ZC.C,C, and

! Granovsky A.A. Firefly version 7.1.G. URL: http://classic.chem.msu.su/gran/firefly/index.html (Accessed March 2, 2020).
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its increase are associated with the influence of the
carboxyl group.

Table 2 shows the values of the charges on
atoms according to Mulliken as calculated by various
methods. The obtained values show that the positive
values were concentrated on the C, and C; atoms
for all studied compounds. The positive charges of
these atoms in the range from 0.227 (C)) to 0.585 (C,)
were partially compensated by the sphere of negative

charges on the oxygen atoms of the hydroxyl and
carboxyl groups from —0.394 to —0.461.

The distribution of the point charges on atoms
was such that the maximum positive charge was
concentrated on the C; atom, while the maximum
negative charge was on the oxygen atoms belonging
to the methoxyl substituents (O, =V, O,, O,;) and
the hydroxyl group (O,, — [-IV), which confirmed the
role of oxygen atoms in the chemical transformations

Table 1. The values of the valence and dihedral angles of the acid molecules
as calculated by the RHF/6-311(d,p) and B3LYP/6-311(d,p) methods

Angles I 1T I v \4
C?Illcel::::)t;on RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP
Z0,CC, 117.744 | 117.580 | 120.141 | 120.438 | 119.909 | 120.521 | 120.205 | 120.871 | 124.959 | 124.853
ZCC.C, 123.346 | 123.277 | 122.761 | 122.761 | 122.915 | 122.500 | 122.559 | 122.528 | 122.998 | 123.012
ZC.C.C, 124.675 | 125.259 | 124.802 | 125.473 | 124.678 | 125.483 | 124.786 | 125.503 | 124.520 | 125.181
ZC.C,0, 117.582 | 117.471 | 117.639 | 117.542 | 117.577 | 117.539 | 117.649 | 117.571 | 117.491 | 117.410
£0,,C,C.C, | —23.340 | —21.822 | —23.017 | —20.897 | —23.666 | —20.348 | —22.959 | —20.480 | —24.246 | —22.315

Table 2. The values of the charges on atoms according to Mulliken in the acid molecules
as calculated by the RHF/6-311(d,p) and B3LYP/6-311(d,p) methods

Angles 1 i I v v

C*I‘]';‘;L‘:;"“ RHF | B3LYP | RHF | B3LYP | RHF | B3LYP | RHF |B3LYP| RHF | B3LYP
C, 0257 | 0.165 | 0256 | 0.174 | 0264 | 0.166 | 0227 | 0.160 | 0258 | 0.182

) 0.133 - 0.141 - 0.143 - 0110 | - 0.133 -

C, ~0.105 | —0.086 | —0.092 | —0.085 | —0.093 | —0.087 | 0.226 | 0.137 | —0.121 | —0.013
C, ~0.060 | —0.061 | —0.075 | —0.061 | —0.065 | —0.054 | —0.090 | —0.049 | —0.075 | —0.065
C, ~0.096 | —0.088 | —0.088 | —0.096 | —0.079 | —0.099 | —0.068 | —0.090 | —0.070 | —0.076
C, ~0.062 | —0.047 | —0.103 | —0.052 | —0.068 | —0.071 | —0.122 | —0.068 | —0.072 | —0.032
C, —0.131 | —0.120 | 0219 | 0.121 | 0.174 | 0.151 | 0284 | 0.176 | 0216 | 0.124
C, ~0.016 | —0.047 | —0.013 | —0.046 | —0.016 | —0.042 | —0.016 | —0.043 | —0.021 | —0.050
C, ~0262 | —0213 | —0.265 | —0.218 | —0.263 | 0222 | —0.267 | -0.220 | —0.259 | —0.211
C, 0583 | 0377 | 0584 | 0378 | 0583 | 0378 | 0.585 | 0379 | 0582 | 0377
m 0.314 - 0.321 - 0318 - 0308 | - 0.300 -
0, ~0395 | —0.306 | —0.394 | —0.306 | —0.394 | —0.306 | —0.394 | 0306 | —0.395 | —0.307
0, ~0.443 | —0.349 | —0.450 | —0.347 | —0.450 | —0.345 | —0.458 | —0.355 | —0.461 | —0.344
0, ~0.426 | —0316 | —0.425 | —0318 | —0.426 | —0319 | —0.426 | 0319 | —0.425 | —0.316
0, - — | 0495 | —0.406 | —0.520 | —0.405 | —0.523 | —0.411 | —0.485 | —0.363
0. - - - - - — [ 0489 [ 0367 | - -
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of acids. The highest concentration of electron density
was noted at the C, (V) = —0.121 atom due to the
close arrangement of methoxyl groups in the o- and
m- positions relative to it, which corresponded to the
center of electrophilic attack in the aromatic ring.

Considering the C, atom bonded to phenolic
hydroxyl, the local electrophilicity value m showed that
these values decreased upon going to methoxy-substituted
acids. Compounds IV and V were less electrophilic than
phenol due to the influence of the methoxyl substituents
located in the o-positions to phenolic hydroxyl.
According to [11], the B3LYP hybrid density functional
method underestimates ionization potentials, while the
Hartree—Fock method provides values that are in good
accordance with the experimental data.

Using the calculated data, the electrophilicity
index values were also calculated (Table 3). Based
on the calculated data, the global electrophilicity
index ® for phenol was 0.244 eV [12]. All tested
compounds were more electrophilic than phenol. This
phenomenon was due to the electron-withdrawing
effect of the -CH=CHCOOH and —-OCH, groups
located in the p-position to phenolic hydroxyl.

The ionization potential (IP) determines the
reduction activity of a compound, i.e., its ability to

easily donate an electron. Sinapic acid had the lowest
IP value of the studied acids, confirming its high
antioxidant properties [13]. The range of antioxidant
activity in this case was as follows: sinapic acid >
ferulic acid > caffeic acid ~ 3,4-dimethoxycinnamic
acid > coumaric acid. The values in the table were in
good accordance with the calculations in other works
(e.g., the IP of coumaric acid in [6] was —6.4 eV and
that of sinapic acid was —6.1 eV).

CONCLUSIONS

The optimization of the molecules of the
cinnamic acid derivatives was performed via quantum
chemistry methods, and the geometric, electronic,
and energy characteristics of the studied molecules
were calculated.

Based on the results, the reactivity series of the carbon
and oxygen atoms of the studied molecules in electrophilic—
nucleophilic reactions were built. For coumaric acid,
two carbon atoms with reactivity C, > C, had a positive
charge; in the series of atoms with negative charges,
the reactivity was C,>C,>C,>C,>C,>C,=C, and
0, >0, > 0, For caffeic acid, three carbon atoms
with reactivity C; > C, > C, had a positive charge; in

Table 3. The values of the acids’ main energy characteristics

as calculated by the RHF/6-311(d,p) and B3LYP/6-311(d,p) methods*

Calculation I u 1 v v
il RHF | B3LYP | RHF B3LYP RHF B3LYP | RHF | B3LYP | RHF B3LYP
—1IP, eV 8.559 6.424 8.445 6.252 8.498 6.148 8.341 6.106 8.416 6.254
—E,, eV -1.859 | 2.051 —1.752 2.081 -1.807 | 2.0122 | —1.803 2.005 —1.898 1.979

n, eV 10.418 4.373 10.197 4.171 10.305 4.136 10.144 4.101 10.314 4.275

S, eV 0.096 0.229 0.098 0.240 0.097 0.242 0.099 0.244 0.097 0.234
E_,x107,eV | —15.515| —15.608 | —17.553 | —17.655 | —18.615 | —18.725 | —21.715 | —21.842 | —19.677 | —19.794

-u, eV 3.350 4.238 3.347 4.167 3.346 4.080 3.269 4.056 3.259 4.117

o, eV 0.539 2.053 0.549 2.081 0.543 2.013 0.527 2.005 0.515 1.982

Aw, eV 0.295 1.809 0.305 1.837 0.299 1.769 0.283 1.761 0.271 1.738

*Note: 1P — ionization potential; £, — energy of electron affinity; n — index of absolute chemical hardness; S — index of
absolute chemical softness; £, —minimum energy of matter; p — electronic chemical potential; o — global electrophilicity index;

A =0 — 0O,
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the series of atoms with negative charges, the reactivity was
G>C,>C>C>C,>C,>C andO,,>0, >0,,>0,,. For
sinapic acid, the respective reactivities were G, > C, > C, >C,
(atoms had a positive charge) and C, > C, > C > C, >
C,>C,>C,andO,>0,,>0,,>0,,> 0, (atoms had a
negative charge). Finally, for 3,4-dimethoxycinnamic acid,
the respective reactivities were C, > C, > C, (atoms had a
positive charge) and C,>C . >C  >C,>C,>C >C,>C,
andO,>0,,>0,,> 0, (atoms had a negative charge).
The largest positive charge in all studied
compounds was concentrated on the carbon atom of
the carbonyl group, and the largest negative charge
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Energy saving in the extractive distillation
of isobutyl alcohol—isobutyl acetate with n-butyl propionate
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Objectives. Determination of the effectiveness of using various types of heat pumps in the
extractive distillation of an isobutyl alcohol-isobutyl acetate mixture with n-butyl propionate as
the entrainer.

Methods. As the main research method, mathematical modeling was performed using the Aspen
Plus V. 9 software package. As a model for describing the vapor-liquid equilibrium, the local
composition equation-based UNIQUAC model was employed, and the Redlich-Kwong model
was adopted to examine the non-ideal vapor phase. When modeling the conventional scheme of
extractive distillation, parametric optimization was carried out according to the criterion of total
energy costs in the reboilers of the columns. For economical evaluation, Aspen Process Economic
Analyzer V10.1 tools were employed.

Results. In comparison with the conventional extractive distillation scheme, three variants of
schemes with vapor-recompression heat pumps were considered: with a heat pump placed on
an extractive distillation column, on an extractive agent regeneration column, and with two heat
pumps placed on both columns of the scheme. A scheme with an internal heat pump was also
proposed, in which the heat pump compressor is located between sections of the extractive column
that operate at different pressures: 506.6 kPa in the top sections and 101.3 in the bottom section.
An economic analysis was conducted for all the considered schemes to calculate the total annual
costs. It was shown that schemes with vapor-recompression heat pumps can significantly reduce
the energy costs of extractive distillation by up to 39.6%; however, a significant reduction in the
total annual costs is achieved only with sufficiently long operation periods of the plants. The
reduction in the energy costs in the scheme with an internal heat pump was 44%, and the total
annual costs were in the range of 20.2-30.1%, depending on the operating time of the plant.
Conclusions. It was shown that using heat pumps in the extractive distillation of the mixture
of isobutyl alcohol-isobutyl acetate with n-butyl propionate as the entrainer can significantly
reduce energy costs. The scheme with an internal heat pump is the most economical of all the
considered schemes.

Keywords: extractive distillation, heat pump, energy saving.

© P.S. Klauzner, D.G. Rudakov, E.A. Anokhina, A.V. Timoshenko, 2020
14



Pavel S. Klauzner, Danila G. Rudakov, Elena A. Anokhina, Andrey V. Timoshenko

For citation: Klauzner P.S., Rudakov D.G., Anokhina E.A., Timoshenko A.V. Energy saving in the extractive distillation
of isobutyl alcohol—isobutyl acetate with n-butyl propionate. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(4):14-29.
https://doi.org/10.32362/2410-6593-2020-15-4-14-29

OPUT'UHAJIBHAS CTATbA

JHeprocoepekeHue B IKCTPAKTUBHON PeKTU(PUKAIUU CMECH
U300y THJIOBBIM CIIUPT—U300yTHJIALETAT ¢ Oy THJINPONMOHATOM

I1.C. Kaay3unep®, O.I'. Pynakos, E.A. AHoxHHa, A.B. THMOLIEHKO

MHPSA — Poccutickuil mexHosioeuueckuil ynugepcumem (MHcmumym moHKUX XUMUUECKUX MexXHOI02UTL
umeru M.B. AomoHocosa), Mockea, 119571 Poccust
@Aemop 0ss1 nepenucku, e-mail: paulklausner@mail.ru

Ifenu. OnpedeneHue spcpekmusHOCMU NPUMEHEHUSL MEN08bLX HACOCO8 PA3LUUHO020 MUna
8 IKCmMpaKmueHoll pekmupuKkayuu cmecu uzobymunosslii cnupm-uszobymunayemam c H-0y-
MUANPONUOHAMOM 8 Kauecmee pasdessioujezo azeHma.

Memoost. OcHogHOU Memod UCCAed08AHUSL — mamemMamuyeckoe Mo0eiupogaHue 8 npo-
epammHom Komnnekce Aspen Plus V. 9. B kauecmge modenu onucarust naposKuoKoCmHo-
20 paeHo8ecust NPUMEHSIIACb OCHOBAHHASL HA YPABHEHUU JIOKAJIbHBLLX COCMago8 Mooeslb
UNIQUAC, ons yuema HeudeanvHocmu napoeoli ¢gasbl. — moodenv Pednuxa-Keonea. Ilpu
MOOENUPOBAHUU MPAOUYUOHHOU CXembl. IKCMPAKMUBHOU peKkmupurayuu npouzsooulacs
napamempuuecKkas ONMUMU3AYUSL N0 KPUMEPUID CYMMAPHBLX IHepzemuuecKkux sampam 8
KUNSMUNbHUKAX KOJOHH. /51 9KOHOMUUECKOU OUeHKU NPUMEHSILUCL UHCMPYMeHMblL Aspen
Process Economic Analyzer V10.1.

Pesynemamel. B cpasHeHUU ¢ MPAOUYUUOHHOU CXemoll IKcmpakmueHol pexmugpurkayuu
paccmompeHo mpu 8PUAHMA CXEeMbL C NPUMEHEeHUeM MenJjio8blX HACOCO08 OMKPbLMO20 muna
— C pasmeuieHuem meniogozo Hacoca Ha KOJOHHE IKCMPAKMUBHOU pexmuguKayuu, Ha Ko-
JIOHHEe pezeHepayuu pasoensiiouiezo azeHma U ¢ pasmeueHuem 08Yyx mensosoblx HAcoCo8 Ha
oboux KonoHHax cxemoul. Taxike npedsolKeHa cxema ¢ BHYMPEHHUM Menio8blm HACOCOM, 8
KOmMopoli KOMNpeccop mensogozo0 HACOCA PACNONONEH MexK0Y CeKUUIMU IKCMPAKMUBHOU
KOJIOHHbL, Komopble pabomarom npu pasauuHslx oasreHusx — 506.6 klla 8 ykpennsnwei u
skempakmueHoli cekyusix u 101.3 8 omzornHoil. Bblia npousgedeHa 9KOHOMUUECKAs. OUeH-
Ka 8cex pacCMOMpPEeHHbLX CXem U 8bluUCieHUe NOJHbLX npugedeHHblx sampam. IlokaszaHo,
Umo npuMeHeHue Cxem C Menio8blMU HACOCAMU OMKPbLMO20 MUNA No3eoasem 3Hauumenb-
Ho, eniomb 00 39.6%, cHU3umMb sHepzemuueckue 3ampamsl HA IKCMPAKMUBHYIO peKmu-
dpurayuro, 00HAKO 3HAUUMENbHOe CHUJKeHUE NOJHbLX npugedeHHblx 3ampam docmuzaem-
CsL MONbKO npu 00CcmMamouHo 6oabULOM cpoKe PYHKUUOHUPOBAHUSL YycmaHoeok. CHUKeHue
9HepzemuuecKux 3ampam 8 cxeme C 8HYMpPeHHUM MEeNLo8blM HACOCOM cocmasuno 44%, a
nosHsulx npusederHulx 3ampam — 20.2-30.1% e 3asucumocmu om 8pemeHuU PYHKYUOHUPO-
8AHUSL YCMAHOBKU.

Boteoost. [lokaszaro, umo npumeHeHUe Mmensiosblx HACOCO8 € npouecce IKCMpaKmueHoll
pekmugurayul cmecu uzobymunoswvlii cnupm-usobymunayemam ¢ 6ymuanponuoHamom
8 Kauecmee paszldessiioujez0 azeHma no3eoJsilem 3HAUUMeJlbHO CHU3UMb dHepzemuueckue
zampamel. Haubonee 3KOHOMUUHOU U3 PACCMOMPEHHBLX SIBASLEMCS CXema ¢ nNpumeHeHuem
8HYMpEeHHe20 Menio8020 HAcocA.

Knroueeste cnoea: sKcmpakmusHas peKmugpuKkayus, menioeoil Hacoc, sHepzocbeperkeHue.

Jna yumupoeanua: Knaysuep I1.C., Pynakos JI.I", Anoxuna E.A, Tumomenko A.B. DHeprocOepexeHne B 9KCTPAaKTUBHON pek-
TU(UKAIMY cMecH N300y TUIIOBBIH CIMPT-U300yTUIALeTaT ¢ Oy THIIIpOoHOHaTOM. Tonkue xumuueckue mexnonozuu. 2020;15(4):14-29.
https://doi.org/10.32362/2410-6593-2020-15-4-14-29
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Energy saving in the extractive distillation of isobutyl alcohol-isobutyl acetate with n-butyl propionate

INTRODUCTION!

Distillation is one of the main industrial processes
for purifying and separating mixtures of different
chemical components, and it is characterized by high
specific energy costs [1]. This process consumes
a significant amount of energy due to its low
thermodynamic efficiency; consequently, researchers
are constantly searching for strategies to reduce
energy consumption. Currently, the main strategies
for improving individual processes and technological
schemes include internal [2] and external heat
integration [3], as well as the use of heat pumps [4, 5].

Extractive distillation (ED), a process based on
the application of a special additional entrainer that
changes (increases, circulates) the relative volatility
of the components of the initial mixture, is used for
the separation of azeotrope mixtures and mixtures of
components with relative volatility close to one. In
the chemical industry, it is used to isolate benzene
from pyrolysis and reforming fractions [6], as well
as butadiene and isoprene from the pyrolysis and
dehydrogenation products of C,-C, fractions [7].
Even though ED, in some cases, is characterized
by significantly lower energy consumption than
that of azeotropic distillation [8, 9] and that the
separation method is based on pressure variation
[10-13], reducing the energy costs associated with its
operation is an urgent task due to the multi-tonnage
technologies of basic organic and petrochemical
syntheses, for which it is mainly used [14]. The afore-
mentioned approaches for improving conventional
distillation have been employed to improve the ED
process. A significant difference is that the use of
external heat pumps for conventional distillation
is already widespread, e.g., the technology for the
distillation of propane—propylene fraction, while the
incorporation of this approach in ED is still at the
beginning stages [15].

The purpose of this work is to study the methods
of applying heat pumps of various types to increase
the energy efficiency of ED.

The technological schemes of the ED of an
azeotropic mixture of isobutyl alcohol (IBA)-—
isobutyl acetate (IBAC) with n-butylpropionate (BP)
as an entrainer were selected as the object of research.
Since the mathematical modeling of chemical and
technological processes is a powerful modern method
for developing new technologies and improving
traditional approaches [16], the Aspen Plus software
package version 9.0 was used to solve the problem
of increasing the separation efficiency of the above
mixture.

Modeling of the conventional ED scheme

To simulate the vapor—liquid equilibrium, the
UNIQUAC model was adopted, the parameters of
which are shown in Table 1. We used both the binary
interaction parameters built-in Aspen Plus for the
IBA-IBAC system, which provide a more accurate
description of the vapor—liquid equilibrium compared
to [11], and the data [11] for the IBA—entrainer and
IBAC—entrainer systems, since there are no built-in
parameters for them. The average relative errors for
each binary pair, when described by parameters from
different sources, are shown in Table 2. To account
for the imperfection of the vapor phase, the Redlich—
Kwong equation of state was used.

To separate the mixture under consideration,
both a conventional ED system with a heavy-boiling
entrainer (Fig. 1) and systems using external and
internal vapor-recompression heat pumps can be
used. Since the ED of a binary mixture is conducted
using a two-column system, heat pumps can be used
separately for each of the columns or simultaneously
for the two columns.

For all variants of the schemes, we considered
the separation of the initial IBA-IBAC mixture with

Table 1. Binary coefficients of the UNIQUAC model

Source
Component
Liter. DB Liter. Liter.
Component i IBA IBA IBA IBAC
Component j IBAC IBAC BP BP
a, 0.26671 0 0 0
a, 0.22675 0 0 0
i —58.459 1.3501 —17.787 —65.929
i —182.110 —45.3251 —24.770 64.567

! See the list of abbreviations at the end of the article for the introduced designations.
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Table 2. Relative errors of the vapor—liquid equilibrium (VLE) modeling

Source

Component i

Component j

AYE, %

AT", %

Liter.

IBA

IBA

1.58

0.44

DB

IBA

IBA

1.37

0.36

Liter.

IBA

BP

1.82

0.11

Liter.

IBAC

BP

1.88

0.26

3

A e

EC RC

@,

Fig. 1. Conventional scheme of the ED of mixture
IBA-IBAC with BP as the entrainer. EC is the ED column,
and RC is the entrainer regeneration column. (1) Feed,
(2) entrainer, (3) IBA, (4) IBAC.

a concentration of 41 wt % isobutyl alcohol, a feed rate
of 1500 kg/h, a temperature of 100°C, and a pressure
of 108 kPa. The concentrations of IBA and IBAC in
the product streams were maintained constant and
equal to 99.5 mass %.

For the conventional ED (Fig. 1), the optimal
operating parameters were selected according to the
algorithm proposed in [17].

The pressure at the top of the columns was fixed
at 101.3 kPa, and theoretical plates (TPs) with a
pressure drop of 0.1013 kPa across the plates were
considered. Calculations were performed in the
design and verification version with the fixed quality
of product flows. During the optimization process,
the total number of plates in both columns, feed
plates in the EC and RC columns, feed plate of the
entrainer in the EC column, flow rate of the entrainer,
and temperature of the entrainer were determined.
The optimization criterion was the total heat duty
on the reboilers Q . For optimization, we used the
built-in tools of the Aspen Plus software package,
such as the NQ curve, Sensitivity Analysis, and SQP

optimization. The optimization procedure included
several stages.

At the first stage, the total number of TPs in the
columns was determined using the NQ curve tool with
a fixed flow rate of the entrainer equal to 3000 kg/h: 66
and 48 in the EC and RC, respectively.

Further, the dependence of the operating
parameters of the EC on the temperature of the
entrainer feeding into it was studied. The data are
shown in Table 3.

Table 3 shows that the energy consumption in
the EC reboiler is almost independent on the entrainer
supply temperature. The reflux ratio and steam flow
in the upper part of the column increase by about
1.15 times when the 7_ . is increased from 110 to
146°C. As noted by M.K. Zakharov [20], an increase
in the reflux ratio results in an increase in the internal
energy savings during distillation, and an increase in
the steam flow causes an increase in the efficiency of
the heat pump application. Considering the above, we
selected the entrainer supply temperature in the EC,
equal to 146°C. In addition, the entrainer supply at this
temperature allows you not to complicate the system

Table 3. Dependence of the EC parameters
on the entrainer temperature

T, °C NJ/N, R 0. kKW 0., kW
110 13/52 4.58 —533.7 611.7
120 13/52 4.78 —552.4 611.6
130 13/52 4.97 —571.2 610.9
140 13/52 5.17 —590.4 610.8
146 13/52 5.29 —601.4 610.6

with additional heat exchange on the recycling line of
the separating agent.

To determine the limits of variation in the flow
of entrainer, the minimum required amount of the
entrainer, at which it is still possible to obtain products
of a given quality for different positions of the NF and
NS feed plates, is determined. The optimal entrainer
feed rate at which the QFf reaches the minimum value
is determined. The results are presented in Table 4.
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Based on these results, 2450 kg/h and 3300 kg/h were
selected as the limits of variation of the entrainer
feed rate for the subsequent optimization procedure
of the two-column ED scheme. Further, within the
established limits of variation of the entrainer feed
rate, it is shown, by computational experiments, that
this parameter does not affect the optimal position
of the feed plate in the RC. The results are presented
in Table 5.

The minimum energy consumption is observed
when the feed flow to the RC is located on the 22nd TP. In
the future, when determining the optimal parameters
of the ED scheme as a whole, this feed plate should
be fixed in the regeneration column.

Using the Sensitivity Analysis and SQP
Optimization tools simultaneously, the optimal
position of the feed plates and the entrainer in the EC
and the optimal flow rate of the entrainer for the two-
column ED complex were determined. In this case,
the Sensitivity Analysis tool varied the positions of

the feed plates and the entrainer, and using SQP for
each fixed position NS/NF, the optimal flow of the
entrainer was selected, at which value the total duty
on the column boilers (O, = Ok + OX ) reaches the
minimum value. The results are presented in Table 6.
The final operating parameters of the
conventional ED scheme are presented in Table 7.
The optimal amount of the entrainer supplied is
2671 kg/h, and the entrainer temperature is 146°C.

Modeling schemes with vapor-recompression
heat pumps

Plesu et al. [18] proposed a method for the
preliminary assessment of the feasibility of using
heat pumps in distillation based on the efficiency
coefficient (C_)

— Qreb — Y—I‘Cb
ef A (Teb _T ) > (1)

I cond

Table 4. The minimal and optimal (for EC) entrainer rate
depending on the position of No/N,

NJ/N, S .. kg/h Sﬂpt’ kg/h 0. atS . kW 0, at Sopt, kW
12/51 2390 3000 721.2 603.3
12/52 2360 3050 710.3 601.3
12/53 2340 3100 715.2 604.6
13/51 2400 3050 738.1 603.2
13/52 2370 3100 708.5 605.5
13/53 2350 3150 721.1 608.9
14/51 2450 3200 730.9 605.7
14/52 2420 3250 702.2 607.3
14/53 2400 3300 725.5 610.5
Table 5. The optimal feed stage in the entraine?r regenergtion column
at various entrainer amounts
S, kg/h N, 0, kW Q.. . kW R
2450 22 358.9 —354.5 3.6
2600 22 378 —373.5 3.9
2800 22 397.7 —393.1 4.1
3000 22 417.4 —412.8 4.4
3300 22 437.2 —432.5 4.6
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Table 6. Determination of the optimal operation parameters
of the conventional ED scheme

N | No | Skgh | OF ww | Ok kw | R | O% kw | O kw | R | Q.. kW
51 2732 630.8 —623.5 5.52 391.1 —386.5 4.04 1021.9
52 2733 628.8 —621.5 5.50 391.0 —386.5 4.04 1019.8
. 53 2635 635.3 —627.9 5.57 381.5 -377.0 391 1016.8
54 2638 639.1 —631.8 5.61 382.0 —377.5 3.92 1021.2
51 2747 623.8 —616.5 5.45 392.6 —388.0 4.06 1016.3
52 2747 620.5 —613.3 5.41 392.2 —387.7 4.05 1012.8
. 53 2671 627.3 —620.0 5.48 385.2 —380.7 3.96 1012.5
54 2672 632.3 —625.0 5.54 385.4 —380.9 3.96 1017.7
51 2842 618.8 —611.6 5.40 401.5 —396.9 417 1020.3
52 2690 628.6 —621.4 5.50 386.6 -382.0 3.98 1015.2
. 53 2657 632.3 —625.0 5.54 3834 —378.9 3.94 1015.7
54 2643 639.1 —631.8 5.61 381.9 -377.4 3.92 1021.0
Table 7. Optimal operating parameters of the conventional ED scheme
Columns EC RC
Now 66 48
N, 53 2
N 13 -
0., kW 618.2 394.3
0. kW -515.2 ~389.8
R 5.39 4.08
e C 107.7 116.2
T,,°C 137.5 146.5
. kPa 101.3 101.3
P . kPa 107.9 106.1

where Q . is the duty on the boiler of the column, 4 is
the thermodynamic operation, and 7  and 7 , are the
absolute temperatures in the condenser and boiler of the
distillation column, respectively.

Equation (1) was obtained by Plesu et al. [18],
based on the equation for calculating the heat required
for separation and the expression for the efficiency of the
Carnot heat engine. According to Plesu, with a C_.> 10,
the use of heat pumps is economically feasible in most
cases. With 10 > C_.> 5, the use of heat pumps is only

appropriate under certain conditions, and with a C . < 5,
heat pumps are not practical. Notably, this approach was
proposed to evaluate the effectiveness of heat pumps in the
distillation of zeotropic mixtures. However, in [21-24], it
was used to evaluate the effectiveness of heat pumps in the
ED of azeotropic mixtures. We decided to test the validity
of this approach in the separation of the IBS—IBA mixture
by ED with BP.

Based on the data from Table 7, the C is 12.76 for
the EC and 12.83 for the regeneration column. High C ;
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values imply a significant effect attributed to the heat
pumps on both columns. Moreover, literature data [4]
indicate that the maximum efficiency of the heat pump
is achieved with the minimum possible temperature
difference in the heat exchanger. Based on these data,
the temperature difference, AT = 25 K, was set to
determine the output pressure of the compressor. At
the same time, the compressor provides the design
pressure for the distillate of the extractive column,

P =506.6 kPa, and the distillate of the regeneration

comp

column, Pcl;ip =456.0 kPa.

Based on the conventional scheme of ED and the
above assumptions about the effectiveness of heat
pumps, three variants of schemes including vapor-
recompression heat pumps were modeled (Fig. 2).

In all cases, the heat pump installed on the column

EC

introduced in the scheme fully utilizes the steam flow
coming from the top of the column. After compression
in the compressor with the W oy POWET input to the
P ., pressure and adiabatic heating, the steam flow
is directed to the heat exchanger, partially heating
the column cube (the amount of heat transferred in
this heat exchanger is indicated by Q,.). Thereafter,
the flow of the vapor—liquid mixture is directed to
the throttle, where the pressure is reduced to 101.3 kPa.
An auxiliary capacitor is used for the complete
condensation of the flow, after which the flow is
divided into the product and reflux.

Since the replacement of the standard heat
exchange equipment of distillation columns with a
binding, which would allow the use of a heat pump,
does not have significant effects on the heat and mass

SO AL
| b

\/@ b

%,

II

Fig. 2. Schemes of ED including vapor-recompression heat pumps.
The compressor installed on the vapor streams of (I) EC, (II) RC, and (III) both columns.
EC is the ED column, RC is the entrainer regeneration column. (1) Feed, (2) entrainer, (3) IBA, (4) IBAC.
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exchange processes inside the columns, the repeated
optimization of the structural parameters of the columns
is not required. It should be noted that for all three
variants of the process organization for the columns
with heat pumps, additional reboilers and condensers
are used, the duties of which are designated as O, and
0. Tespectively. This is because in these schemes the
additional supply or removal of heat was not prevented,
despite that the relevant heat duty and, consequently,
the costs of heating steam and cooling water, as shown
below, significantly reduced compared with those of the
conventional scheme.

The calculated parameters of the three variants of
schemes with heat pumps are shown below (Table 8).

In comparison with the conventional scheme,
significant changes have been made to the technological
schemes (Fig. 2) by including additional expensive

equipment, such as “hot” compressors that consume
electricity when compressing steam flows. At the
same time, the application of the energy consumption
criterion for choosing the optimal technological
scheme is incorrect. Furthermore, for the optimization
process of each technological scheme, this criterion is
acceptable and appropriate. To compare the options
for organizing a process that includes heterogeneous
technological equipment, it is customary to use the
criterion of the total annual costs (TAC).

TAC =0C+SE , (2)
oT

where OT is the lifetime of the installation in years;
CC is the capital costs in USD; OC is the operating
costs in USD per year.

Table 8. Operating parameters of the schemes with vapor-recompression heat pumps

Scheme I (Fig. 2)
Columns EC RC
0. kW 64.83 394.32
O, KW 568.82 -
0. .o KW —163.51 —389.81
Equipment The compressor was installed on the vapor streams of EC -
comp> KW 106.18 -
P, kPa 506.63 -
Scheme II (Fig. 2)
Columns EC RC
0., kW 618.16 91.54
Oy KW - 299.24
O oo KW —515.25 —150.15
Equipment B The compressor was installed on the vapor
streams of RC
comp? KW - 65.89
P, . kPa - 455.96
Scheme III (Fig. 2)
Columns EC RC
0., kW 64.83 91.54
Oy KW 568.82 299.24
0.0 kKW —163.51 —150.15
Equipment The compressor was installed on the vapor streams of both colomns
comp KW 106.18 65.89
omp> KP2 506.63 455.96
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Since the change in the service life significantly
affects the TAC, the criteria were calculated for 10- and
20-year periods. Aspen Process Economic Analyzer
v10.1 (APEA) was used to calculate the capital and
operating costs. The main economic parameters are
shown in Tables 9 and 10, and the results of the
economic assessment are shown in Table 11.

As can be observed, in a 10-year operation period,
the use of technological schemes with heat pumps
has very little economic impact, and practically, these
technological solutions are on the verge of economic
feasibility. It can also be observed that for the ED
system, the most effective technical solutions are
those that provide for the installation of a compressor
on the steam stream of the distillate of the ED column.

The use of a heat pump only on the recovery column
of an entrainer is impractical. The scheme with two
heat pumps is the most energy-efficient. According
to the TAC criterion, the scheme with a heat pump
on an extractive column is more profitable over 10 years;
however, as noted above, the economic effect is
insignificant. Conversely, for 20 years, the scheme
with two heat pumps is more profitable.

Simulation of a circuit with an internal
heat pump

The heat pump for ED can be placed not only on

the steam flows of distillates of columns, but also on
the steam flows between separate sections of columns.

Table 9. Utility costs (USD)

Energy resource Cost, USD per unit
Electricity, kW 0.0775
Cooling water, t 0.03
Steam, kg 0.017
Table 10. Equipment costs (USD)
General Conventional scheme
Equipment
Tower Reflux pump Main condenser Main reboiler
EC 862500 4500 23600 21400
RC 404000 5200 20400 18400
Heat pump
Equipment
Compressor Heat exchanger Support condenser Support reboiler
EC 707400 15100 8600 18400
RC 671000 11000 8500 12300

Table 11. Economical evaluation

Scheme I Scheme I1 Scheme 111
Economic parameters Conventional scheme (Fig. 1)
Fig. 2

Energy costs, USD per year 334155 248718 291574 201721
Energy saving, % 0 25.6 12.7 39.6
Capital costs, USD 1363800 2061400 2027100 2555800
TAC10, USD per year 470535 454858 494284 457301
TAC20, USD per year 402345 351788 392929 329511
TACI10 saving, % 0 33 -5.1 2.8
TAC20 saving, % 0 12.6 2.3 18.1
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This solution was first proposed by Batista et al. [19],
although it has not yet been compared with other options
for organizing the process. The scheme with an internal
heat pump is shown in Fig. 3.

2 3

4

BS EC

%,

Fig. 3. Scheme of ED including an “internal” heat pump.
TS EC denotes the top section of the ED column,
BS EC denotes the bottom section of the ED column,
and RC denotes the entrainer regeneration column.
(1) Feed, (2) entrainer, (3) IBA, (4) IBAC.

In this scheme, the ED column is divided into
two parts working at different pressures: 101.3 kPa in
the exhaust section (bottom section — BS) and 506.64 kPa in
the upper refining and extractive sections (top section
—TS), with the feed being supplied to the first plate of
the lower section. Partial heating of the boiler in the
lower section is conducted by the steam flow of the
distillate of the upper section.

When the operating pressure in the system
changes, the view of the vapor—liquid equilibrium
diagram changes as well. In this case, when the pressure
increases, the composition of the azeotrope shifts in

the direction of increasing concentration of the light-
boiling component in it, up to the degeneration of
azeotropy into tangential at a pressure of 506.64 kPa.
Figure 4 (I) shows diagrams of the relative volatility
lines (a,,) of the IBA (1)-IBAC (2) pair at 101.3 kPa,
while Figure 4 (II) displays the same at a pressure of
506.64 kPa.

As shown, with increasing pressure in the presence
of the entrainer in the system under consideration,
the relative volatility of a,, of the IBA-IBAC pair
increases; therefore, separation at increased pressure
is facilitated and requires a relatively small amount
of entrainer. Our calculated data on the increase in
the relative volatility of the IBA-IBAC pair with
increasing pressure are consistent with the data of the
full-scale experiment of Monton et al. [25].

To model the scheme with an “internal” heat
pump, it was necessary to determine the optimal
operating parameters of the conventional ED scheme,
in which the EC column operates at high pressure. In
this case, there are additional heat costs for heating
the feedstock and a heat exchanger for heating.
This scheme was modeled and optimized using the
previously mentioned algorithm [17]. The optimal
operating parameters of this scheme are presented in
Table 12. The optimal flow of entrainer is 1312 kg/h,
and the entrainer temperature is 146°C.

Based on the parameters of the EC scheme
operating at a pressure of 506.64 kPa and the
conventional scheme (at a pressure of 101.3 kPa), the
scheme with an “internal” heat pump was simulated.
The parameters of the TS EC: the total number of
plates, number of the entrainer feed plate, and the flow
rate of the entrainer, correspond to the parameters
of the refining and extractive sections of the EC in
the scheme, operating at elevated pressures, and the
parameters of the BS EC, i.e., the parameters of the
lower section of the EC of schemes, operating at

IBA ()

IBAC

Fig. 4. Relative volatility diagrams (a.,) for IBA-IBAC with an entrainer at 101.3 kPa (I) and 506.64 kPa (II).
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atmospheric pressure. The parameters of the scheme
with an “internal” heat pump are shown in Table 13.
The optimal flow of entrainer is 1312 kg/h, and the
entrainer temperature is 146°C.

From the results shown, it is clear that an internal
heat pump prevents additional heat supply to the
reboiler of the EC column and excludes the support
reboiler.

For the scheme with an internal heat pump, an
economic assessment was also carried out, and the
TAC value was determined. The equipment costs are
shown in Table 14, and the economic analysis results in
comparison with the conventional scheme are presented
in Table 15.

As shown, using an internal heat pump can
significantly reduce the energy costs and TACs.

Table 12. Operating parameters of the scheme of ED with EC, at 506.64 kPa

Columns EC RC
Total number of stages, N, 56 50
Feed stage, N, 44 23
EA, N, 13 -
0., kW 473.8 214.2
0. kW ~408.9 -311.4
R 4.2 3.1
T ,.°C 160.4 116.2
e 197.9 146.6
P, . kPa 506.6 101.3
P, kPa 512.2 106.3
Qaddiliona] feed heating” kW 766 -
Table 13. Operating parameters of the scheme with the “internal” heat pump
Columns EC RC
total 56 50
NTS EC 43 _
NBS EC 13 _
N, 44 (1) 23
N 13 _
0., kw 0 214.2
Oy kKW 403.9 -
0. kw ~84.3 -311.4
R 4.2 3.1
T .°C 160.4 116.2
e 130.8 146.5
P_ . kPa 506.6 101.3
P, kPa 102.5 106.1
Equipment EC RC
omp? kW 123.6 -
, kPa 511 -
comp’
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Table 14. Equipment costs for the scheme with the “internal” heat pump

Equipment Tower Reflux pump Main condenser Main reboiler
TS EC 414000 5100 - -
BS EC 68800 - - -
RC 605200 4500 21500 14600
Equipment Compressor Heat exchanger Support condenser
TS EC 727100 - 8300
BS EC - 12600 -

Table 15. Economical evaluation

Economic parameters Conventional scheme Scheme with the “internal” heat pump

Energy costs, USD per year 334155 187266

Energy saving, % 0 44.0

Capital costs, USD 1363800 1881700

TAC10, USD per year 470535 375436

TAC20, USD per year 402345 281351

TACI10 saving, % 0 20.2

TAC20 saving, % 0 30.1

CONCLUSIONS

In this study, it is demonstrated that the use of heat
pumps in the scheme of the ED of a mixture of isobutyl
alcohol-isobutyl acetate with n-butylpropionate as
an entrainer can be economically justified. Among
the considered schemes with an external vapor-
recompression heat pump, the scheme in which heat
pumps are fixed on both columns has the highest
energy efficiency. This scheme reduces the energy costs
by 39.6% compared to the conventional ED scheme.
According to the TAC criterion, when calculating based
on the operating time of the installation of 10 years, the
lowest value of TAC10 is achieved in the scheme with
a heat pump attached to the ED column. This scheme

Key

A — thermodynamic work;

a, b — parameters of the UNIQUAC equation;
C,, — efficiency coeflicient;

CC — capital costs;

N — plate number;

OC — operating costs;

OT - operating time;

P — absolute pressure;

provides a reduction of TAC10 by 3.3% compared to
the conventional scheme. With a lifetime of 20 years,
the lowest TACs are provided by the scheme including
two heat pumps. The TAC20 of this scheme is lower by
18.1% compared to that of the conventional scheme.
The proposed scheme including an internal heat pump
is the most economical scheme considered in this paper,
despite its somewhat non-standard configuration. This
scheme provides a 44% reduction in energy costs, a
20.2% reduction in TACs with a 10-year operating life,
and a 30.1% reduction over 20 years.

Thus, the incorporation of heat pumps into ED
systems results in a significant reduction in energy
consumption and significant economic impacts.
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O — heat duty;

R — reflux ratio;

S — flow rate of the extractive agent;

T — temperature;

TP — theoretical plates;

TAC — total annual costs;

TACI10 — total annual costs with a 10-year operating life;
TAC20 — total annual costs with a 20-year operating life;
W — power consumption;

Y — component concentration in the vapor phase;
DB — database of the software package;

BP — n-butylpropionate;

TS — top section;

IBAC - isobutyl acetate;

IBA — isobutyl alcohol;

Liter. — data from a literary source;

BS — bottom section;

VLE - vapor-liquid equilibrium;

RC — entrainer regeneration column;

EA — separating (extractive) agent;

EC — extractive distillation column;

ED — extractive distillation;

Indexes

comp — COmpressor;

cond — condenser;

i,j — numbers of the components;
F — feed;

HE — heat exchanger;

min — the minimum value;

opt — optimal value;

reb — reboiler;

S — extractive agent.
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Objectives. The Monarda fistulosa herb of the Lamiaceae family is particularly interesting among
essential oils from medicinal plants that have a wide spectrum of pharmacological activities.
However, information regarding some of its flavonoids, which are found in the essential oil, is
controversial. Inaccuracies in identification of the chemical composition of the herb have led to
several different standardization approaches, which are cumbersome. To establish a uniform
classification, here, we present confirmation for new approaches for the standardization of the
Monarda fistulosa herb.

Methods. Silica gel column chromatography was used to extract the flavonoids. Identification was
based on ultraviolet spectroscopy, nuclear magnetic resonance spectroscopy, mass spectrometry,
and acidic hydrolysis. The quality of the proposed quantitation methodology for total flavonoids
was assessed by differential spectrophotometry at 394 nm, in isorhoifolin equivalent.

Results. We have verified new approaches for the standardization of the Monarda fistulosa herb.
The approaches can determine the authenticity of the herb by detecting monoterpene phenols
and flavonoids that have diagnostic value. We also developed a technique for quantitation of the
total flavonoids.

Conclusions. We investigated the possibility of establishing the authenticity of the Monarda
fistulosa herb based on the diagnostically significant flavonoids, isorhoifolin and linarin.

Keywords: flavonoids, Monarda fistulosa, isorhoifolin, linarin, spectrophotometry, thin-layer
chromatography, standardization.
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OPUT'MHAJIBHASA CTATbHSA

HoBble moaxoabl K CTAHAAPTU3ALNHA TPABbI MOHAPABI AY14ATOMN

B.A. Kypkun?, A.C. Ilubuna

Camapcruil 2ocyoapcmeeHHbUL MeduyuHcKkull yHusepcumem, Camapa, 443099 Poccust
@ Aemop ona nepenucku, e-mail: kurkinvladimir@yandex.ru

Ienu. Cpedu 3pupomMaciuuHblX JeKapCMeeHHblX pacmeHull, obnadaruux wWupoKum cnek-
mpom papmarosioeuueckoll. akmueHocmu, ocobblli uHmepec npedcmaesisiem mpasa MOHAPObL
oyouamoti (Monarda fistulosa) cemeiicmea SicHomxogblx. OOHAKO UHOPMAYUUSL O HEKOMOPbLX
rasoroudax, cooeprkauiuxcs 8 Hell Hapsidy ¢ IPUPHBIM MACIOM, HOCUM NPOmMuU8opeuusslil xa-
paxmep. HemouHocmu, gblsie/leHHble 8 OMHOUWEHUU XUMUUECK020 COCMA8a Mpaegbl, CMAHO8SIMCsl
NPUUUHOTL NOSIBNEHUSL PA3AUUHBLX NO0X0008 K CmaHOapmu3ayuu, umo cozoaem mpyoHocmu. [ns
obecneueHust eOuHo0bpasus Kaaccugurayuu 8 0aHHOU pabome npedcmasieHo 060CHO8AHUE HO-
8blX, paHee He NPUMEHSIBULUXCSL N00X0008 K CMAaHOapmu3auuu mpagsbl MOHaposbl 0youamou.
Memoowut. /[ns skempakyuu PaagoHOUd08 UCNONb308ANU KOJIOHOUHYI XpomMamozpaguio Ha
cunurxazene. HoeHMUPUKAUUIO OCYULeCMENSIAU HA OCHOBAHUU OGHHBLX Yabmpaguoniemoagoli
CNeKmMpoCcKonuu, CReKmpocKonuu si0epHo20 MAZHUMHO20 PE30HAHCA U MACC-CReKmpomempuul,
a maroKe pesysibmamog KuciomHoz2o 2uopoausa. OueHKy Kauecmea NpeosioieHHOlU MemoourKu
KONUUEeCMBEeHH020 onpedeseHuUsl CYMMmbl ha8OHOUO08 NPOBOOUNU MmMemOoOom OughgepeHyuaro-
HoU cnekmpogpomomempuu npu 394 Hm 8 nepecueme HA USOPOUPOSNUH.

Pesynomamet. O60cHO8AHBL NOOX00bL K CMAHOAPMU3AYUUU MPA8bL MOHAPOLL 0youamotl, 3aKH0-
yarouuecst 8 onpedesieHUU ee NOOAUHHOCMU nymem 06HAPYIKeHUsL MOHOMEPNEeHO8bLX (heHO108 U
rasoroudos, umerouiux ouazHocmuueckoe sHaueHue. PaspabomaHa mMemoouKa KoauuecmeeH-
HO020 onpedesieHusl CYMmbl h1a8OHOUOO08.

Bbteoodst. HayueHa 803MOXKHOCMb onpedesieHust NOOUHHOCMU mpagbl MOHApObL 0youamotl,
UCx00s U3 OuazHOCMUUECKU 3HAUUMBLX (hIABOHOUO08 — U30POUONUHA U AUHAPUHA.

Knroueevle cnoea: gp1a80HouU0bL, mMoHapoa oyouamas, Monarda fistulosa, uzopougoauH, nu-
HAPUH, cneKmpogdomomepust, MOHKOCOUHASL XPOMAMO2Pagpust, CMaHOAPMU3AYUUSL.

Jna yumuposanus: Kypxun B.A., Ilubuna A.C. HoBble noaxonsl K CTaHAAPTH3ALMK TPaBbl MOHApAbI Aya4yatoil. Toukue
xumuueckue mexnonoeuu. 2020;15(4):30-38. https://doi.org/10.32362/2410-6593-2020-15-4-30-38

INTRODUCTION

Currently, essential oils of medicinal plants that
have a wide range of pharmacological activity are
widely used in medicine owing to the chemical variety
of the biologically active compounds (terpenoids,
aromatic compounds, etc.). Of particular interest are
plants containing monoterpene phenols, for example,
thymol and carvacrol. In this regard, creeping thyme
(Thymus serpyllum L.), common thyme (Thymus
vulgaris L.) and oregano (Origanum vulgare L.),
which belong to the Lamiaceae herb family, are the
most well-known'.

! The State Pharmacopeia of the Russian Federation.
14th edition. Moscow: Ministry of Health of the
Russian Federation; 2018. (In Russ.). Available from:
http://www.femb.ru/femb/pharmacopea.php (Accessed
September 09, 2019).

One of the promising plants for study is the
Monarda fistulosa herb of the Lamiaceae family.
This herb grows in North America [1]. The Monarda
fistulosa herb contains over 3% essential oil, the
components of which (thymol, carvacrol, etc.)
determine the high bactericidal, fungicidal, anti-
inflammatory and anthelmintic activity [1-3].
Interestingly, the dominant component in the essential
oil of the Monarda fistulosa herb is not thymol,
as in the case of creeping and common thyme, but
carvacrol, for which a more pronounced antimicrobial
activity has been shown [4].

To determine the authenticity of the Monarda
fistulosa herb, thin layer chromatography (TLC) using
a standard thymol sample was previously proposed.
In this case, the chromatogram of the analyzed extract
at the level of a standard sample of thymol should
contain an orange spot with an R, coefficient of
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approximately 0.9 [4]. Taking into account the current
trends in pharmacopoeia analysis, which are typically
used to determine the authenticity of anthocyanins
and the quality of medicinal plant raw materials
via two (or more) groups of biologically active
substances?, the study of the flavonoid composition
of the Monarda fistulosa herb seems relevant.

In addition to the essential oil, this plant
also contains other valuable biologically active
compounds, in particular, flavonoids (flavones,
flavonols, flavonones, anthocyanins), which also
contribute to the pharmacological activity [5, 6].
The literature contains information on the content
of the following flavonoids in the Monarda fistulosa
herb: hesperidin, diosmin, quercetin, luteolin, rutin,
naringenin, cynaroside (luteolin-7-O-glucoside),
hyperoside, and catechin [5, 6]; however, these
data are controversial. The controversy also applies
to methodical and methodological approaches for
standardization of the Monarda fistulosa herb. Thus,
for quantitative determination of the total flavonoid
content, differential spectrophotometry at a wavelength
of 390 nm calculated for rutin (0.48 + 0.01%) has been
used [5, 6]. For this technique, the extrication of
substances from the raw material was performed by
triple extraction with 70% ethyl alcohol.

According to the results of previously published
studies, the total flavonoid content in the Monarda
fistulosa herb is 2.14% in terms of luteolin [5, 6]. The
authors used double extraction with 70% ethyl alcohol
in the ratio of “raw materials to extractant” of 1 : 30 as
well as differential spectrophotometry. Additionally,
a method was proposed for the quantitative
determination of flavonoids in the Monarda fistulosa
herb by double (30 min each) extraction of raw materials
(1 : 30) with 50% ethanol (analytical wavelength of
398 nm). The content of flavonoids in terms of luteolin
was in this case 1.57 = 0.02% [5, 6].

Previously, we developed approaches for
standardization of the Monarda fistulosa herb that
involved determining the amount of flavonoids in terms
of cynaroside and the content of essential oil [7-9].
The choice of cynaroside as a standard sample was
because this flavon, according the literature, is present
in the Monarda fistulosa herb, has a pharmacopoeial
status, and is widely used to standardize medicinal
plant raw materials®. Additionally, the maximum in
the absorption spectrum for the aqueous—alcoholic
extract of the Monarda fistulosa herb (394 nm) was
close to the maximum absorption of the cynaroside

solution (approximately 400 nm). However, in further
studies, we did not confirm the presence of cynaroside
in the plant.

Thus, despite the literature data on the
chemical composition of Monarda fistulosa, some
contradictions regarding the flavonoid composition
have been identified. This, in turn, has led to different
approaches for standardization. Ethanol at various
concentrations is used as an extractant; there is no
single standard for the duration of extraction; there
is no consensus on the analytical wavelength or
substance used as a standard. Therefore, new steps
should be taken to develop methodological approaches
for standardization of the Monarda fistulosa herb,
which was the purpose of this study.

MATERIALS AND METHODS

The object of this study was the Monarda fistulosa
herb collected during mass flowering in the Botanical
Garden of Samara University in July 2016-2018 and in
the Nikitsky Botanical Garden (Republic of Crimea)
in July 2018.

The flavonoid compounds, isorhoifolin (1) and
linarin (2) (Fig. 1), were isolated from the Monarda
fistulosa herb on a chromatographic column with
silica gel L 40/100. Separation of the substances was
monitored by TLC analysis on Sorbfil PTLC-AF-A-
UV plates (CHIMMED, Russia). The eluent was
chloroform—ethanol-water (26 : 16 : 3) and n-butanol—
glacial acetic acid—water (4 : 1 : 2) systems. The
extractables were detected by visualizing spots on the
TLC plates in ultraviolet at 366 nm, including detection
with a solution of aluminum chloride and then with an
alkaline solution of diazobenzenesulfonic acid (DSA).

Nuclear magnetic resonance (NMR) spectra
were recorded as follows: 'H-spectra on a Bruker
AM 300 (Bruker, Germany) at a frequency 300 MHz;
BC-spectra on a Bruker DRX 500 (Bruker, Germany)
at a frequency 126.76 MHz were recorded on a Kratos
MS-30 (Kratos, United Kingdom), and absorption
spectra in the ultraviolet (UV) region on a Specord 40
(Analytik Jena, Germany).

Isorhoifolin (7-O-apigenin rutinoside) (1). This
crystalline substance is a light-yellow color with a
composition of C,H, O ; m.p. 257-260°C (water
alcohol). & EtOH 270, 340 nm; + NaOAc 270, 340 nm;
+NaOAc + H,BO, 270, 405 nm; + AICI, 278, 308, 345,
384 nm; + AICIL, + HCI 278, 308, 345, 384 nm; +
NaOMe 254, 269, 400 nm.

2 The State Pharmacopeia of the Russian Federation. 14th edition. Ministry of Health of the Russian Federation. Moscow; 2018. (In
Russ.). Available from: http://www.femb.ru/femb/pharmacopea.php (Accessed September 09, 2019).
3 The State Pharmacopeia of the Russian Federation. 14th edition. Moscow: Ministry of Health of the Russian Federation; 2018. (In
Russ.). Available from: http://www.femb.ru/femb/pharmacopea.php (Accessed September 09, 2019).
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o O

Fig. 1. Flavonoids isolated from Monarda fistulosa herb: R = H: isorhoifolin; R = CH,: linarin.

'H-NMR spectrum (300 MHz, DMSO-d,, 3, ppm,
J/Hz): 1.07 (3H, d, J = 6, CH, rthamnose), 3.0-5.2 (10H
routines), 4.56 (1H, br. s, H-1""’ rthamnopyranose), 5.07
(1H, d, J =7, H-1" glucopyranose), 6.46 (1H, d, J = 2,
H-6), 6.77 (1H, d, J = 2, H-8), 6.87 (1H, s, H-3), 6.93
(2H, d, J = 8.5, H-3" and H-5"), 7.94 (2H, d, ] = 8.5,
H-2" and H-6"), 12.95 (1H, s, 5-OH group).

PC-NMR spectrum (126.76 MHz, DMSO-d,, &,
ppm): C-2 (162.87), C-3 (103.11), C-4 (181.97), C-5
(161.17), C-6 (99.54), C-7 (164.37), C-8 (94.79), C-9
(156.92), C-10 (105.38), C-1” (121.03), C-2’ and C-6’
(128.62), C-3’ and C-5’ (116.06), C-4’ (161.32), C-1”
glucose (99.91), C-2” (72.06), C-3” (75.62), C-4”
(70.74), C-5” (76.27), C-6” (66.05), C-1""’ rhamnose
(100.52), C-2"7 (70.32), C-3" (69.57), C-4"" (73.08),
C-5"7(68.31), C-6" (CH, rhamnose) (17.79).

Mass spectrum (ESI-MS, 180°C, m/z): m/z
579.1739 [M+H]", m/z 601.1554 [M+Na]", m/z
617.1285 [M+K]".

Linarin (7-O-rutinoside acacetin) (2). This
crystalline substance is a white color with a composition
of C,;H,,0,,; m.p. 260°C (dec.) (water alcohol). A
EtOH 272, 330 nm; + NaOAc 272, 330 nm; + NaOAc
+ H,BO, 272, 330 nm; + AICI, 280, 384 nm; + AICI,
+ HC1 280, 384 nm; + NaOMe 287, 372 nm.

'H-NMR  spectrum (300 MHz, DMSO-d, 3,
ppm, J/Hz): 1.07 (3H, d, J = 6, CH, rhamnose), 3.0—
5.3 (10H routines), 3.83 (s, 3H, CH,0), 4.54 (1H, br.
s, H-1"" rhamnopyranose), 5.07 (1H, d, J = 7, H-1”
glucopyranose), 6.45 (1H, d, J = 2, H-6), 6.78 (1H, d,
J=2,H-8),6.92 (1H, s, H-3), 7.14 (2H, d, ] = 8.5, H-3’
and H-5"), 8.04 (2H, d, J = 8.5, H-2’ and H-6"), 12.90
(1H, s, 5-OH group).

PC-NMR spectrum (126.76 MHz, DMSO-d,, &,
ppm): C-2 (163.94), C-3 (103.80), C-4 (182.01), C-5
(161.13), C-6 (99.65), C-7 (165.11), C-8 (96.45), C-9
(156.96), C-10 (105.45), C-1" (122.66), C-2’ and C-6’
(128.44), C-3’ and C-5’ (114.70), C-4’ (162.42), C-1”
glucose (99.94), C-2 (73.06), C-3” (75.66), C-4”
(70.34), C-5” (76.24), C-6” (68.31), C-1""” rhamnose
(100.51), C-2" (70.74), C-3" (70.25), C-4’ (72.05), C-5*”
(69.60), C-6" (CH, rhamnose) (17.79), CH,O (55.55).

Mass spectrum (ESI-MS, 180°C, m/z): m/z
593.1888 [M+H]*, m/z 615.1710 [M+Na]".

Method for the quantitative determination of
the total flavonoids in the Monarda fistulosa herb.
The raw material was crushed so that its particles
passed through a sieve with holes 1 mm in diameter.
An accurate weighed sample of the ground material
(approximately 1 g) was placed in a 100 mL flask, and
50 mL of 60% ethyl alcohol was added. The flask was
closed with a stopper and weighed on a balance that is
accurate to 0.01 g. The flask was attached to a reflux
condenser and heated in a boiling water bath for 60 min.
After boiling, the flask was cooled for 30 min, closed with
the same stopper and weighed again, and the extractant
was added to its original weight. The resulting aqueous—
alcoholic extract was filtered through a paper filter (red,
grade 589/5).

Preparation of the test solution. The resulting
extract (1 mL) was poured into a 50-mL volumetric flask,
and 2 mL of'a 3% alcohol solution of aluminum chloride
was added; then, the solution volume was adjusted to the
mark with 96% ethyl alcohol (test solution). The optical
density of the test solution was determined 40 min after
preparation using a spectrophotometer at a wavelength
of 394 nm (to calculate the content of flavonoids). The
comparison solution was a solution containing 1 mL of
an aqueous—alcoholic extract (1 : 50) with 96% ethyl
alcohol, which was adjusted to the mark in a 50-mL
flask.

Preparation of the isolated substance solution.
An exact weighed portion (approximately 0.02 g) of
isorhoifolin was placed in a 50-mL flask and dissolved
in 30 mL of 70% ethanol while heating. After cooling
to room temperature, the volume of the solution was
adjusted to the mark with 70% ethanol (isorhoifolin
solution A). Then, 1 mL of isorhoifolin solution A
was placed in a 25-mL volumetric flask, 2 mL of a
3% alcohol solution of aluminum chloride was added,
and the solution volume was adjusted to the mark
with 96% ethyl alcohol (isorhoifolin solution B). The
optical density of solution B was determined using a
spectrophotometer at a wavelength of 394 nm. The
comparison solution was a solution containing 1 mL
of isorhoifolin solution A and 96% ethanol, which was
adjusted to the mark in a 25-mL flask (comparison
solution B of isorhoifolin).
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The content of flavonoids in percent (X) in terms
of isorhoifolin and absolute dry raw materials was
calculated by the formula:

_ Dxmyx50x50x1x50x100x100
D, xmx50x1x25x(100-W)

X

where

D — optical density of the test solution;

D, — optical density of an isorhoifolin standard
sample solution;

m — mass of raw materials, g;

m, — the mass of the isorhoifolin standard sample, g;

W — mass loss on drying, %.

In the absence of a standard sample of isorhoifolin
in the formula for the calculation, it is advisable to
use the theoretical value of the specific absorption

index equal to 195:

_ Dx350x50x100
mx195x(100—-W)

where

D — optical density of the test solution;

m —mass of raw materials, g;

195 — specific absorbance (E, ) of isorhoifolin at
394 nm;

W —mass loss on drying, %.

RESULTS AND DISCUSSION

Using column chromatography on silica gel L 40/100,
flavonoids 1 and 2, identified as isorhoifolin
(apigenin 7-O-rutinoside) [10] and linarin (acacetin
7-O-rutinoside) [11-13], were first isolated from the
Monarda fistulosa herb. Identification was based on
data from UV spectra, '"H-NMR and *C-NMR spectra,
mass spectra, and acid hydrolysis.

Because the isolated substances are the dominant
flavonoids in this plant, we studied the possibility of
determining the authenticity of the Monarda fistulosa
herb by the presence of not only thymol and carvacrol
but also the diagnostically significant flavonoids,
isorhoifolin (1) and linarin (2). Moreover, in our
opinion, it is advisable to carry out TLC analysis using
not only thymol [5] but also a standard sample of rutin,
which is most widely used in the pharmacopoeial
analysis of medicinal plant raw materials®.

*The State Pharmacopeia of the Russian Federation.
14th edition. Moscow: Ministry of Health of the Russian
Federation; 2018. (In Russ.). Available from: http://www.
femb.ru/femb/pharmacopea.php (Accessed September 09,
2019).

TLC analysis of an aqueous—alcoholic extract
obtained using 60% ethanol showed thattwo flavonoids
close to the chromatographic mobility, isorhoifolin
(1) and linarin (2), were found in the chromatogram
of the test solution at 366 nm. The values of R
relative to rutin for them are approximately 1.15 and
1.30, respectively (Figs. 2 and 3). Upon subsequent
development with an alkaline DSA solution (Fig. 4),
an orange-red spot (thymol + carvacrol) was found
on the chromatogram at the level of the thymol spot.

To develop a method for the quantitative
determination of the flavonoids in the Monarda
fistulosa herb, we studied the absorption spectra of an
aqueous—alcoholic extract and solutions of the selected
substances, isorhoifolin and linarin. We found that the
isolated flavonoids, and in particular isorhoifolin (Figs. 5
and 6), largely determine the nature of the absorption
curve of the water—alcohol extract, especially under
differential UV spectroscopy (Figs. 7 and 8). In the
spectrum, a bathochromic shift of the long-wavelength

366 nm

Fig. 2. Chromatogram of the water-alcohol extract from
Monarda fistulosa in the chloroform—ethanol-water
(26 : 16 : 3) system. Detection at 366 nm. Designations:
1 — extract from Monarda fistulosa; 2 — isorhoifolin;

3 — linarin; 4 — rutin; 5 — thymol.

366 nm AlCI3

Fig. 3. Chromatogram of the water-alcohol extract
from Monarda fistulosa in the chloroform—ethanol-water
(26 : 16 : 3) system. Detection at 366 nm after treatment with
AICI, alcohol solution. Designations: 1 — extract from
Monarda fistulosa; 2 — isorhoifolin; 3 — linarin; 4 — rutin;
5 — thymol.
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absorption band of flavonoids was observed (Fig. 7)
as in the case of isorhoifolin (Fig. 5). A study of
the absorption spectra of isorhoifolin and the test
solutionshowed that in both cases in the presence of
aluminum chloride (differential spectrophotometry)
there is an absorption maximum at 394 nm (Figs. 6
and 8).

Taking into account the fact that the absorption
maxima of the solution of the isolated flavonoid and
water—alcohol extract from the Monarda fistulosa
herb are in the region of 394 nm (differential
version), it was advisable to determine the flavonoid
amount in terms of isorhoifolin at 394 nm. During
the development of a method for quantitative
determination of the flavonoid amount, we used

Diazobenzensulfonic acid

Fig. 4. Chromatogram of the water-alcohol extract from
Monarda fistulosa in the chloroform—ethanol-water
(26 : 16 : 3) system. Detection in visible light after treatment
with the alkaline solution of diazobenzenesulfonic acid.
Designations: 1 — extract from Monarda fistulosa;
2 —isorhoifolin; 3 — linarin; 4 — rutin; 5 — thymol.

2.5
2.0

1.5

0.5

200 250 300 350 400 450 nm

Fig. 5. Absorption spectra of isorhoifolin alcohol
solutions. Designations: 1 — initial solution;
2 — solution with added aluminum chloride.
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Fig. 6. Differential absorption spectrum
of the isorhoifolin solution.

25
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1.5
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0.5
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Fig. 7. Absorption spectra of water—alcohol extracts from
Monarda fistulosa. Designations: 1 — extract solution;
2 — extract solution with added aluminum chloride.
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Fig. 8. Differential absorption spectrum
of the water-alcohol extract from Monarda fistulosa.
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previously determined optimal parameters for the
extraction of flavonoids from the Monarda fistulosa
herb: extractant — 60% ethyl alcohol; ratio of raw
materials : extractant = 1 : 50; extraction time — 60 min;
the extraction was carried out in a boiling water bath
[7]. The metrological characteristics of the method
for quantitative determination of the total flavonoid
content in the Monarda fistulosa herb are presented
in Table 1.

The results of statistical processing of the results
indicated that the error for single determination of
the flavonoid amount in the Monarda fistulosa herb
with a confidence probability of 95% was = 4.65%.
Additionally, the content of flavonoids in the
Monarda fistulosa herb varied from 5.96 + 0.08% to
7.68 £0.12% (Table 2).

Validation of the developed methodology was
performed according to the indicators of specificity,
linearity, correctness, and reproducibility. The
specificity of the technique was confirmed by the
correspondence of the absorption maxima of the
Monarda fistulosa herb flavonoid complex and
isorhoifolin with the aluminum chloride solution. The
linearity of the method was determined for a series of

solutions of isorhoifolin in the concentration range of
0.01272t00.03816 mg/mL. The correlation coefficient
was 0.99974. The correctness of the methodology
was established by the method of standard addition
via injection of isorhoifolin solutions with known
concentrations of 25%, 50%, and 75% to the test
solution. The average recovery percentage was 98%.

CONCLUSIONS

The feasibility of determining the authenticity
of the Monarda fistulosa herb using thin-layer
chromatography by  detecting = monoterpene
phenols (thymol and carvacrol) and the flavonoids
of 1isorhoifolin and linarin, the dominant and
diagnostically significant components of the
plant, was confirmed. To assess the quality of the
Monarda fistulosa herb, a method for the quantitative
determination of the flavonoid contents using
differential spectrophotometry at 394 nm in terms of
isorhoifolin was proposed.

The authors declare no conflicts of interest.

Table 1. Metrological parameters of the quantitation technique for the total flavonoids

in Monarda fistulosa
f X S, P, % t(Bf) +X E, %
(number (standard (confidence (Student (credible (relative
of degrees (sample deviate) figure) t-test) interval) error single
of freedom) average) determination)
10 6.51 0.1332 95 2.23 +0.11 +4.65
Table 2. Content of the total flavonoids in the Monarda fistulosa samples
No Samole origin Total flavonoid content in an absolutely dry
’ P g sample in isorhoifolin equivalent, %
1 Samara University Botanical Garden (July 2016) 5.97+£0.08
2 Samara University Botanical Garden (July 2017) 7.68 £0.12
3 Samara University Botanical Garden (July 2018) 6.61 £0.10
4 Nikitsky Botanical Garden, Crimea (July 2018) 596 +0.10
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Objectives. There has been a rapid increase in the number of diabetic patients since the past few
decades in developed and developing countries. This rapid increase is accompanied by alarming
costs of treatment. a-Glucosidase inhibitors are one of the most effective drugs employed for
the reduction of postprandial hyperglycemia to manage Type 2 diabetes mellitus. Additionally,
flavonoids, a group of natural substances, which are widely distributed in plants and possess
variable phenolic structures, exhibit outstanding hypoglycemic activity and are considered
as potential a-glucosidase inhibitors. In Vietnam, Persicaria pulchra (Bl) Sojdk (P. pulchra) is
employed in traditional medications. It possesses high flavonoid contents and its anti-diabetes
ability has been hypothesized, although it has attracted less attention for investigation. Hence,
the aim of this study is to optimize the condition of the P. pulchra extract to obtain the highest
total flavonoid content and measure the bioactivities of P. pulchra, such as the anti-a-glucosidase
and antioxidant activities.

Methods. The effects of the extracting conditions, including the temperature, extraction time,
liquid-to-solid ratio (LSR), and ethanol (C,H.OH) concentration, on the total flavonoid content
are investigated via experiments and analyzed by the response surface methodology (RSM).
Concurrently, the optimal extraction also determines the anti-a-glucosidase and antioxidant
activities.

Results. The optimal extraction condition for the highest flavonoid content (530 mg quercetin/g) is
determined in 60 min, at 53°C, with LSR of 9.46 g/g and C,H,OH concentration of 62%. Moreover,
the optimal plant extract exhibits good a-glucosidase inhibition with a half~maximal inhibitory
concentration (IC,,) of 22.67 mg/mlL, compared to the positive control (acarbose —7.77 g/mlL).
Additionally, P. pulchra is proposed to be a potential antioxidant with an IC,, of ~12.68 ug/mL.
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Conclusions. The study confirmed the optimal extraction condition of P. pulchra that will obtain
the highest total flavonoid content and revealed the potentials of P. pulchra in a-glucosidase
inhibition and antioxidation.

Keywords: flavonoid, plant extraction, optimization, anti-diabetes, response surface methodology.
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IMenu. B nocnedHue decsimusiemust 8 pazeumbsblX U passusarouuxcs cmpaHax Habarodaemcest
b6vicmpulii pocm uucna 60nbHLIX duabemom, Komopbslii conpo8oIKOaemest pOCmoM CMoOUMOCmu
neueHust. UHeubumopbul a-2/n10Ko3udasbl Seasomest 00OHUM U3 Haubosiee aghheKkmusHblx npena-
pamos, npumeHaemblx OS5 CHUIKEHUSL NOCMNPAHOUANBHOU 2unepaiukemMuu npu JeueHul caxap-
Hoz20 duabema 2 muna. Kpome mozo, haiasoHoudbl, 2pynna NpupooHsblLX euiecms, UUPOKO pac-
NpoCMpaHeHHbLX 8 PACMEHUSX U COOePIRAUUX PA3UUHBLE NPOUBOOHBLE PEHONA, NPOSABAAIOM
3HAUUMENBHYIO 2UNOAUKEeMUUECKYI0 AKMUBHOCMb U MO2YM CAYMKUMb NOMEHUUANTbHbLMU UH2U-
bumopamu a-2nrorKo3udassl. Bo BoemHame Persicaria pulchra (Bl.) Sojdk (P. pulchra) ucnhonv3y-
emest 8 HapoOHoU meduyure. OH obniadaem 8blCOKUM coOeprKaHUeM PAaA8OHOUO08 U, NPeonoJio-
sKumenbHo, npomugoduabemuueckumu ceoticmeamu, xomsi uccnedosar mano. Taxum obpaszom,
Ueslbto HaCmMosAULe20 UCCAe008AHUSL ABNAALMCS onmuMu3ayust skempazuposarus P. pulchra ons
nosyueHust Haubosiee 8blcoK020 00ULe20 COOEPIKAHUSL PAABOHOUOO8, A MAKIKe onpedeseHue e20
buosioeuuecKkoli aKkmueHoCMuU — AHMU-0-21I0K03UOA3HOU U AHMUOKCUOAHMHOT.

Memoobl. DKcnepumeHmanbHo UCCAed08AHO BAUSIHUE YCM08UTL IKCMPAUPOBAHUS,, A UMEHHO
memnepamypbul, 8pemeHuU IKCMpPAaKyul, COOMHOWEHUSL JKUOKOCMb : meepdoe 8eu,ecmaeo U KOH-
UeHmMpayuu 9MaHoaad, Ha obuiee cooeprKarue haagoHoUd08 ¢ NOMOULLIO MEMOOOSI02UU AHANUSA
nogepxHocmu omxauka. ITokasaHo, 4mo onmumaibHble YCao8Usl IKCMPAKUUU ONpedesisitom aH-
mu-a-2/110K03U0A3HYI0 U AHMUOKCUOAHMHYI0 AKMUBHOCMb.

Pesynemamet. HaiioeHbl onmumaibHble YCao8Usl SKCMPAKYUU ONSL NONYUEHUSL MAKCUMATEHO20
codepokarust gparagoroudos (530 me keepuemuHa/2): epems skemparyuu 60 mur, memnepamy-
pa 53 °C, omHoweHue >xuokocme : meepooe geuwecmeo 9.46 2/2 u KOHUeHmMpayus. 3maHoNa
62%. PacmumenbHblil 9KCMpPaKm, NOAYUeHHbLU 8 ONMUMANTbHBLX YCIO8USLX, NPOsi8isilem xopoulee
uHaubuposamue o-2110K03Udasbl ¢ KOHUeHmpayueil NoAYMaAKCUMATbHo20 uHaubuposarus (IC,,)
22.67 M2/ MN NO CPABHEHUIO C NOSOXKUMENbHBIM KOHmMposem (akapbosza — 7.77 2/ mn).

BwbL800bl. HeenedogaHue 8blsi8Uslo ONMUMATIbHbLE Yenogus sxcmparyuu P. pulchra, nossossiiouwue
noayuume Hauboiee 8blcokoe obuiee cooeprkaHue haagoHouUodos8, U no0meepouslo nepcneKmuebl
npumereHrus P. pulchra 05 uHzUubUPOBAHUU 0:-27TH0K03UOA3bL U AHMUOKCUOAHMHO20 OKUC/IEHUSL.

Knroueevle cnoea: piagoHoUl, IKCMPAKYUSL pACMEHUT, ONMUMU3AUUSL, hpomugoouabemuue-
cKue cpedcmea, Memoooso2ust NOGEPXHOCMU OMKIUKA.

Mna yumuposanus: Do N.H.N., Le T.M., Nguyen Ch.D.P., Ha A.C. Optimization of total flavonoid content of ethanolic

extract of Persicaria pulchra (Bl.) Sojak for the inhibition of a-glucosidase enzyme. Tonk. Khim. Tekhnol. = Fine Chem.
Technol. 2020;15(4):39-50. https://doi.org/10.32362/2410-6593-2020-15-4-39-50
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INTRODUCTION

Diabetes is rapidly becoming one of the most
severe diseases of the 21st century largely because of
current unhealthy lifestyles, like the consumption of
greasy food and lack of exercise [1]. Particularly, this
disease accounted for the deaths of about 4 mln people
in 2017, along with its accompanying huge cost of
treatment (about USD 850 mln, which is expected to
increase significantly by the year 2030 [2]. Moreover,
the prevalence of diabetes has increased sharply in recent
decades. In 1980, the number of diabetic patients was
about 108 mln, which increased to 425 mln in 2017 and
is predicted to be nearly 630 min by 2045 [2, 3]. The
disease is mainly divided into three groups: Type 1,
Type 2, and gestational diabetes [4]. Type 1 diabetes is an
autoimmune disease that is caused by the self-destruction
of f-pancreatic cells, which are key to insulin production
while Type 2 diabetes is caused by insufficient insulin
secretion or insulin resistance of cells [5, 6]. Actually,
Type 2 diabetes accounts for up to 95% of the cases,
thereby demonstrating its widespread prevalence. The
third form of diabetes is common with pregnant women
because of significant changes in their hormones during
pregnancy, which could manifest in an increase in the
blood glucose level [4]. According to a previous study,
diabetes mellitus is risky and can cause death because
of its life-threatening complications, such as coronary
artery disease, heart failure, retinopathy, nephropathy,
and atherosclerosis [4, 7].

Diabetes mellitus is generally caused by unhealthy
lifestyles and can be effectively treated by proper diets
and exercises. However, the utilization of medicine is
still the main therapy [8]. Some typical drugs that are
employed presently to treat the disease are sulphonylurea,
biguanide, thiazolidinediones, and «a-glucosidase
inhibitors [9—12]. Nevertheless, these drugs exhibit side
effects on the health of patients. For instance, biguanide
negatively affects the digestive system, kidneys, and
increases the risk of contracting ketone infection [13].
Thiazolidinediones are a new approach to the treatment
of insulin resistance but can cause heart failure, edema,
and weight gain [13]. Alternative therapy has been
developed so far and involves the utilization of bioactive
compounds, which are extracted from natural plants,
as a dietary supplement for the treatment of diabetes
mellitus. Some natural substances, such as polyphenols,
flavonoids, alkaloids, glycosides, and saponins, have been
demonstrated to cure the disease through their structure—
activity relationship (SAR) [14]. Therein, researchers
have invested much attention to flavonoids because
they exhibit diverse biological activities, especially their
ability to promote the treatment of Type 2 diabetes and
its resulting complications [15, 16]. Flavonoids have
demonstrated a wide range of hypoglycemic functions
and counteracted hyperglycemia by stimulating insulin

production and enhancing its absorption into cells and
inhibiting the enzyme, a-glucosidase, which is mainly
responsible for the breakdown of oligosaccharides,
trisaccharides, and disaccharides into glucose in the
mucosa [17, 18]. The enzyme is inhibited by flavonoids
via either competitive or non-competitive inhibition [17].

Amongst the anti-diabetic herbals, Persicaria plants
demonstrated their ability to combat diabetes with an
inhibitory capacity of ~70%, compared to rutin (86%)
[19]. Many species belonging to the Persicaria genus,
like Persicaria hydropiper and Polygonum perfoliatum
L. are biologically active and are employed in traditional
medicines because they include phenolics, flavonoids,
phenylpropanoids, steroids, and benzoquinones [20,
21]. Nevertheless, a lot of other Persicaria plants, e.g.,
P. pulchra, which is utilized frequently in Vietnamese
traditional medicine, have not been investigated for the
treatment of diabetes. Based on previous studies on the
bioactive compounds of other Persicaria plants, P. pulchra
is well expected to contain high flavonoid contents to cure
diabetes mellitus via a-glucosidase inhibition [22].

In this study, the optimal condition for the one-time
ethanolic extraction of P. pulchra to obtain the highest
flavonoid contents was determined by the response
surface methodology (RSM). The method was introduced
by Box and Wilson, in 1951, and has been applied to
the determinations of the best conditions of extraction
ever since [23]. The effects of the concentration of
ethanol (C,H,OH), the extraction temperature, extraction
time, and liquid-to-solid ratio (LSR) on the flavonoid
contents were comprehensively investigated. Finally, the
a-glucosidase inhibition and antioxidation of the optimal
plant extract were evaluated.

MATERIALS AND METHOD

Materials

P pulchra leaves were harvested from Binh
Chanh District, Ho Chi Minh City, Vietnam. The
plant was authenticated by the Department of Ecology
and Evolutionary Biology of the Faculty of Biology
and Biotechnology, Ho Chi Minh City University of
Science, Vietnam National University. The following
reagents were purchased from commercial suppliers
in pure grade: C;H,OH, methanol (CH,OH), distilled
water, sodium nitrite (NaNO,), sodium carbonate
(Na,CO,), sodium hydroxide (NaOH), aluminum
chloride (AICL,), and dimethyl sulfoxide (DMSO). The
Folin—Ciocalteau reagent, quercetin (QUE), gallic acid
(GA), para-nitrophenyl-o-D-glucopyranoside (p-NPG),
o-glucosidase,  and 1,1-diphenyl-2-picryhydrazyl
(DPPH) were obtained from Merck (Germany).

Preparation of the ethanolic extract

Freshly harvested leaves of P. pulchra were rinsed
with tap water to remove dirt and impurities. Thereafter,
the leaves were air-dried, pulverized, and stored in a
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sealed container for the experiment. Before the extraction,
the moisture content of the sample was determined by a
moisture analyzer Sartorius MB45 (Sartorius, Germany)
to be ~11%.

The extracts were prepared, at controlled
temperatures, extraction times, C,H,OH concentrations,
and LSR (Table 1). Next, 5.00 g of the dried sample was
extracted by aqueous C,H,OH in a 100 mL beaker, which
was assisted by an agitator (300—400 rpm). The primary
extract was filtered afterward, under vacuum condition,
followed by rotary vacuum evaporation, until the excess
solvent was completely removed. The extraction yield
was determined by Eq. (1):

m

H ==t 5 100% | (1)
msample

where m,_ is the weight of dry extract (g) and m is

sample

the weight of the dry leaf powder (g).

Determination of the total polyphenol content (TPC)

TPC in the extracts was determined, utilizing the
Folin—Ciocalteu colorimetric method, according to
Sanchez-Rangel [24]. Briefly, ~10 mg of the primary
ethanolic extract was dissolved in 1 mL of pure DMSO to
form a concentrated sample solution, which was diluted
to different concentrations before the measurement.
Next, 200 pL of the Folin—Ciocalteau reagent was mixed
with 40 pL of the sample solution. The mixture was
thereafter homogenized in a sonication bath for 5 min,
at room temperature. Afterward, 600 pL of 20% Na CO,
and 3.16 x 10° uL of distilled water were added to the
mixture. A homogenous solution was obtained in the
sonication bath after 30 min. Thereafter, the absorbance
of the mixture was measured, at a wavelength of 760 nm.
Moreover, GA was employed as a standard to depict the
calibration graph.

Determination of the total flavonoid content (TFC)

A colorimetric method was applied to measure
TFC [25]. Therein, ~10 mg of the extract was dissolved
in 1 mL of CH,OH to yield the mother liquor. To
measure the sample absorbance, it was diluted to
appropriate concentrations to obtain various sample
solutions. Further, 2 mL of distilled water, 0.5 mL of the
sample, and 0.15 mL of 5% NaNO, were mixed. After
5 min, 0.15 mL of 10% AICI, was added to the mixture.
Within 1 min, 1 mL of 1 M NaOH and 1.2 mL of distilled
water were added. The absorbance of the mixture was
measured, at a wavelength of 425 nm. QUE was utilized
as a standard to illustrate the calibration graph.

Experimental design
The experiments adopted the rotatable central
composite design (CCD) to determine the most suitable
regression equation [23]. Compared to a single-factor
optimization, this highly effective mathematical and

statistical technique exploits higher accuracy by
considering the interactions between variables. The
objective is to determine the relationship between
the factors and response values to determine optimal
conditions. The Design Expert® 11 software (Stat-Ease
Inc., USA) was applied to this study.

The design consisted of 36 experiments, including 12
replicates, at the center points. The center points defined
the experimental error and reproducibility of the data. The
independent variables in this study are temperature (X:
45-65°C), time (X,: 40-100 min), LSR (X,: 8-12 g/g),
and C,H,OH concentration (X,: 50-80%). The coded
and uncoded levels of the independent variables are
described in Table 1. The values of the independent
variables are expressed in codes, as —1, 0, and +1
interval, corresponding to the lower, center, and upper
levels of each variable, respectively. Each experiment
was performed three times to obtain the average TFC
value, which was expressed as a response, Y, variable.

In vitro o-glucosidase inhibitory assay

The investigation of the a-glucosidase enzyme
inhibitory activity of the extract was conducted following
Mahomoodally’s method [26]. The test was performed
on 96-well plates. The extract was dissolved in DMSO
before the test. Additionally, 40 and 20 pL of the sample
solution and a-glucosidase enzyme (1 U/mL) were added
to the well, respectively. Next, 100 pL of a phosphate
buffer (pH 6.8) was added to the mixture. Thereafter, the
plate was incubated for 5 min, at 37°C. After that, 40 uL
of 0.1 mM p-NPG was added to the reacting mixture.
Incubation proceeded for 30 min, at 37°C. Subsequently,
~100 pL of 0.1 M Na,CO, was added to terminate the
reaction, and the absorbance of the sample was measured,
at 405 nm. Acarbose was employed as a positive control.
The percent inhibition of the a-glucosidase reaction was
calculated as follows:

1%:[ ]x100%, 2)

A: absorbance, at 405 nm of the blank (a-glucosidase
and the substrate),

B: absorbance, at 405 nm of the subject (a-glucosidase,
the substrate, and the sample).

In vitro antioxidant assay

The antioxidant activity of the plant extract was
investigated according to Sharma’s method [27]. The
antioxidative substances in the extract neutralized the
DPPH radical by donating hydrogen. Thus, the reactive
solution changed from violet to light-yellow, and its
absorbance was measured, at 517 nm. Next, 180 puL of
DPPH, which was dissolved in 80% CH,OH, was added
to 120 pL of the sample. The mixture was incubated for
30 min, at 30°C, in the dark. This was followed by the
measurement of its absorbance, at 517 nm. Ascorbic acid

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(4):39-50

42



Nga H.N. Do, Tan M. Le, Chinh D.P. Nguyen, Anh C. Ha

Table 1. Rotatable CCD with four factors and TFC (Y)

Coded variables (Real variables)
No. TFCY
X, X, X, X,
1 ~1 (45) ~1 (40) -1(8) -1 (50) 469 + 14
2 1 (65) ~1 (40) -1 (8) -1 (50) 478 £ 15
3 -1 (45) 1 (100) -1 (8) —1(50) 460 £ 12
4 1 (65) 1 (100) -1 (8) —1(50) 467 +7
5 —1 (45) —1 (40) 1(12) -1 (50) 472 + 14
6 1 (65) —1 (40) 1 (12) -1 (50) 491 £ 11
7 ~1 (45) 1 (100) 1(12) -1 (50) 441 + 11
8 1 (65) 1 (100) 1(12) -1 (50) 444 + 11
9 -1 (45) —1 (40) -1 (8) 1 (80) 457 +£21
10 1 (65) ~1 (40) -1 (8) 1 (80) 461 +22
11 —1 (45) 1 (100) -1(8) 1 (80) 459+ 12
12 1 (65) 1 (100) -1 (8) 1 (80) 456 £ 16
13 -1 (45) —1 (40) 1(12) 1 (80) 444 £ 15
14 1(65) —1 (40) 1(12) 1 (80) 453 £ 11
15 —1 (45) 1 (100) 1(12) 1 (80) 424+ 13
16 1(65) 1 (100) 1(12) 1 (80) 431+ 15
17 -2 (35) 0 (70) 0(10) 0 (65) 437 + 11
18 2(75) 0 (70) 0(10) 0 (65) 440+9
19 0 (55) -2 (10) 0 (10) 0 (65) 449 £ 4
20 0(55) 2 (130) 0(10) 0 (65) 426 + 14
21 0(55) 0 (70) =2 (6) 0 (65) 504+ 10
22 0(55) 0 (70) 2 (14) 0 (65) 474 £ 14
23 0 (55) 0 (70) 0(10) -2 (35) 461 £ 12
24 0(55) 0 (70) 0 (10) 2 (95) 456+ 13
25 0(55) 0(70) 0(10) 0 (65) 534+ 10
26 0(55) 0 (70) 0(10) 0 (65) 529+9
27 0(55) 0 (70) 0 (10) 0 (65) 536+ 12
28 0 (55) 0 (70) 0(10) 0 (65) 521+ 14
29 0(55) 0(70) 0(10) 0 (65) 529+7
30 0(55) 0(70) 0(10) 0 (65) 521+12
31 0(55) 0 (70) 0(10) 0 (65) 528 +8
32 0 (55) 0 (70) 0(10) 0 (65) 530+ 7
33 0(55) 0(70) 0(10) 0 (65) 532+15
34 0(55) 0(70) 0(10) 0 (65) 536+7
35 0(55) 0 (70) 0(10) 0 (65) 522+ 10
36 0(55) 0 (70) 0 (10) 0 (65) 529+9
was employed as a positive standard. The percentage RESULTS AND DISCUSSION

inhibition can be calculated by the following equation: Extraction efficiency, TPC, TFC,

and a-glucosidase inhibition
Table 2 presents the bioactive compound contents in
the highly concentrated ethanolic (96%) extract with LSR
of 10 g/g, obtained after 60 min, at 50°C. TPC and TFC of
the plant are 388 mg GA/g and 423 mg QUE/g, respectively.
Interestingly, TPC and TFC of P. pulchra were much higher

A—B

1% = [ ] x100% 3)
A: Absorbance, at 517 nm, of the DPPH radical in CH,0OH,
B: Absorbance, at 517 nm, of the DPPH radical solution,
mixed with the sample.
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Table 2. Total polyphenol content, total poly flavonoids content and a-glucosidase inhibition

of P. pulchra compared to some bioactive plant extracts

Plant TPC, mg GA/g mngI(;iil/g I?l?il(i)li)‘ifi-()gllll,l;ogs/i:lfe
P. pulchra 388 £ 16 423 £16 33.53+1.25
P. odoratum 52.59 19.97 -
P. minus 174 53.19 -
N. mirabilis - - 32.7
P. urinaria - - 39.7
K. candel - - 354

than those of other plants in the Persicaria family,
such as P. odoratum and P. minus [28, 29]. The crude
ethanolic extract of P pulchra exhibited good inhibition
of a-glucosidase with IC, of 33.53 + 1.25 pg/mL, which
is comparable to those of some anti-diabetic Vietnamese
plants, like N. mirabilis, P. urinaria, and K. candel [30].
The extraction of bioactive compounds from dried
P. pulchra, employing 96% C,H,OH obtained the highest
yield, ~12%, in the one-time extraction. Figure 1 indicates
that the extract recoveries, at the 2nd and 3rd extractions,
decreased three to six times, compared to the 1st extraction,
along with a decrease in the TPC and TFC contents. This

20 300
BExtraction vizld
. 164 oTPC F 400 o
< @TEC 2
4 124 F 300 5
E g
ERE R L 200 2
2 2
=] o
2
1 L 100 &@
0

Ist extraction 2nd extraction 3rd extraction

Fig. 1. Extraction yield, TPC, and TFC content of the
ethanolic extract, at different extraction times.

was mainly caused by the reduced diffusivities of the
bioactive compounds with several extraction rounds. In
the one-time extraction, the substances in the plant readily
diffused into C,H,OH because of the large concentration
difference between the plant and the solvent. During
subsequent extractions, those compounds were hardly
extracted owing to their low concentrations in the plant.
Consequently, more extractions, resulting in the utilization
of more solvent and increase in the consumption of energy
and time, were conducted. Therefore, the objective of this
work was to investigate an optimal condition that would
obtain the highest TFC content in the first extraction.
Moreover, the a-glucosidase inhibition of the optimal extract
was evaluated based on SAR between the flavonoids and
diabetes treatment [31].

Effect of the extraction parameters on TFC

Some extraction conditions, such as the solvent
concentration (%), temperature (°C), time (min), and

LSR (g/g) exert significant impacts on flavonoid yields
of natural plants. The effects of the extraction parameters
on TFC are shown in Fig. 2. One of the important steps
to optimize the bioactive compounds obtained from the
plant is to select an appropriate solvent. CH,OH and
C,H,OH are “universal” solvents that could penetrate cell
membranes and extract compounds via hydrogen bonds
[32]. However, in the pharmaceutical industry, C,H,OH is
mostly utilized, compared to CH,OH, because it is less toxic.

Employing different solvent concentrations,
from 35 to 95% (Fig. 2a), TFC of the plant extract
peaked at 536 mg QUE/g with 65% C,H.,OH, which
is consistent with the result of previous studies [33].
It was predicted that the flavonoids in the plant were
highly polar while higher concentrations of C,H,OH
are averagely polar, thereby reducing its extraction
capacity. The 65% C,H,OH was utilized afterward
for the next experiments. As could be observed
from Fig. 2b, the temperature greatly influenced
the extraction of flavonoids from the plant. When
the extraction temperature increased from 35 to
55°C, a corresponding increase in TFC, from 437
to 529 mg QUE/g, was observed and followed by a
decrease in TFC, at a higher temperature, due to the
thermal degradation of the flavonoids. According
to the previous study, some thermally susceptible
flavonoids, such as myricetin, kaempferol, rhamnetin,
and QUE might be present in the plant extract [34]. A
similar phenomenon could be observed in Fig. 2¢ in
which TFC approached a peak of 534 mg QUE/g after
70 min. The temperature, at 55°C, and time, 70 min,
were applied to the next experiments to investigate
the effect of LSR on TFC. However, this factor did not
affect TFC as significantly as the others. TFC of the
extract was low at low ratios (6 : 1 and 8 : 1) because
the difference between the concentration of the plant
and the environment was not enough to induce the
diffusion of the flavonoids into the solvent. The TFC
value reached a peak of 532 mg QUE/g with a 10 : 1
ratio and decreased with increasing solvent. Other
compounds, like tannins and saponins, in the plant
could be extracted along with the flavonoids when a
higher amount of the solvent was utilized. Therefore,
TFC of the extract was reduced.
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Fig. 2. Effects of (a) C,H,OH concentration, (b) temperature, (c) time, and (d) LSR on TFC.

Optimization of TFC in the first-time extract by RSM

Because of the effects of the C,H,OH concentration,
time, temperature, and LSR on the TFC, those four factors
were selected, as variables, to determine the optimal
extraction condition. Generally, TFC of the ethanolic
extract ranged significantly, from 424 to 536 mg QUE/g.
Therein, the experiments at the center point resulted in
the highest TFC, thus strongly indicating that the optimal
point was close to the center (Fig. 3). Conversely, the two
experiments that obtained the lowest TFC were those at
the upper point (65°C, 100 min, and LSR of 12 : 1) because
of a combination of disadvantageous factors against the
extraction.

By applying the orthogonal planning method and
employing the Design Expert® software, the regression

coefficients of the objective functions were calculated.
The compatibility of the build model with the experiment
was validated via the coefficient of determination (R?
value). Table 3 presents the ANOVA analysis of the
response surface model, which was extracted from the
software. The F-value of the model, 106.10, implied the
quadratic model whose p-value of <0.0001 was adequate
to predict the TFC value. R? of 0.9861 indicated that
the regression model accounted for 98.61% of the total
variability.

The coefficients of the regression equation were
derived from the formula of orthogonal matrices, after
which they are tested to determine their significance
level. There was only a 0.01% chance that an F-value,
this large, could occur due to noise. p-Values, <0.0500,
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Fig. 3. TFC values of the plant extract, at 36 planning points.
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Table 3. ANOVA table for the effects of the extraction parameters on TFC in the P. pulchra extracts

Source 3FF§]:eedg:§f) Ssq(::::s;)f Mean square F-value p-value
Model 14 50341.02 3595.79 106.10 <0.0001
X, 1 168.13 168.13 4.96 0.0370
X, 1 1947.97 1947.97 57.48 <0.0001
X, 1 1162.04 1162.04 34.29 <0.0001
X, 1 900.38 900.38 26.57 <0.0001
XX, 1 66.53 66.53 1.96 0.1758
X X, 1 27.56 27.56 0.8132 0.3774
XX, 1 27.56 27.56 0.8132 0.3774
XX, 1 588.06 588.06 17.35 0.0004
XX, 1 175.56 175.56 5.18 0.0334
XX, 1 189.06 189.06 5.58 0.0279
X 1 16078.86 16078.86 474.41 <0.0001
X2 1 12832.51 12832.51 378.63 <0.0001
X2 1 3304.03 3304.03 97.49 <0.0001
X2 1 10105.48 10105.48 298.17 <0.0001
Residual 21 711.73 33.89 -
Lack of fit 10 400.82 40.08 1.42 0.2870
Linear 0.6789
Quadratic <0.0001
Cubic 0.2477
R? 0.9861
Adjusted R? 0.9768

indicated that the terms of the model were significant.
In this case, X1} X.Z’ X, X, X.X,, X.X,, X, X, X}, X?Z,
X2, X 2, were significant model terms. After the analysis,
the Design Expert® software results of the second-degree
regression equation for the virtual variables are as

described in Eq. (4).

Y =528.87+2.63X, —9.23X, —6.96 X, —
6.13X, —6.06X,X, +3.31X,X, -3.44X, X, - 4)
—-22.74X} —21.03X; —10.18X; —17.81.X;

As could be seen in Eq. (4), all the four variables
were captured in the equation, thus confirming the
influence of the investigated factors on the extraction
process. Additionally, the second-order regression
coefficients were negative, indicating that the response
surface was convex, and presented the maximum point.
The temperature and time variables possessed the highest
coefficients (22.74 and 21.03, respectively), proving that
they exerted significant impacts on TFC. Moreover, the
coefficient of the slope was close to the TFC value that
was measured in the experiments, at the center point, and
was significantly higher than the other coefficients in the
resulting equation. Therefore, the predicted maximum
point was around the center point and was approximately

the value of the slope. The response surfaces were plotted
from Eq. (2) to determine the optimal point and visually
evaluate the interactions of variables with TFC. Due to
the great impacts of the temperature and time parameters
on the response variable, they were selected, at different
LSR and C,H,OH concentrations, as illustrated in Fig. 4.
Generally, the peaks of the response surfaces were near
the center point of the temperature and time variables. At
an LSR of 8 g/g (Figs. 4a, 4b, and 4c), the highest TFC
was ~526 mg QUE/g with 65% C,H,OH, and the lowest
value was 505 mg QUE/g with 80% C,H,OH. It was
predicted that the optimal point of solvent concentration
was near the 65% C,H,OH concentration. Additionally,
the peaks of the response surfaces with LSR of 10 g/g
were all higher than those with LSR of 8 g/g (Figs. 4d, 4e,
and 4f). The TFC value simultaneously reached a peak
with 65% C,H,OH and hit the low with 80% ethanol.
With a higher LSR of 12 g/g (Figs. 4g, 4h, and 4i), a
decrease in TFC was observed, along with an increase
in the C,H,OH concentration. Therefore, it is possible
to predict that the optimal conditions were close to LSR
of 10 g/g and 65% C,H,OH. Summarily, the optimal
conditions were close to the center points of the
temperature (55°C), time (70 min), and C ,H,OH
concentration (65%) with LSR of ~10 g/g.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(4):39-50

46



Nga H.N. Do, Tan M. Le, Chinh D.P. Nguyen, Anh C. Ha

v (mg flavonoids)
v (mg flavonoids)

y (mg flavonoids)

y (mg flavonoids)

gy
;’:;:':4, T
s

v (mg flavonoids)
y (mg flavonoids)

“a Temperature (°C)
Ethanol 50%

B: Time (min) ~ w e

w
B: Time (min) *

o @
wvs A Temperature (°C) B: Time (min) Pt
Ethanol 65%

o g gl T A
T g <
€, e

S e e

L
e S
L, o
SRR

y (mg flavonoids)

“A- Temperature (°C)
Ethanol 80%

Fig 4. 3D response surfaces, plotted at LSRs of (a, b, ¢) 8 g/g, (d, e, f) 10 g/g, and (g, h, 1) 12 g/g.

Employing the Design Expert® software, the optimal
extraction conditions to obtain the maximum TFC were
52.25°C, 59.76 min, LSR of 9.201, and with 61.17%
C,H.,OH. The predicted TFC was 528 + 11 mg QUE/g.
To verify the obtained result, three experiments were
performed, under the optimal conditions. As presented in
Table 4, the plant extract obtained TFC of 531 + 7, under
the conditions of 53°C, 60 min, LSR of 9.46, and 62%
C,H,OH, which is close to the predicted value. Generally,
the error between the experimental and calculated values

was <5%, indicating that the obtained model was reliable
and meaningful, in practice.

a-Glucosidase inhibition and the antioxidant activity
of the optimal extract

The crude extract of P. pulchra exhibited good
a-glucosidase inhibition with IC, of 33.53 pg/mL.
To determine the effect of the flavonoid content on
this bioactivity, the relationship between TFC and IC,
should be investigated. As shown in Fig. 5, when TFC
of the extract increased (from 423 to 526 mg QUE/g),

Table 4. Comparison of the experimental and predicted values, under the optimal condition.

Tempféature, T, it LSR, g/g conccz:ll-lltsglt{ion, Prlel:licted TFC, Engélgfntal Error witl:
% g QUE/g mg QUE/g the model, %
526 0.38
53+2 60 9.46 62+0.5 528 £ 11 539 2.08
529 0.20
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IC,, decreased (from 33.53 to 22.67 pg/mL), indicating
an increase in the a-glucosidase inhibition. Because of
the positive correlation between TFC and the enzyme
inhibition, the optimal extraction condition for the
highest TFC resulted in the best inhibitory capacity
without the optimization of the IC, value, thus reducing
the time and cost of the analysis.

800 100
BTEC @IC30
80
600 -
526
491
161
= o F 60 ~
@ 423 I [ - 3
2 e )
E 100 B 2
2 : 5
a SIS B o 40 =
200
20
0

Crude extract  10th extract Gth extract Optimal extract

Fig. 5. Effect of TFC on the a-glucosidase inhibition
of the plant extract.

Moreover, the IC,  value of the optimal extract
(22.67 £ 1.00 pg/mL) is only triple of that of acarbose
(7.77 £ 0.36 pg/mL), which is a common a-glucosidase
inhibitor for Type 2 diabetes. It was safely claimed that
an optimal extract could be utilized as an alternative
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Objectives. The extraction and separation of rare-earth metals is a complicated process that
requires a multidisciplinary and detailed investigation. Liquid-liquid extraction with the use of
surfactant, along with the thermodynamic analysis of the parameters is considered a promising
approach. The extraction and separation of rare-earth metals from low-concentration solutions
represents an attractive research opportunity. The extraction of europium(Ill) from nitric acid
solutions in the form of dodecyl sulfates has been experimentally studied. This work focuses on
the study of fundamental and alternative sources of rare-earth metals and their extraction and
separation.

Methods. The extraction was performed on a top drive ES-8300 D equipment for 30 min at
about 700 rpm. Infrared spectroscopy (Nicolet 6700 spectrometer) was used to determine the
type of salts extracted into the organic phase. Extraction was studied in solutions with single
cations and with a combination of the target element and interfering cations. For the latter, the
concentrations of extracted elements in the aqueous phase were determined by optical emission
spectroscopy with inductively coupled plasma on an ICPE-9000 (Shimadzu) spectrometer. The
spectrometer was calibrated using standard samples for ICP CertiPUR (Merck).

Results. The dependence of the distribution and separation coefficients of rare-earth metals
during extraction on the pH value of the aqueous phase at equilibrium was investigated. Moreover,
the form in which the elements are extracted was analyzed based on thermodynamic parameters.
The minimum concentration of the target component in the aqueous phase was observed at pH
4.0. In general, the dependence of the distribution coefficient on the pH value of the medium is
poorly expressed over the entire range of the pH range of the water phase. Based on the spectra
of spent and pure isooctyl alcohol, it was concluded that europium dodecyl sulfates are extracted
into the organic phase as Eu(C,,H,.OSO,), solvates.

Conclusions. The extraction of europium(Ill) from nitric acid solutions in the form of dodecyl
sulfates was demonstrated. The advantages of the proposed method are the possibility of
selective extraction of the target component from dilute solutions and the use of an easily available
surfactant (sodium dodecyl sulfate). The efficiency of extraction of europium dodecyl sulfates was
maximal in the pH range from 2.0 to 7.5, which reflects a weak dependence on the acidity of the
aqueous phase. In addition, in the highly alkaline pH region, the extraction efficiency is reduced.
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OPUT'MHAJIBHAS CTATbHA

AKuakocrHast sxcrpaxkuus esponusi(Ill) U3 TeXHOreHHBIX PACTBOPOB
C UCIIOJIL30BAHUEM MOBEPXHOCTHO-AKTUBHOIO BEILIECTBA

H.B. OxkeBara, O.A. AobaueBa®

Canxm-Ilemepbypeckuii I'opHulii yHugepcumem, Carnkm-Ilemepbype, 199106 Poccus
@Aemop ona nepenucku, e-mail: Olga-59@yandex.ru

IMenu. AumepamypHble OaHHblLE CBUOEMENBLCMBYIOM O CA0IKHOCMU U3BAEUeHUS U pa30eseHust
PpeodKo3eMeNbHbIX MEemaanog SKCMpPAKYUOHHbIMU Memooamu U 00Kasblearom Heobxooumocmo
MHO20CIMOPOHHE20 U 0emaibH020 U3yueHUsl OGHHbLX npoyeccos. IlepcheKmugHbiM S8aA51emest 0CY-
wiecmenieHue IKCMpPaKyul ¢ NpuMeHeHUeM NO8EePXHOCMHO-AKMUBHO20 8euiecmaa U mepmoou-
HamMuueckum 0OOCHO8AHUEM NONYUEHHBLX MEeXHOJI02UUeCKux eenuduH. HHHoeayuoHHOU udeell
HAYUHO20 UCCIe008AHUSL S8SLeMCs NPUMEHEHUE IKCMPAKUUOHHO020 Memooa Ol U3eNeUueHUst U
pazoeneHus: pedKo3emMeNbHbIX Memaanog U3 HUSKOKOHUEHMPUPOBAHHbBLX pacmeopos. Jxcnepu-
MEHMANILHO U3YUeH npouecc useneueHust eeponusi(lll) uz asomHorkuciblx pacmeopos 8 ¢popme 00-
deyuncynvgpamos skcmparxyuetl. HccnedosaHus opueHmupo8atsl Ha U3yUeHUe OCHO8HbIX U AJlb-
MepHAMUBHBIX UCTMOUHUKO8 Pe0K03eMENbHbIX MEMAN08, CNOCOO08 UX U3BAEUCHUS U PA30eSIeHUSL.
MemooesLt. [Ipouecc npogodusiu Ha eepxHenpusooHom sxcmpakmope ES-8300 D e meuerue 30 MuH co
ckopocmoto okoso 700 06/ muH. [lns onpedeneHust popMbl IKCMpazupyemoblx conetl 8 Op2aHUUecKoll
ase npumeHsU memoo UHPPAKpacHoOU cnekmpockonuu (cnekmpomemp Nicolet 6700). Sxcmparc-
YU UBYUAIU 8 PACMBOPAX C €OUHUUHBbIMU KAMUOHAMU U C KOMOUHAUUET Yenego20 KOMNOHeHMa U
uHmMepgepuUpPYOULUX KAMUOHO8. /151 NOCIe0HUX pacmeopo8 KOHUEHMPAUUU IKCMpazupyemoblx ae-
MEHMOB 8 COBMECMHOM NPUCYMCMEUU 8 BOOHOU (haze onpedessiii MemoooM ONMUUECKOT IMUCCUOH-
HOUL cneKxmpockonuu ¢ UHOYKMuUBHO-C8s13aHHOU naazmoli Ha cnekmpomempe ICPE-9000 (Shimadzu).
Kanubposka cnekmpomempa npogoousacs no cmaroapmsim obpasuyam onst ICP CertiPUR (Merck).
Pesynomamet. [lonyueHsl 3a8ucumocmu KosghguyueHmoes pachpedeneHuss U pasoeneHus peo-
KO3eMeNbHbIX MEemasio8 8 npoyecce IKCMPAaKUUOHHbIX npoyeccog om genuuuHsl pH pasHosec-
HOUL BOOHOU (hasbl ¢ ycmaHosieHUeM U MepMOOUHAMUUECKUM 0O0CHO8AHUEM POpMbL U3BAeKA-
emblx coeOuHeHUll. YcmaHo8eHo, Umo 8 npoyecce SKCmpaKyuu MUHUMANALHAS. KOHUEHMPAyUs
ueseeo20 KOMNoHeHma 8 800HOU ¢pase Habrrodaemes npu pH = 4.0. B yenom Ha ecem uHmepaa-
Jle ucenedyemozo ouanasoHa pH eoorotli ¢paszbl 3asucumocms KoagpgduyueHma pacnpeoeneHus
om 8e/lUMUHbBL KUC/IOMHOCMU cpedbl g8blparkeHa cnabo. Ilo pesynbmamam aHANU3A CNeKmpos
ompabomaHHO020 U UUCMO20 US00KMUI08020 CnUpmMa COeNaHO 3aKaoUeHUe, Umo 000eyUncyib-
amolL egponus useseKaromes 8 opearuueckyto gasy e sude conveamos Eu(C, ,H, OSO,),.
BbL800bl. DKCNEepUMEeHMANTbHO NOKA3AHA B03MONHOCMb UssieueHus esponus(Ill) us asomHoxuc-
JIblX pacmeopog 8 ¢hopme dodeyuncyrbgpamos sxcmparyueii. [Ipeumywecmeamu npeoiazaemo-
20 MemoOa SI8NSIIOMCSL 803MOAHOCMb U3OUPAMENbHO20 U3BNEUEHUS. Yesle8020 KOMNOHEHMA U3
pas3basieHHbIX MEeXHOZEHHbLX PACMB0P08 U UCNONb308AHUE NOBEPXHOCMHO-AKMUBHO20 8eULECma8a
(0odeyuncynocpama Hampus). SgpgperxmusHocms u3gaeUeHUSL 000EUUNCYAbPAMO8 e8ponust npu
IKCMPAKYUU MAKCUMANBHA 8 uccriedyemom ouanaszore pH om 2.0 do 7.5, umo omparxaem caa-
6yro 3a8UCUMOCTbL OM KUCIOMHOCMU 800HOU ¢hasvl. Kpome moeo, 8 cunbHowenouHoll obracmu
PpH agppexmusHocmb usgneueHus skemparKyueti NOHUKaemcesi.

Knroueesle cnoea: sxcmpaxyus, pedkolemesrbHble d1eMeHmMbl, IhheKmusHOCMb U3BAEeUCHUS,
Koagppuyuermol pacnpedeneHus U pazoeneHus, 000eyuicyibgpam Hampust.

Jlna yumupoeanus: Jlxesara H.B., JlJobagesa O.J1. XKunkocrtras sxcrpakius eBpornusi(11]) n3 TeXHOreHHBIX pacTBOPOB C MCTIOIb30BaHUEM

MIOBEPXHOCTHO-aKTUBHOTO BelIeCTBa. JowKue xumuueckue mexnonoeuu. 2020;15(4):51-58. https://doi.org/10.32362/2410-6593-2020-15-4-51-58
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INTRODUCTION

The use of metal extraction processes has
increased in various sectors of the national economy
[1, 2]. This is due to the selectivity and simplicity
of such processes, their speed, and high efficiency at
low initial concentrations of metal cations.

The extraction of rare-earth metals by carboxylic
acids has been widely studied because their use
in sulfuric and hydrochloric acid industries for
processing rare-metal raw materials is more effective
than, for example, organophosphates [1, 2]. The
degree of extraction and separation of rare-earth
elements (REE) and aluminum with octyl-phenoxy
isopropionic acid (OPIPA) presented in [3] reaches
86.43% with a purity of 99.69%. Cerium(III)
extraction with a solution of oxine and 2-methyloxine
in various organic solvents under conditions similar
to industrial scenarios (a strongly acidic solution with
a 0.3-4.4 mol/kg content of sulfuric acid) is reported
in [4].

The chemistry of the extraction of lanthanide(11I)
nitrates with trialkylbenzylammonium naphthenate
has also been investigated [5]. With a phase ratio
of 2 : 1, rare-carth metals were extracted into the
organic phase as (R,N),[Ln(NO,),(RCOO),]. In the
lanthanum-—lutetium series, extraction is reduced,
while the degree of yttrium extraction is significantly
lower than for lanthanides. Trialkylbenzylammonium
naphthenate can be used to separate lanthanides
with lower ordinal numbers from other lanthanides
and also in systems for removing lanthanides from
yttrium compounds.

The extraction of lanthanum, thorium, and
yttrium with composite materials using porous
carriers and liquid extractants is a promising method.
When thorium(IV), lanthanum(Ill), and yttrium(I1I)
are extracted together from water-salt solutions by
a composite material based on super-crosslinked
polystyrene with trialkylamine (TAA), lanthanum(I1I)
and yttrium(III) nitrates are practically not absorbed;
when the concentration of lanthanum(IIl) and
yttrium(III) increases in the aqueous phase, the content
of thorium(IV) nitrate in the composite material phase
increases [6]. This system can be used for removing
thorium(I'V) impurities from concentrated solutions
of rare-earth metal nitrates.

In addition, the extraction of rare-earth metals
from nitric acid solutions with fluoride ions has
been reported [7, 8]. Moreover, the extraction of
zirconium(IV) cations from hydrochloric acid
solutions in the presence of potassium fluoride
with 1-octanol was investigated [9]. Extraction
methods can be thus used to obtain metal cations
from industrial waste dilute solutions (processing

of molybdenum, copper, copper nickel ores, apatite-
nepheline, eudialite ores, and red slurries).

It is clear that the extraction and separation of
rare-earth metals is a complex process that must be
investigated from different perspectives in a detailed
manner. Using a surfactant for the extraction, along
with the thermodynamic analysis of the process’
parameters, seems like a promising approach.

The primary objectives of this work are:

* developing a method for the extraction and
separation of rare-earth metals using surfactants and
for the experimental assessment of distribution and
separation coefficients and degree of extraction,
followed by their implementation in the industrial
processing of low-concentrated mineral raw materials;

* studying the dependence of the distribution
and separation coefficients of rare-earth metals on
the pH of the aqueous phase during extraction by
determining the form in which the target elements are
extracted, based on thermodynamic parameters.

During the extraction of rare-earth metals from
aqueous solutions, sodium dodecyl sulfate (NaDS),
known as a foamer and collector, is used as surfactant
because of its many advantages in comparison with
other surfactants. NaDS is non-toxic (hazard class I'V)
and cheap and can be regenerated from the obtained
products. In addition, extraction processes require
amounts of NaDS, depending on stoichiometry of the
chemical reaction. NaDS can be used in a wide range
of acidity of the liquid phase. Compared with similar
surfactants, the degree of recovery of rare-earth
metals by NaDS has the maximum values [10-12].

This work focuses on the study of fundamental
alternative sources of rare-earth metals, and their extraction
and separation. According to the literature [13—18], cost-
effective sources of rare-metal raw materials are the
minerals bastnesite Ln(CO,)F (70-75%), monazite
LnPO, (55-60%), laparite NaCaln(TiO,),(NbO,),
(30-35%), and xenotima (Y, Eu, Gd)PO, (55-60%).
Alternative sources of rare-earth metals are waste
products of industrial processes with a poor rare-earth
metals content, converter dusts, slags, red slurries of
aluminum production, and mineral raw materials with
low concentrations of the desired elements.

Modern technologies to obtain rare-metal raw
materials focus on minerals of different types of
deposits as sources. Russia does not have reserves
of pure rare-metal raw materials, such as bastnesite,
monazite, and xenotima, which are used by the rare-
earth industry abroad. In the Russian Federation, the
most accessible and efficient sources for processing
are the Lovozero loparite, eudialite, and Khibiny
apatite-nepheline ores from the Kola Peninsula.
These sources have low contents of rare-earth metals.
The Russian rare-earth industry is currently working
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in the development of new deposits, which is far
from sufficient to meet the growing demand for rare
metals and their derivatives. For the progress of the
Russian rare-metal industry, special attention should
be paid to the associated extraction of individual rare-
earth metals in the processing of multicomponent
ores, and not only to the development of new
deposits. Complex use of mineral raw materials is
of the utmost importance in efficient resource usage.
Since pure rare-earth metals are of great value, it is
crucial to increase the efficiency of extraction and
separation of rare-earth metals with similar physical
and chemical properties, which will reduce the cost of
these elements and their compounds, and expand the
possibilities of their use [13—18].

This work proposes a method for the extraction
and separation of rare-earth metals from low-
concentration solutions. The advantages of the
method over existing processes are the possibility
of selective extraction of the target component from
dilute solutions and the use of easily accessible
surfactants.

MATERIALS AND METHODS

All reagents were chemically pure. A 0.01 M
europium nitrate solution was prepared by dissolving
Eu(NO,),:5SH,O in 99.9% pure distilled water.
All subsequent working solutions (0.001 M) were
prepared from this stock. The exact concentration
was confirmed by titration with Triton B and xylenol
orange. For the total extraction of REE, solutions of
Er(NO,),"5H,0,Ho(NO,),-5H,0,and Sm(NO,),-6H,0
were prepared and titrated, similar to Eu(NO,),"5H,0.
Sodium dodecyl sulfate (NaDS) for biochemistry
(Acros Organics, USA, 99%, C H,.OSO,Na) was
used as surfactant. For the experiments, a dry NaDS
suspension was added to the working solution. Nitric
acid and sodium hydroxide, added before setting the
desired pH value, were freshly prepared before use.
Isooctyl alcohol (Aldrich, USA, 96%, 2-ethyl-1-
hexanol) was used as extractant.

Liquid-liquid extraction was performed to
separate europium dodecyl sulfate using isooctyl
alcohol as the extractant. NaDS was used as the
transport agent of europium cations from the aqueous
to the organic phase. The surfactant (0.003 M) was
added according to the stoichiometry of the following
reaction:

Eu*" +3C ,H, 0S0,- = Eu(C ,H,,080,),

127725

The pH value was adjusted to a specific value by
adding a 1 N NaOH solution or diluted HNO,. The pH

value of the aqueous solutions was determined using
a pH-150 MA pHmeter (AQUA-LAB, Russia).

The volumes of the aqueous and organic phases
were 200 and 5 mL, respectively. The process was
performed on a top drive ES-8300 D extractor
(ECROSKHIM, Russia) for 30 min at about 700 rpm.
The parameters of the extraction were experimentally
set to achieve optimum results. The type of salts
extracted into the organic phase was determined using
infrared spectroscopy using a Nicolet 6700 (Thermo
Fisher Scientific, USA) spectrometer.

Extraction of europium(III) cations in the presence
of holmium(IIl), erbium(IIl), and samarium(III)
cations was performed using the method described
above. Working solutions containing Sm**, Eu®**, Ho*",
and Er** were prepared by mixing 50 mL of 0.001 M
solutions of each element. The volume of the solution
with a final total concentration of 0.001 M was 200 mL.
The concentration of the extractable elements in the
aqueous phase was determined by optical emission
spectroscopy with inductively coupled plasma (ICP)
on an ICPE-9000 spectrometer (Shimadzu, Japan),
which was calibrated using CertiPUR ICP standard
samples (Merck, Germany).

The concentration of europium cations
extracted into the organic phase was determined
by the difference in concentration in the initial and
equilibrium aqueous phases, considering the volume
ratio of the phases:

Cre = (CO _VC ol Ve (1)

org

where C is the initial europium concentration in the
aqueous phase, mol/L; Core and C,, correspond to the
concentration of europium cations in the organic and
aqueous phases at equilibrium, mol/L; Via and V,, are
the volume of the organic and aqueous phases, mL.

The distribution coefficient of Eu®" in individual
solutions (K, )and in the presence of Sm**, Ho*', and
Er’* (K i) Was calculated from the ratio of molar
concentrations of the target component in the organic
and aqueous phases according to [16].

The degree of extraction was calculated using the
following equation:

a — Corg ' Varg
Caq ' Vllq + Corg ’ VOV

g

-100% 2)
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RESULTS AND DISCUSSION

Table 1 shows the results of extraction of
europium dodecyl sulfates from nitrate solutions in
the pH range 2.0-11.0. As seen from the data, the
maximum distribution coefficient during extraction
was obtained at pH = 4.0.

According to the results reported in references
[11, 12], the Gibbs energy of formation of Eu(OH)*

monohydroxocomplexes from its elements, Afogg,

and from ions, Acompleogg , 18 782.60 and 47.42 kJ/mol,

respectively; that of Eu(OH), hydroxide is 1199.11
and 149.23 kJ/mol, respectively. In addition, pH of
complexation, pHcompl, is 5.80, and pH of hydrate
formation, pH, is 6.52; i.e. these are the pH
values where the formation Eu(OH)** and Eu(OH),
hydroxides begins.

During extraction, the minimum concentration
of the target component in the aqueous phase is
observed at pH = 4.0. In general, the dependence of
the distribution coefficient of rare-earth metals during
extraction on the pH value of the medium is poorly

expressed over the entire pH range. Based on the
spectra of spent and pure isooctyl alcohol, europium
dodecyl sulfates are extracted into the organic phase
as Bu(C ,H,,080,), solvates (Figs. 1 and 2). The
interaction between alcohol molecules and europium
cations is confirmed by a shift in the frequency of
Vv, valence vibrations. However, in nitrate solutions
that do not contain NaDS, the extraction of europium
cations does not occur due to the lack of shielding
of the target component by non-polar hydrocarbon
radicals.

The efficiency of extraction of europium dodecyl
sulfates is maximal from pH 2.0 to 7.5, which reflects
a weak dependence on the acidity of the aqueous
phase. In the highly alkaline pH region, the extraction
efficiency is reduced.

Table 2 shows the results of extraction of
europium dodecyl sulfates with isooctyl alcohol
as an extractant in the presence of erbium(IIl),
samarium(III), and holmium(IITI).

When extracting REE from individual solutions,
the maximum distribution coefficients are found at
pH 4.0-4.5, where REE is extracted into the organic

Table 1. Europium(III) cation extraction

pH [Eu3’+]aql x10* mol/kg [Eu3+]org x10? mol/kg diste
3.0 1.93 3.88 200.5
3.5 1.82 3.93 216.1
4.0 1.70 3.99 2339
4.5 1.84 3.92 213.8
5.0 1.97 3.86 196.3
5.5 1.94 3.87 199.4
6.0 1.93 3.88 201.5

Optical density

Taso0 3000 2500

2000 1500 1000 " 500

‘Wave number, 1/cm

Fig. 1. Absorption spectrum of isooctyl alcohol.
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2
g
=
=}
2500 2000
Wave number, 1/cm
Fig. 2. Absorption spectrum of Eu extract.
Table 2. Coefficients of distribution of rare-earth elements (III) cations depending on the pH
for extraction in the presence of interfering cations (K dimz) and individually (K )
Sm Eu Ho Er
pH
Icdistrz Icdistr IcdistrZ Icdistr Icdistrz Kdistl‘ IcdistrZ Icdistr
3.0 1437.3 306.9 1355.6 200.5 1282.5 443.1 1355.6 122.9
4.0 1752.4 326.2 1690.9 233.9 1481.9 481.4 1752.4 163.0
5.0 1752.4 426.2 1690.9 196.3 1529.2 404.9 1818.6 147.7
6.0 3091.7 395.6 3300.0 201.5 3300.0 359.6 4512.2 132.1

phase as alcohol solvates of medium dodecyl sulfates.
As a result, the concentration of dodecyl sulfate in
the aqueous phase at equilibrium is negligible. In the
presence of interfering cations, the REE distribution
coefficients increase by an order of magnitude and
are maximum at pH ~ 6. At this value, REE in the
aqueous phase are mostly found in the form of
Ln(OH)* monohydroxocomplexes and are extracted
as solvates of the main salts of Ln(OH)(DS), nROH.
Thus, the consumption of dodecyl sulfate decreases,
and the balance shifts toward extraction.

CONCLUSIONS

The extraction of europium(IIl) cations from
aqueous solutions with and without the presence of
interfering REE cations was studied. The extraction
was successful at low concentrations, i.e., for
concentrating components wastewater treatment.
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Objectives. Herein, the effects of cationic polyelectrolytes on the properties of solid substrate
immobilized acid-base indicators are investigated to predict shifts in their spectral patterns and
characteristics.

Methods. The properties of the silica gel immobilized indicator dye in a solution of the cationic
polyelectrolyte were studied using automatic photometric titration in the visible region and
spectrophotometry using a specialized computerized setup.

Results. The measured pK_ value of the immobilized dye, which had shifted by three units to
the acidic region, was very similar to the pK_ value observed for the indicator in the modifying
polymer solution. The observed change in pK_ of the immobilized dye and the influence of the
solution’s ionic strength were attributed to the local electric potential of the polymer globule.
In contrast to the processes associated with covalent immobilization, the effect exerted by the
solution’s ionic strength on the indicator reaction diminishes, which, in turn, affects the measured
values obtained.

Conclusions. The creation of a sensor for continuous visualization of pH levels based on Congo Red
immobilized on silica gel was described. Here, a color transition was noted between pH 1 and 4.
These materials can be used to monitor metal extraction processes from industrial effluents or
to optimize the extraction of valuable actinides. The approach demonstrated in this work can
be applied to immobilize other indicators for pH level monitoring purposes or the production of
sensors for other analytes.

Keywords: immobilization of indicators, acid-base indicators, optical pH sensors, Congo Red,
organic dyes.
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OPUT'NMHAJIBHAS CTATbHA

Cwmernienne BeIMYMHBI K. KHCJIOTHO-0CHOBHBIX HHIMKATOPOB,
BbI3BAHHOE MIMMOOWIM3AIMer HA TBEPIOH MOII0KKe
32 CYeT BOJIOPACTBOPUMOIO MOJIMKATHOHHOIO IOJIMMEpPA,

Ha npuMmepe Konro Kpachoro

A.O. Haymoga®, I1.B. MeabHuKOB, E.B. [loaranoBa, H.A. SimTyaoB, H.K. 3aiueB

MHP3A — Poccuiickuil mexHoioeuueckuil yHusepcumem (HMHcmumym moHKUX XUMUUECKUX MEeXHO 102Ul
umeru M.B. Nomorocosa), Mockea, 119454 Poccus
@Aemop ons nepenucku, e-mail: alina.naumova. 92@bk.ru

Ienu. ILlenvto Hacmosiueli pabomsl 6610 USYUEHUE BAUSTHUSL KAMUOHHO20 NOAUINEKMPOAUMA
Ha ceolicmaa KUC/OMHO-0CHO8HbIX UHOUKAMOPO8 NPU UX UMMOOUNAUZAYUU HA MEEPOOTL NOO0IK-
Ke U ycmaHoeleHUe 3aKOHOMepHOCmell c08U2A UX CNeKMPANbHBLX U KUCTOMHO-0CHOBHBIX XAPAK-
mepucmux.

Memoouwt. Ceolicmea uHOUKaAmMOpa 8 pacmeope KAmuoHH020 NOJAUINEKMPOAUMA U UMMOOULU-
3080HHO020 HA NOBEPXHOCMU CUNUKARENSL USYUANU MEMOOAMU ABMOMAMUIUPOBAHHO020 homome-
mpuuecKozo mumpog8aHus 8 sUOUMOl obracmu, cneKkmpogomomempuu U ¢ NOMOUWbIO cneyua-
AUBUPOBAHHO20 KOMNBIOMEPUIUPOBAHHO20 CMEHOA.

Pesynemameot. Hamepenroe sHauerue pK kpacumens npu sakpensieHuu Ha CULUKazene cme-
waemes Ha 3 eOUHUYbL 8 KUCAYT0 0baiacmb u 6usKo Kk sHaueHuo pK, ons uHoukamopa 6 pacmeo-
pe moougduyupyowezo norumepa. Habmodaemoe usmenenue seaudurovl pK npu ummobunusa-
UUU U 8AUSIHUE UOHHOU CUMbL pACME0Pa OOBSCHSIIOMECSL C MOUKU 3PEHUsL BAUSIHUSL JIOKATbHO20
2NIeKMpUUEecKo20 NOMEHUUANA NOAUMEPHOU 2106ysbl. B omauuue om KO8ANEHMHOU UMMOOU-
AU3AYUUU, YMEHbULAEMECSL 8IUSTHUE UOHHOU CUbL pacmaopa Ha UHOUKAMOPHYHO peaKyuro, U OHO
MozKkem 6blmb Sle2Ko YumeHo NPU UMepeHUsIX.

Bobieoodst. Ilokazana NPUHUUNUANLHAS. 803MOKHOCMb CO30aHUSL damuuKa OJist HenpepbleHOo20
susyanbHozo KoHmposas pH Ha ocHoge Koreo KpacHoz20, UMMOOUNU308AHHO20 HA CUNUKAZENE C
nepexodom ygema 8 unmepaane 1-4 pH. Takoli mamepuan moxem Ucnosib308amscst 0151 KOH-
Mposisl 8 NPOUECCax U3sneueHUss Memasiog U3 NPOMbLUIEHHBIX CMOK08 UMW OJisl ONMUMU3AUUU
usesieueHust YeHHblX aKkmuHuoos. IIpodemoHcmpuposaHHsblil 8 Hacmosiuiell pabome nooxoo Mo-
oKem 6blmb NPUMEHEH Ol UMMOOUAUIAUUU OPY2UX UHOUKAMOPO8, KaK 015 obecheueHusl usme-
peHust 8 Opyeux ouanazoHax pH, max u ons cozoarust ceHcopog Ha Opyaue aHAUMbL.

Knroueesvte cnoea: ummobunusauus UHOUKAMOpPO8, KUCJLOMHO-OCHO8HblE UHOUKAMOPbL,
onmuueckue ceHcopul pH, KoHzo KpacHblii, opeaHuueckue Kpacumeiu.

Jna yumuposanua: Haymosa A.O., MensaukoB I1.B., [lonranosa E.B., fAmrtynos H.A., 3aiines H.K. Cmemenue Be-
JHYMHBI PK KHCIOTHO-OCHOBHBIX HHJHKATOPOB, BHI3BAHHOE MMMOOMIIM3AaLMENH Ha TBEPIOMH IOIJI0XKKE 3a CUET BOJOPACTBO-
PUMOTO TMOJMKATHOHHOTO Tojumepa, Ha npuMepe Konro Kpacuoro. Toukue xumuuecxue mexnonocuu. 2020;15(4):59-70.

https://doi.org/10.32362/2410-6593-2020-15-4-59-70

INTRODUCTION

Acid-base indicators enable researchers to
quickly and accurately control the composition of
liquid or gaseous media, monitor changes related
to the progress of a chemical reaction, and convert
chemical information about the composition of
the reaction medium into an optical signal. They
are viable alternatives to electrode based indicator

systems. The use of indicators in some cases may be
preferable, particularly in high pressure systems or in
reactions that exhibit high electrical resistivity where
the use of conventional electrode systems results in
unreliable readings.

Acid—base indicators usually consist of organic
dyes whose molecules contain acidic or basic
functional groups. Changes in the pH of the reaction
environment lead to the loss or attachment of a proton
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by the chromophore moiety, and the proton transfer
process is accompanied by observable changes in
the absorption spectra (or the emission spectra in
the case of luminescent systems) associated with the
appearance or disappearance of certain electronic
transitions in the molecule [1, 2]. These indicators are
typically used as aqueous or alcohol based solutions
added to the analyte sample. There are also known
indicator test systems that include an indicator or a
mixture of indicators adsorbed to a substrate, thereby
enabling researchers to quickly determine the acid—
base properties of analyte solutions [3—6]. Despite the
associated benefits, there are significant drawbacks to
these measurement systems, namely, the consumption
of the indicator, the inability to perform continuous
analysis, and the increased risk of contaminating the
analyte solution. These shortcomings highlight the
need to develop in situ reusable dye based sensors
that are fixed on solid substrates [6, 7]. Such a
system would avoid the issues associated with the
consumption of the immobilized indicator during
analysis and enable researchers to measure acidity
and media composition in living cells [8]. Another
potential application of these systems is for nuclear
fuel reprocessing purposes, which require real-time
monitoring of nitric acid concentrations to optimize
the recovery of valuable uranium and plutonium
actinides [9]. Furthermore, it is crucial to control the
pH when extracting metals from industrial effluents
[10, 11].

Although the properties of the acid—base
indicator solutions have been extensively studied
and documented, the immobilization may alter
the observed patterns, in particular, the pK of a
system [9, 12—14]. In light of this, the study of such
regularities is invaluable. Porous microspheres [15,
16] and mesoporous membranes obtained via the sol-
gel process [8, 17, 18] were previously proposed as
substrates for affixing acid—base indicators as they
possess a large inner surface area [16]. Unfortunately,
achieving uniformed immobilization of the indicator
across the entire surface of the microsphere or
mesoporous materials, as well as the even penetration
of the analyte [13, 19], is challenging at best.
Previously, a procedure was developed to manufacture
composite sensors for quantifying molecular oxygen
via high-temperature phosphorescence quenching
mechanisms [20]. The material consisted of
mesoporous microparticles with an indicator affixed
in a polymer matrix as a continuous, uniform coating.
The success of that experiment prompted us to
employ a similar approach to the creation of acid—
base indicator systems.

In this paper, the immobilization of the Congo
Red indicator in a composite matrix is studied with a

particular focus on creating a flow sensor capable of
monitoring the composition of the aqueous solutions.
The proposed sensor would take the form of a fiber
optic probe [14]. The effects of the solution’s ionic
strength on the pK value of unbound and immobilized
indicators, as well as the influence exerted on the
indicator in a solution of cationic polyelectrolytes
used for the sorption of the indicator, were studied.

MATERIALS AND METHODS

Reagents

The  4,4'-bis-(1-amino-4-sulfo-2-naphthylazo)
biphenyl indicator commonly referred to as Congo
Red (LenReaktiv, Saint Petersburg, Russia) and
silica gel LS 5/40 (GOST 8984-75, NevaReaktiv,
Saint Petersburg, Russia) were used. A solution of
polydiallyldimethylammonium chloride (PDDA)
with a concentration of 0.1% was obtained by diluting
the initial 20% solution (Sigma—Aldrich, USA) with
distilled water (GOST 6709-72). Fluoroplast 42 (F42,
GaloPolymer, Moscow, Russia) was used to affix the
colored silica gel particles onto the substrate. The ionic
strength of the solutions was regulated using sodium
chloride and potassium chloride (LenReaktiv, Saint
Petersburg, Russia). The necessary salt solutions at the
required concentrations were prepared from the initial
dry reagents via a volumetric method. The appropriate
acid solutions were prepared by successive dilutions
of the initial solution that had been prepared from the
primary standard (Uralkhiminvest, Ufa, Russia). All
reagents were classified as “pure” or “p.a.”, and were
used without additional purification. All experiments
were performed at a temperature of 25 + 2°C.

The immobilization of the indicator

The immobilization of Congo Red on the SiO,
surface using cationic polyelectrolyte was performed
according to Scheme 1.

The silica gel was kept in the 0.1% PDDA
solution for 30 min with periodic stirring. Next, the
sample was washed repeatedly (at least 10 times)
with distilled water to remove remnants of any non-
adsorbed polymers before being kept for 30 min in a
solution containing the indicator at a concentration of
C., at 1.4 x 107 mol/dm’, which had been prepared
by dissolving Congo Red (0.1 g) in 100 cm?® of
distilled water. The colored silica gel was repeatedly
washed with distilled water, and the completeness of
processing was controlled by measuring the optical
density of the wash water. Washing was considered
completed when an optical density A < 0.001 was
reached. Next, the silica gel was dried at T=80°C until
constant weight readings were obtained. The resulting
bright red powder was mixed with a 5% solution of
fluoroplast 42 in acetone before being placed in an

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(4):59-70

61



Shifts in the pK value of acid-base indicators caused ...

30 min

30 min

—————— ——e !m 1 ‘i
s T
/ pL-= Rinsing Rinsing

. o HpOgisni. HyOuistit.

— . Jf\
0.1% PDDA Dﬁsgl%‘f’ Drying,

solution ) t=380°C

mol/dm?

Silica gel

Solid
substrate

~» </} l F—" =

Ultrasonic bath,

Si07 + dye

— T

5% solution of
F42 in acetone

10 min

Scheme 1. Immobilization of Congo Red on the SiO, surface using cationic polyelectrolytes.

ultrasonic bath for 10 min. The mixed product was
then applied to substrates such as sandblasted glass or
polyethylene terephthalate films using a knife coating
device with a gap of 300 um.

Conducting measurements

Determining the pK of the free indicators, i.e.,
the indicators that had not been immobilized using
the above mentioned method, in aqueous solutions
containing PDDA was conducted using the Titrion
automatic titrator (Econics-Expert, Moscow, Russia)
equipped with an Expert-001 pH meter combined with
an ESK-10601/7 electrode (Izmeritelnaya Tekhnika,
Moscow. Russia) and an Expert-003 photometer with
a photometric cell (Econics-Expert, Moscow, Russia).
Hydrochloric acid of various concentrations (i.e., from
1 x 107 to 2 mol/dm?®) was used as the titrant, and the
dye concentration was 7 x 107 mol/dm®. The spectral
data of the solutions were measured using the small
scale DT-MINI-2-GS combined spectrophotometer
(Ocean Optics, Rochester, NY, USA). The pK_ value
of the immobilized indicator was determined using
the setup shown below (Fig. 1).

The color changes noted in the sample were
recorded as digital micrographs using an eScope
Pro DP-M17 USB microscope (OiTEZ, Shatin, New
Territories, Hong Kong). The pH value corresponding
to a given color range was determined using the
Expert-001 pH meter. Data processing was conducted
using in house software. The acidity of the medium
was adjusted by adding the previously mentioned
hydrochloric acid of various concentrations (from

__________________________________________________

Digital
PC microscone

Stirrer

pH meter

Fig. 1. Setup for determining the pK, of the immobilized
Congo Red indicator.

1 x 107 to 2 mol/dm?®). Data was automatically
acquired after the stabilization of pH meter readings.

Generally, each pixel of a digital image represents
a set of three basic colors: red, green, and blue. Since
the indicator used in this study exhibited a red to blue
transition in an increasingly acidic environment, the
analytical signal obtained was represented as a ratio
of the intensity of the red and blue color channels.
Moreover, this assessment was conducted for each
pixel of the image independently, making it possible
to quantify local changes in pH.

RESULTS AND DISCUSSION

The mechanism governing the indicator’s
reaction and the observed color changes is described
in Scheme 2 [21].
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Scheme 2. The mechanism governing the indicator’s reaction and the observed color changes.

The formation of an indicator—polyelectrolyte
surface salt was the driving force behind the
immobilization process. The Congo Red indicator
molecule contains negatively charged sulfo groups
that, in the presence of the polycationic polymer
PDDA, resulted in effective adsorption and
immobilization onto the surface of the glass substrate.

It was clear that the polyelectrolyte significantly
influenced the optical properties of the indicator.
Here, we noted that the optical density (A) at a
particular wavelength (A) was heavily influenced by
the pH of the aqueous solution. This was exemplified
in the differences observed between the spectral data
obtained without and with PDDA (Figs. 2a and 2b,
respectively).

In Figure 3, the maxima of the absorption
peaks of the protonated (seen in blue, absorption

0.7

350 450 550 650 750 850 950
A, nm
a

band 2 =650 nm) and the initial (seen inred, = 505 nm)
forms of the indicator did not shift. However, the
ratio of the peak intensities of the two forms changed
significantly in the presence of PDDA. The maxima
of the peaks of both forms of the free indicator are
changed in almost equivalent proportions, with a
clearly defined isosbestic point. The intensity of the
blue band (/,, ) in the presence of PDDA was much
lower, with no clearly defined boundary between
the peaks. The I /I, = ratio exhibited a sigmoidal
relationship with the pH of the medium (Fig. 3),
and the pK  value of the color transition was easily
identified via the inflection point [22]. If the ultimate
ratio of / /I, ~maxima for the free indicator did not
exceed 3.5, then the ultimate ratio of / /I, ~maxima
increased by almost an order of magnitude to 29 units

in the presence of the polycationic polymer. In the

0.9
0.8 -

350 450 550 650 750 850 950
A, nm

b

Fig. 2. The absorption spectrum of aqueous Congo Red solutions: (a) without polydiallyldimethylammonium chloride
(PDDA) (C_, = 1.4 x 107 mol/dm?*) at pH = (1) 5.55, (2) 5.01, (3) 4.52, (4) 4.23, (5) 4.09, (6) 3.87, and (7) 3.70;
(b) in the presence of 0.01% PDDA solution (C,, = 2.8 x 10~ mol/dm®) at pH = (1) 7.00, (2) 2.48, (3) 1.78,

(4) 1.57, (5) 1.44, (6) 0.48, and (7) 0.18.
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Fig. 3. Variations in the absorption intensity ratios
(I /1,,,.) of the red and blue forms of the indicator
in aqueous solution based on the pH of the medium
(1) without PDDA (C_,, = 1.4 x 107 mol/dm°)
and (2) in the presence of 0.01% PDDA solution
(Cpp = 2.8 X 107° mol/dm?).

latter case, the transition range shifted by 3 units to a
more acidic region.

This drastic change in the pK  value and the
spectra obtained was attributed to significant shifts
in the reaction equilibrium to the left due to the
formation of a positively charged polymer globule
around the indicator. This was exemplified by the
almost complete absence of the third component
(A,.. = 733 nm) in the spectrum that corresponded
to the cationic form of the dye; this component was
revealed in strongly acidic solutions [23]. In the
presence of PDDA, traces of this component were
visible only in extremely acidic environments at
pH ~ 0 (Fig. 2b).

The pK, values at various PDDA : indicator
ratios were determined to assess the effect exerted
by the polymer on dye solubilization. Here, we
noted that the pK value decreased slightly after
the addition of small amounts of PDDA. When the
polymer content of the solution was 0.001 wt % or
higher, the pK_ value shifted to the acidic region and
equilibrium was achieved when the value was ~1.5
(Fig. 4); this observation indicated that all active sites
on the polymer were occupied by the indicator. The
molar ratio, which is indicated as the intersection of
linear sections in Fig. 4, shows that the ratio of the
structural units of the interacting charged molecules
was 1 : 10 when a significant positively charged
field was formed by polyelectrolyte; the latter leads
to difficulties in the protonation of bound indicator
molecules.

Measuring the pK, & of the solid substrate
immobilized indicator is demonstrated herein. Photos

4.5
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3.5 -
3.0 |
25
2.0

1.5 | i =

1.0

pK,

0 15 30 45 60 75 90
Crppa x 104, %

Fig. 4. The influence exerted on the pK value
by the concentration of PDDA (%)
(Cp =7 % 107 mol/dm®).

of the sample at various pH values are shown in
Fig. 5. In the current study, we affixed silica gel in
a polymer matrix per a previously reported method
[20]. Quartz fibers or glass microspheres can also be
used as the carrier.

When the pH of the medium decreased, the color
transition of the sample was from red to navy blue,
which was a transition similar to that observed in
the dye solution. The titration curves obtained after
digital image processing showed the relationship
between the signal intensity (represented in
arbitrary units) and the pH of the medium (Fig. 6).
A typical S-shaped curve was noted, which allowed
us to determine the pK of the transition of the
immobilized indicator using the inflection point
[22]. The curves were reproducible during repeated
titration of the sample due to the reusability of the
dye; this was because the original form of the dye
was firmly bound by PDDA, whereas the protonated
neutral form of the dye was insoluble [23], thereby
making our dye system ideal for application as a
continuous optical pH sensor.

Despite numerous studies on pH sensors with low
sensitivity to ionic forces [24, 25], understanding the
influence exerted by the ions in the reaction medium is
paramount to accurately predicting shifts in the pK_ of
the indicator. A comparative study was conducted on the
effect of the ionic strength of a solution on the pK| value
in an aqueous solution of the indicator, in a solution of
the indicator with the addition of PDDA, and for the
indicator that is immobilized on silica gel to understand
how the color transition of the indicator is shifted when
analyzing various natural objects, predict future color
shifts, and to assess incidences of possible distortion in
the readings of the sensor with the immobilized dye.
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pH = 1.48 pH =121 pH =0.80

Fig. 5. Color changes in the silica gel-immobilized Congo Red indicator as a result of pH changes.
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Fig. 7. Titration curves of the indicator solutions
Fig. 6. Titration curve of Congo Red immobilized (C.p =7 % 106 mol/dm?) at various ionic strengths, as

on silica gel. measured in mol/dm?, at (1) 0, (2) 0.001, (3) 0.005,
(4) 0.01, (5) 0.05, (6) 0.1, and (7) 0.5.
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Changes in the shape of the titration curve
obtained for the indicator solution as a function of
the solution’s ionic strength are shown in Fig. 7. Here,
we noted that in the absence of other electrolytes,
the Congo Red solution underwent a color transition
between pH 3.0 and 5.2, with a pK_ value of 4.3.
Even though these findings were consistent with
published reports [26], the shape of the titration
curve changed significantly when the ionic strength
of the solution increased. The associated S-shape
became less pronounced at high ionic strength
values, and the overall color intensity of the solution
also decreased. The inflection point corresponding
to the observed equilibrium constant (pK) shifted
toward a higher pH (Fig. 8a).

As a result of the symmetry of the indicator
molecule, its protonation can be schematically depicted
as [21, 23]:

B>+ 2H < H,B

The expression for the equilibrium constant of this
reaction is written as:

(H,B]
[B*JH'T

From the figure, it was clear that an increase
in the ionic strength resulted in a decrease in the

4.9 - - 2.7
48 25
47 - P

2,467

2.1

= 45

*l - 1.9
4.4 N
- 1.7
4.2 T T T T T T 1 -5
00 02 04 06 08 1.0 1.2
[0.5, M0.5
a

mean ionic activity coefficient (y,), leading to an
increase in the observed constant K, = K x K . The
calculated values for lgy,, which is well define by the
Debye-Hiickel equation, was noted as z, = 2, z, = 1,
A =0.509, B =1, and C = 0.46 for the respective
parameters (Fig. 8b). However, the addition of
the polycationic polymer to the solution caused a
significant deviation from the theoretical curve.
A linear relationship between the shift in the pK
value of the substrate immobilized indicator and
the square root of the solution’s ionic strength
was observed even at high salt concentrations (Fig. 8a).
This observation was indicative of competition
between the anions of the added polyelectrolyte
and the Congo Red molecules for active PDDA
adsorption sites [27], which, in turn, led to the
partial compensation of the polymer globule’s
positive charge and facilitated the protonation of
the dye molecule. In contrast to the results noted
for covalently immobilized dyes [28], the influence
of the ionic strength of the solution on the color
transition of the indicator decreased.

CONCLUSIONS

Herein, the Congo Red indicator was
immobilized on a silica gel pre-treated with a
cationic polyelectrolyte, PDDA. We noted that
the immobilized dye retained its ability to exhibit
color transitions based on the prevailing acid—base
environment. A significant shift in the pK value of
three pH units to a more acidic region was observed

0.0 0.2 0.4 0.6 0.8

0.00 : : ‘
05, 0.5

-0.05 |,
010 | )
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Igy+
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Fig. 8. (a) The relationship between the pK value of the Congo Red indicator and the ionic strength of (I) the aqueous
solution of the indicator (C,, =7 % 10°° mol/dm?), (II) the combined 0.01% PDDA~indicator solution
(Cep =7 x 107° mol/dm’), and (III) the solid substrate immobilized indicator. (b) The mean activity coefficient (y,)
of the ionic strength (1) without PDDA and (2) in 0.01% PDDA solution.
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in the immobilized indicator due to the influence
of the local polyelectrolyte’s potential. Given
these findings, it was clear that a sensor based on
silica gel immobilized Congo Red dye could be
produced for continuous visual pH monitoring via
an obvious color transition between pH 1 and 4.
This sensor system could prove useful during the
metal extraction process conducted on industrial
effluents or the optimization of the extraction of
valuable actinides. The observed reduced effect of
the prevailing salt environment must be taken into
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Objectives. Preserving the continuity of scientific schools and increasing scientific motivation is
critical for educating new generations of researchers. One way to solve this problem is to promote
the historically significant achievements of outstanding scientists working in the field, without
which the foundations of modern chemical technologies cannot be imagined. The field of physical
chemistry benefited immensely from the contributions made by Professor Yakov Kivovich Syrkin.
This article is devoted to the analysis of the growth of Ya.K. Syrkin as a scientist and discusses
his main scientific contributions to physical and quantum chemistry.

Methods. The article was prepared using archival materials, bibliographic references, original
texts of articles, and scientific reports.

Results. The article details and documents the main scientific achievements of Ya.K. Syrkin
during his work at the Ivanovo-Voznesensk Polytechnic Institute and the Ivanovo Institute of
Chemistry and Technology between 1918 and 1932, showing his growth and development
as a young scientist through his interactions with teachers and colleagues. Syrkin’s research
on chemical equilibrium, reaction kinetics, thermodynamics, catalysis, solution theory, solvate
effects, and colloidal systems are presented herein.

Conclusions. A retrospective analysis of the career of Ya.K. Syrkin shows the scope of his research
interests and his ability to build on the foundations provided by great predecessors such as
Gibbs, Van’t Hoff, Arrhenius, Ostwald, and Nernst. A comprehensive study of fundamental and
applied aspects of physical chemistry guided Syrkin’s approach to understanding the importance
of molecular structure and the nature of chemical bonds in all observed chemical phenomena.

Keywords: physical chemistry, equilibrium of heterogeneous systems, chemical kinetics,
catalysis, solutions, colloidal systems, separation of liquefied gases, fabric dyeing.
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UCTOPUUYECKHUU OYEPK

90-nemuto Heanosckozo 2ocyoapcmeennoco
XUMUKO-MEXHONOSUYECKO20 YHUBEPCUINENd NOCEAWAemcsl

Hayunas nesiresibHOCTB S1.K. ChIpknna Ha XuMmueckoM (paKyJisTere
HNBanoB0o-B0o3HECEHCKOIO MOJIMTEXHUYECKOI0 HHCTUTYTA
U B UBaHOBCKOM XUMMKO-TEXHOJIOTHYeckoM uHcTUTyTe (1918-1932 IT12)

A.C. MaasacoBa®, O.H. Kosidpman'?

HeaHoscKkuli 20cyoapcmeeHHblil XUMUKO-mexHo02uueckull yHugepcumem, Hearoeo, 153000

Poccus

?HHemumym xumuu pacmeopos um. I.A. Kpecmoea Poccuiickoli axademuu Hayk, HeaHoeo,

153045 Poccus

@Aemop ons nepenucku, e-mail: bubnalla@yandex.ru

ITens. CoxpareHue npeemcmeeHHOCMU HAYUHbBLX UWKOJ, NO8blULEHUEe MOMUBAYUU K HAYUHOMY
NOUCKY s18151emcest aKkmyastbHol 3adavetl 80cnumaHusl Hogolx noxkosieHull uccneoosameneii. O0-
HUM U3 nymeil peweHust smotl 3a0auu s18/151emesi NPonazaHoa ucmopuuecku 3HauuUMblx 0ocmu-
IKEHUTL 8blLOAOULUXCSL YUeHblx, pabomarowux 8 obnacmu, 6e3 Komopoli He MblCAUMCS. pazgumue
PYHOAMEHMANBHBLX OCHO8 MOHKUX Xumuueckux mexHosozutl. Taxoli obracmuio S841acb U 516-
Jsilemest celiuac puauueckast Xumus, 8 pazsumue Komopoi 02pOMHbLI 8KNA0 8HeC Npogheccop
Sroe Kusosuu CeipruH. Hacmosiwee uccnedosaHue nocesuseHo aranusy cmarosnreHust A.K. Colp-
KUHA KAK YUueHoz20 U 00CYIOeHUI €20 OCHOBHbIX HAYUHBIX PE3YbMmAamos, UMEUUX NPUHUUNU-
anlbHOe 3HaueHue 05 pazeumust pusuueckoli U K8AHMOB8OU XUMUU.

Memoout. [Ipu nodzomogke cmambu UCNO/bL308AHbL ApXUSHblEe Mamepudst, bubiuozpaguue-
cKue cnpaskKu, opuuUHalbHble meKxcmosl cmametll U HayuHblX omuemos.

Pe3synomamet. B cmambe nodpobHo pacemompeHbl U O0OKYMEeHMANTbHO N00MEePIKOEHbL OCHO8-
Hble HayuHble docmuskeHust . K. ColpKuHa 8 nepuod e2o pabomul HA XUMUUECKOM paKyibmeme
Hearoeo-Bo3HeceHCK020 noaumexHuuecKozo uHecmumyma u 8 MeaHo8ckom XuUMUKO-mexHOo102U-
ueckom uHcmumyme (1918-1932 22.), nokazaHo cmaHogeHue MOS00020 YUeHOo20, e20 83auUmooeti-
cmeue ¢ yuumensimu u Koanezamu. IlpedcmaesneHsl pe3yibmamosl UCCAe008AHUT XUMUUECKO20
pasHosecusl; Xumuueckoll KUHeMuKU; YCmaHO8/NEeHUSL C83U MeIK0Y KUHeMuUKol u mepmoouHa-
MUKOLU;, Kamaiu3a;, meopuu pacmaopos; Conb8aAmMHbLX 3¢hhermos; KONNOUOHbLX cucmem U op.
Buteoodut. PempocnerxmugHblii ananus desmesibHocmu S1.K. ColpKuHa noKassbléaem e20 CmaHoe-
JleHue, Wupomy uHmepecos, ymeHue cesizamos, meopuecKu oueHUmMs U pa3eums pyHoameHmaio-
Hble 0ocmusKeHUus seluKux npedwecmaeHHukos — 'ubbca, Banm-I'ocpgpa, Apperuyca, Ocmsanb-
0a, Heprcma u opyeux. PazHocmopoHHee uccriedogaHue (PYHOOMEHMANbHBLX U NPUKIAOHBIX
acnexmoe ¢usuueckoti xumuu npugeno 4.K. ColpKkuHa K NOHUMAHUK KAHUE80l PO CMpOoeHUs.
MOSIEKYSL U NPUPOObL XUMUUECKOTL C8513U 80 8Cex HAON00AeMbIX XUMUUECKUX SI8EHUSLX.

Knroueevle cnoea: dausuttec;caﬂ Xxumust, pasHosecue zcemepo2eHHblX cucmem, xumuuecrKast
KuHemurKa, kKamaJsius, pacmeopdvl, KONLOUOHbLE cucmemul, pa30€]l€Hu€ CHKUXKEeHHblX 2a308,
KpaweHue mraHetl.

s yumuposanus: Maiscosa A.C., Koiipman O.U. Hayunas nestenpHOocTh S1.K. ChipKHA HA XUMHUYECKOM (DaKyibTeTe
NBanoBo-Bo3HeceHCKOTO MOTUTEXHUIECKOTO HHCTUTYTA U B VI BAHOBCKOM XUMHUKO-TeXHOJIOTHIecKoM HHCTUTYTe (1918-1932 1T).
Tonkue xumuueckue mexrnonoeuu. 2020;15(4):71-81. https://doi.org/10.32362/2410-6593-2020-15-4-71-81

Yakov Kivovich Syrkin was an academician of
the USSR Academy of Sciences and a graduate of
the Ivanovo-Voznesensk Polytechnic Institute (IVPI),
which was the first technical university established in
Soviet Russia, from which he graduated in September
1919 with the Diploma No. 1. After receiving a higher
education diploma, Ya.K. Syrkin became a Junior

Assistant at the Department of General Chemistry.
In October 1918, he applied to the rector Mikhail
Nikolaevich Berlov with a request for employment
at the Laboratory of Inorganic Chemistry at IVPI.
The institute’s management considered it necessary
to attract capable students as employees of the
analytical laboratory, particularly one who was as
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motivated and technically talented as Syrkin. The
details surrounding Syrkin’s time as a teacher are
described in the bibliographic index [1] published for
the 120th anniversary of his birth in the series entitled
“Golden Fund of Chemtech.”

The current publication aims to explore the
early scientific activities of this academician and
gain insight into the multifaceted scientific interests
that enabled him to take advantage of golden
opportunities in his field. Syrkin’s first steps into
science began in the laboratory of Petr Petrovich
Budnikov' in which their first joint project [2] was on
optimizing the conditions for gypsum setting. In this
project, Syrkin and Budnikov determined the factors
that influenced the rate of high temperature gypsum
setting (i.e., above 400°C) in calcium sulfate semi
hydrates (CaSO,-2H,0), dihydrates (CaSO,-2H,0),
and anhydrous CaSO, (soluble and insoluble). Here,
the features of a previously unreported hydrate were
discussed, and the transition points between the
various hydrates were established. The researchers
were able to slow high temperature gypsum setting
by adjusting the growth of insoluble modification,
mechanical grinding, and the process of hydration of
the insoluble anhydride itself.

Published in 1923, the group’s work [3] on
the dissociation of CaSO, would later be used to
establish the chemical and physical characteristics
of estrichgypsa, a type of gypsum formed when
CaSO, was calcined above 800°C. Several allotropic
modifications (i.e., the soluble and insoluble
anhydrides) were observed at temperatures as high
as 800°C, whereas changes in gypsum’s chemical
formula were not observed. Further temperature
increases led to the formation of CaO- and CaSO,-
containing compounds. The purpose of this work
was to determine the impact of temperature on the
composition of the resulting gypsum.

Syrkin and Budnikov’s research on castelromano
potash [4, 5] focused on optimizing the reaction
between K,CO, and Ca(OH), by determining the

optimal temperature and reactant concentrations that
were required for maximum product yield. Other
aspects of their research included determining the
route of synthesis and the conditions under which
stable double salts were formed in this process.
Here the duo also showed that Ca(OH), could be
replaced with other caustic agents such as Sr(OH),
and Ba(OH),.

In March 1921, Syrkin’s first publication as a sole
author, entitled “On the question of equilibrium in a
heterogeneous system” [6], was sent to the Editorial
Office of the Izvestiya of Ivanovo-Voznesensk
Polytechnic Institute. Based on this work, an
Associate Professor of the Department of Analytical
Chemistry at IVPI named 1.G. Zacks suggested
that the then 27-year-old Syrkin, who had become
the senior assistant of the Department of General
Chemistry of IVPI, should focus on optimizing the
reaction between CaSO, and Na,CO, as this research
was pivotal to water treatment processes. Here, Syrkin
proved that the reversibility of the aforementioned
reaction depended on the concentration of various
reagents, and at a low temperature, with dilution of
solutions the reversibility increased.

In January 1921, Syrkin presented a scientific
report entitled “Kinetic theory and reality of a
molecule” at the Chemical Colloquium of the IPVI
Chemical Faculty, which clearly showed the direction
of Syrkin’s research interest in reaction kinetics and
molecular structure. Between 1921 and 1931, Syrkin
was employed at the Ivanovo-Voznesensk Polytechnic
Institute (IVPI) and the Ivanovo Institute of
Chemistry and Technology (IICT). Here, his research
interests included structural elucidation and solvation
of molecules, the separation of liquefied gases, and
the optimization of fabric dyeing processes as well
as the kinetics governing catalysis and gypsum-based
reactions.

Syrkin’s “On the theory of solvates” article,
which was published in the Izvestiva of Ivanovo-
Voznesensk Polytechnic Institute in 1922 [7], explored

! Petr Petrovich Budnikov (1885-1968) was a professor at the Ivanovo-Voznesensk Polytechnic

Institute (IVPI) from 1918 to 1926. During this period, he served as the Head of the Department of
Mineral Raw Materials of IVPI, and later as the Corresponding Member of the USSR Academy of
Sciences and an academician of the Academy of Sciences of the Ukrainian SSR. He was a Doctor of
Technical Sciences and held a professorship in the Department for General Technology of Silicates
at the prestigious D.I. Mendeleev Moscow Institute of Chemical Technology from 1944 to 1968.
Budnikov was awarded three Stalin prizes (in 1942, 1950, and 1952, in addition to ten orders and
medals of the USSR. In 1965, he was awarded the title of Hero of Socialist Labor as an honored
worker in Science and Technology of the USSR (1943) and the RSFSR (1964).

His research interests included the creation and characterization of anhydrite, alite, and sulfated slag
cement binders, chromite—dolomite and corundum—carborundum refractory composites and the development
of improved insulation materials and ceramics with special focus on the synthesis and characterization of

oxide based refractory materials that possessed melting points above 2000°C. Professor Budnikov also
developed state diagrams of composite Li,0-GeO,, ALO,-SiO,, Al,0,-Si0,~ZrO,, BeO-UO,, MgO-UQ,, and Sm,0,~AL 0O, systems in
which the physical, chemical, and thermodynamic properties, as well as the kinetic features of transformations in these systems, and the
mechanisms governing sintering and recrystallization of their respective solid phases were detailed.
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fundamental concepts about solvation and the
chemical purity of substances, elements, or hydrate
compositions that are still relevant today. This article
was groundbreaking as chemists at the time were
struggling to precisely define the characteristics and
properties of a mixture and a chemical compound.
At this time, there was no clear consensus on the
applicable science to explain these definitions or
account for the recorded observations of these
substances in the presence of external stimuli. Should
these compounds be defined from a chemical point of
view, or are the laws of physics more applicable for
explaining the associated phenomena? In this article,
Syrkin wrote:

“In the field of solvates, the same chemical and
physical methods are not applicable. In solvates
we have, so to speak, semi-physical, semi-chemical
systems.”

Although scientists at the time were aware of the
interactions between a solvent and a dissolved
substance, many failed to precisely define this
interaction and could not understand, let alone
account for, the possible mechanisms governing this
phenomenon. When asked to explain, Syrkin stated:

“It seems to me that purely chemical methods, in the
classical sense of the word, do not give precise and
definite answers to the questions posed by the fact of
solvation.”

Syrkin realized that the key to answering many
of these troubling questions lies in accepting the
concept that compounds are capable of existing in
various compositions, namely, as solvates in general
and hydrates in particular. According to Syrkin, one
of the main indicators of hydration was the observed
change in internal pressure and the influence of
internal forces that governed chemical affinity. The
hydrates themselves simply represented a shell of
water molecules surrounding the molecules of the
dissolved substance.

It is symbolic that this article on the theory of
solvates subsequently defined the scientific direction
of IICT, which is still in place today. Indeed, this article
laid the ground stone in creating the Department of
Non-Aqueous Solutions Chemistry of the Academy
of Sciences of the Soviet Union in 1980. In 1981,
the department was restructured and rebranded as the
Institute of Chemistry of Non-Aqueous Solutions of
the Academy of Sciences of the Soviet Union (now
known as the G.A. Krestov Institute of Chemistry of
Solutions of the RAS). Initially, this group’s main
task was to study the structure of solutions and their
applicability in tissue processing technology. The
founding fathers of the institute were all winners

of the USSR State Prize in Science and Technology
(1987), namely, the Corresponding Member of the
USSR Academy of Sciences G.A. Krestov, Professor
B.D. Berezin, and Professor B.N. Melnikov. These
scientists are renowned for their series entitled
“Development of theoretical foundations of chemistry
of non-aqueous solutions and their practical use,”
which was published between 1962 and 1985.

In 1923, the Izvestiva of Ivanovo-Voznesensk
Polytechnic Institute published an article on the topic
“Kinetic justification of chemical affinity” [8] (Figs. 1
and 2), in which an attempt was made to quantitatively
describe the expression for chemical affinity. In his
arguments, Syrkin critically discussed the three most
important principles in the concept of chemical affinity,
namely, the Berthelot principle, the theory of Guldberg
and Voge, and the Nernst theorem. In his groundbreaking
equation, the young scientist combined the concepts of
chemical statics and kinetics:

4 asrR"

k= !
9  n!n,

where K is the equilibrium constant of a chemical
reaction, r is the radius of the whole sphere, R is
the gas constant, n is the stoichiometric coefficient
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Fig. 1. Title page of the Izvestiya
of Ivanovo-Voznesensk Polytechnic Institute.
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Fig. 2. Ya.K. Syrkin’s article entitled “Kinetic justification of chemical affinity.”

(i.e., the number of moles), o is the volume of the
reaction sphere gas, N is the Avogadro number, M is
the molecular weight of the gas, T is the temperature,
and ¢ is the energy of a single molecule. In describing
his equation, Syrkin emphasized that:

“[the equation] expressed the entire chemical dynamics
in the general form for processes of any order.”

Although Equation (1) appears difficult to understand
at first glance, its simplified form (2) can be obtained if
we assumed that each individual process in the first part
of the equation could be represented by a constant. By
denoting this value with the letter 4, we obtain:

K= A\/?e% ©)

In [9], expressions are given for determining the
absolute entropy (3) and the chemical constant of a gas
(4), which do not depend on the degree of freedom for a
particular gas:

(27rka)§ a"’3VeI+E

where k is Boltzmann’s constant, N is the Avogadro
number, m is the mass of the molecule, T is the absolute
temperature, « is the diameter of the atom, Vis the volume,
h is Planck’s constant, and 7 is the degree of freedom.

The key advantages of the provisions expressed
by Syrkin in this revolutionary article can be seen
in the definitions of the absolute entropy of a gas and
the chemical constant. When expressing the absolute
entropy of gases in Syrkin’s equation, the equivalence of
translational and rotational quanta of energy is taken into
account. In addition to universal values, the expression
for a chemical constant includes only the mass of
the molecule and its diameter. Syrkin noted strong
correlations between the calculated and experimentally
determined chemical constants of gases, particularly for
molecules such as Cl,, Br,, and L.

The rapid development of industry and agriculture at
the time led to chemical and technological innovations. To
this end, the development of air rectification processes in
1902 to meet the growing demand for large scale oxygen
production came at a fortuitous time. This was followed
closely by calls to repurpose this technology for the large
scale production of nitrogen to facilitate the downstream
manufacturing of ammonia, calcium fertilizers, and nitrides.

S, =kNlg N (3) In response, Syrkin published a study on the large scale

acquisition of nitrogen and oxygen from liquid air in the

1925 edition of the Journal of Chemical Industry [10]. Here,

2 wm)g PR the optimal conditions under which the output of liquid

C"=lg - @) oxygen was significantly increased (i.e., at a pressure of 325

h atm and pre-cooling to —50°C) were detailed (Table 1).

Table 1. Experimental conditions for obtaining liquid oxygen [11]
Specific gravity, kg/m? 479 445 421 402
Pressure, kg/cm? 325 356 372 382
Temperature, °C =50 —20 +2 +20
Concentration of oxygen, kg 15.6 12.4 10.4 9.1
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The early period of Syrkin’s scientific work on
chemical kinetics [12-20] (Fig. 3), which are based
on ideas about the structure of molecules, led to the
publication of “On the speed of chemical reactions” in
1926 [15], in which he presented expressions for the
reaction rate constants of the first, second, and third
orders.

Fig. 3. Syrkin in the laboratory of the Chemical Faculty
of IVPL

Therein, an expression for the rate constant
of monomolecular reactions containing molecular
dimensions could be converted to expressions defining
characteristic infrared frequencies (5). Additionally, he
noted that bimolecular reactions (i.e., reactions between
two colliding molecules) were activated at the moment
of collision by a quantum of light (6). As a result, the
third-order reaction rate constant was calculated based
on the assumption of a three molecule collision (7):

_a
k="74ve %)
k= NO"T“"T e’% (6)

112
K" — N_g 2m, +m, C’% (Sm ) (7)
3r\ 3mm, “mol’/s

where m is the mass, v is the frequency, & is the rate
constant, 7 is the absolute temperature, / is the Planck
constant, N, is the Avogadro number, ¢ is the heat of
activation, o is the volume of the sphere’s collision, and
r is the radius of the sphere.

The paper [15] also reported the possibility
of rapid reactions caused by “spin-off” reactions
produced during each collision. Syrkin concluded
that it was impossible to use conventional kinetic
methods in these cases. When the interactions were
the product of a “triple” collision (i.e., reaction
collisions involving three molecules), Syrkin focused
on possible correlations between the “double” and
“triple” collisions.

In the same year, two articles on catalysis in
chemical reactions were published in the Journal of
Chemical Industry [21, 22] in response to the rising
interest in using catalysts for synthesizing dyes,
nitrogen binding applications, and in various other
chemical processes. Syrkin’s work tried to explain
the action of catalysts as a function of the reaction
time using reaction kinetics:

“The catalyst does not introduce anything
fundamentally new; it only changes the conditions of
the process, it leads in the shortest way to the final goal,
i.e., to achieve an equilibrium state of reacting and
forming substances. What is achieved with a catalyst
can be achieved without it, but in the latter case it will
take longer.”

By trying to define the features, characteristics, and
regularities of individual catalytic reactions using the
decomposition of ethyl acetate as an example, Syrkin
showed that three different types of reactions were
possible, depending on the nature of the catalyst used
(Table 2):

In these publications, Syrkin was able to prove
that catalysts accelerated the reaction process and also
influenced the type of chemical reaction, which, in turn,
affected the outcome. He demonstrated why various
catalysts were not always applicable in certain chemical
processes by comparing the product yields while
transitioning from one catalyst to another [21]. This
work sheds light on the influence of external factors such

Table 2. Decomposition of ethyl acetate based on the type of catalyst used

Reaction

Catalyst

CH,CO,C,H, = CH,COH + C,H,

Oxide of titanium

CH,CO,C,H, = CH, + CO,

Crushed nickel

2CH,CO,C,H, = CH,COCH, + C,H,OH + C,H, + CO,

Oxide of thorium
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as moisture sensitivity, catalytic stability, and production
methods on a catalyst’s efficiency.

In 1929, widespread recognition for his work
on catalysis led to an invitation to publish in the
Technical Encyclopedia [23] as part of a two part
series in collaboration with the academician Vladimir
Nikolaevich Ipatiev, a figure who was instrumental in
starting the Chemical Faculty of the Ivanovo-Voznesensk
Polytechnic Institute. The Encyclopedia’s article, entitled
“Catalysis,” consists of two sections; the first part was
written by the future academician Syrkin followed by
Ipatiev’s “Catalysis in technology.”

In his work on chemical kinetics, Syrkin explored
not only reactions that occurred in a gas environment.
The 1927 article in the Journal of the Russian Physical
and Chemical Society detailed the equation of
chemical kinetics to explain the electron emissions in
incandescent bodies [17]. Here, the process of emitting
electrons from a metallic surface was equated with
similar heterogeneous first order reactions, resulting in
an expression for determining the number of electrons
L emitted per unit of time by a unit of the surface of an
incandescent body (8):

2rmy’
L:—“k';V e, ®)

where m is the mass of the electron, v is the characteristic
frequency, k is Boltzmann’s constant, 7" is the absolute
temperature, and / is Planck’s constant.

Syrkin’s scientific contribution to the field of
reaction kinetics continued with another publication
in the Technical Encyclopedia entitled “Chemical
Kinetics” in 1930. The concepts presented in this
article helped researchers take advantage of the newly
offered opportunities in instrumentation and pushed the
boundaries of experimental possibilities.

The beginning of the 20th century saw a scientific
revolution that increasingly drove researchers to expand
the existing concepts, laws, and theories governing the
world’s natural order and to formulate groundbreaking
scientific ideas. Access to better instruments and
technological advancements enabled scientists to
conduct experiments that were previously too difficult
or impossible to perform. As a result, there was a shift
in how chemists viewed the states of matter, i.e., gases,
liquids, and solids, as more researchers were focused
on defining these phases and the associated transitions
in terms of the intermolecular forces occurring between
them. Scientists began to take into account the orientation
and polarization forces in definitions for gaseous and
liquid molecules. A mismatch in the center of gravity of
positive and negative charges led to the concept of an
electric dipole. Molecules that possessed higher degrees
of electrosymmetry were defined as quadrupoles,

octopoles, etc. Syrkin published several reports on these
molecules and their interactive forces [24, 25], in which
he defined numerous methods for determining their
dipole moments:

“The dependence of the dielectric constant on
temperature, electrostriction, electrostatic rotational
fields, the use of viral coefficients from the equation of
state, and the dependence of the dielectric constant of
solutions on concentration.”

Since previously reported methods were applicable
to a limited number of studied objects and often resulted
in different dipole moments for the same molecule,
Syrkin proposed an expression for determining the
dipole moment m in a unified manner for all substances
based on the orientation forces (9):

m :1.66><10’20L
P

cr

)

If the electric centers of gravity of positive and
negative charges coincided, the dipole moment was
defined as zero, and the molecule could no longer
be considered as a dipole. Thus, such molecules
were classified as quadrupoles, and their associated
interactions were determined by the accompanying
orientation forces. In [25], a formula for determining the
quadrupole moment (10) was reported:

403
m=10.07x10"* T“; : (10)
pYe

where T _is the critical temperature and P_ is the critical
pressure.

These equations allowed us to calculate the dipole
and quadrupole moments for most substances and, as
Syrkin pointed out, were in good agreement with the
experimental data obtained by other scientists. Using
these results, Syrkin established some regularities in
similarly constructed homologous series. For example,
he noted a correlation between the dipole/quadrupole
moment and the number of CH, groups in a molecule.
As the number of CH, moieties increased, the dipole
moment decreased, whereas the quadrupole moment
increased.

As a continuation of his research on the properties
of dipoles and quadrupoles, another article appeared in
the Journal of Physical Chemistry in 1930, entitled “On
the electrostatics of colloids” [26]. Therein, the stability
of colloidal solutions was discussed as a function of the
existing electrical forces that were responsible for the
emergence, stabilization, and destruction of the colloidal
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state of a system. Colloidal systems are particularly
difficult to study, as minor changes in the external
conditions profoundly affect their properties. Syrkin
noted:

“Of all the fields of physical chemistry, colloids are of
the least reproducible experiments.”

Syrkin’s paper presented equations that have
allowed us to approximate the electrostatic forces in
colloidal systems. He proposed that the conditions
governing electrostatic stability of these systems were
closely related to the radius and charge density of the
interacting molecules (see equations (11) and (12)):

2
red |y, (11)
Adw” —~
w, = 4.48x10%y/ycen? (12)

where d is the thickness of the outer layer,

-8
d= 4.3x10 ,o is the charge density, vy is the energy per

Yen®

unit area, C'is the concentration, and 7 is the charge of the ion.
Thus, the transition to true solutions (dispersion) occurred
at low values of 7, and a decrease in the dw’ parameter was
associated with coagulation. Here, a high critical charge
density was linked with an increasingly unstable solution,
high surface tension, increased molecule concentration,
and more charged the ions in the solution.

In the same year, Syrkin’s research interests turned
to determining the frequency of infrared vibrations. At
this time, there were no experimental data on the infrared
vibrations of simple molecules (i.e., metals) from optical
sources. The universality of the Equation (13), as
detailed in [27], is defined by the ratio of a substance’s
density to its atomic mass, whereas the more widely used
Lindemann formula (4) includes the melting point:

2/3

v, = 198.8><10”A‘f[— (13)
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v=2.8x102T2M=0gq"?, (14)

where v_ is the frequency of infrared vibrations, d is
the density of the compound, M is the atomic weight,
and 7 is the melting point. In this paper, the oscillation
frequency (v) of various metals (i.e., Zn, Ag, Al, Cu,
Pb, Hg, and Cd) and various chemical compounds were
calculated. However, instead of using the atomic weight

of an element or compound, Syrkin’s equation featured
the average value of the atomic masses of the atoms
included in the compound (i.e., (M, + M,)/2). The results
obtained from Equation (13) were in good agreement
with the experimental data.

Syrkin’s work in understanding the fabric dyeing
process was a direct response to the demands of the local
textile industry. In collaboration with the future head
of the Department of Chemical Technology of Fibrous
Substances, P.V. Moryganov, Syrkin worked in the
Laboratory of Colloid Chemistry to produce a publication
for the News of the Cotton and Paper Industry in 1931
[28]. The reaction kinetics governing the dyeing of
cotton fibers with substantial dyes was detailed in this
paper. By assuming that the rate of dyeing was directly
proportional to the undersaturation of the fiber with
the dye, the authors presented a first order equation for
calculating the speed constant k of this process (15):

=t A (15)
t A-C

where ¢ is the time measured from the beginning of the
experiment, C is the dye concentration in time ¢, and
A is the maximum dye concentration on the fiber (i.e.,
the equilibrium concentration). In this experiment,
orange and oxamine pure blue were chosen as the
dyes for the cotton fabric. Syrkin noted that both
dyes exhibited a sharp drop in k after 15 min and
that the equilibrium state, i.e., the time after which
the dye concentration no longer changed, occurred
after 1 hour. The paper also detailed the effects of
electrolytes in the dye solution using NaCl and
ZnSO,. Here, the absorption of both electrolytes by
the cotton fibers resulted in a change in the electrical
conductivity of the solution, and the associated rate
constant of the reaction was almost twice as high as
the value obtained when there were no electrolytes in
the dye solution.

Syrkin was a very prolific researcher, publishing
more than 50 research papers during his time at
IVPI-IHTI. After moving to Moscow and joining
the Moscow State University of Fine Chemical
Technologies in 1931, Syrkin became the Head of the
Department of Physical Chemistry, a corresponding
member, and then a full member of the Academy of
Sciences of the Soviet Union. The Moscow State
University of Fine Chemical Technologies was
considered to be a real home for Syrkin during the
difficult years of “resonance” of persecution.

Throughout this article, we highlighted the
main scientific interests of Yakov Kivovich Syrkin.
His comprehensive efforts served as the impetus for
expansive scientific research at the institute, and the
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Fig. 4. Members of the Academy of Sciences of the Ivanovo State University of Chemistry and Technology.

formulation of fundamental concepts in chemistry
that lay the groundwork for future advancements in
chemical research and technology. The memory of
Yakov Syrkin is faithfully preserved by the Ivanovo
State University of Chemistry and Technology

(Fig. 4).
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