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Abstract

Objectives. To determine the change patterns for the main physical properties of suspensions after their grinding in bead mills, with the
prospect of optimizing the preparation technology and extending the results obtained to other dispersed phases.

Methods. The study used the Fraunhofer laser diffraction method to determine particle size. The obtained data on the particle size
distribution of suspensions were qualitatively verified by optical microscopy. The Brookfield relative viscosity method was used
to evaluate the rheological properties of the resulting suspensions. The density of the resulting suspensions was measured by the hanging
method using a calibrated pycnometer.

Results. The dependencies of the change in the particle size distribution after grinding in a bead mill were established. The viscosity
of the suspensions was observed to increase following grinding. Common regularities of changes in the density of the considered
suspensions were established.

Conclusions. The conducted studies showed that the physical and mechanical properties of suspensions are affected by the type and the
filling ratio of the grinding media; the residence time of the suspension in the grinding chamber; the number of grinding operations; mill
designs.
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AHHOTaUuS

ean. M3yuenne 3akoHOMEPHOCTEH H3MEHEHHNS] OCHOBHBIX (PU3MUYECKHUX CBOWCTB CYCIEH3MH I10CIIe UX U3MEIIBICHHUS B OMCEPHBIX MElTb-
HUIAX C MEPCIIEKTHBON ONTUMU3AINY TEXHOJIOTUH IIPUTOTOBICHHS U PacIpPOCTPAHEHHsI IOJyYEHHBIX PE3y/IbTaToB Ha JIPYTHe UcIep-
CHOHHBIE (Da3bl.

MeToasl. Pazmeps! gacTuI onpeaensm ¢ HOMOIIBIO J1azepHoi audpaknnu Opaynrodepa. ITomydeHHbe TaHHBIE IO TUCTICPCHOMY CO-
CTaBy CyCHEH3MH Ka9eCTBEHHO MPOBEPSUTH ONTHYECKOI MUKpOCKONMeH. st OIEHKN PeoIOrNIeCKUX CBOHCTB MOTyYSHHBIX CyCHEeH3UH
HCTIONB30BaIM METOJ] OMPEISNICHHUSI KaXyIeHcs TMHAMHIeCcKol BsI3KOCTH 1o bpykdumbmy. [ITOTHOCTS MOTydeHHBIX CYCTICH3HH H3Me-
PSUTH HaBECHBIM METOJIOM C IOMOIIBIO KaJTMOPOBAHHOTO ITMKHOMETPA.

Pe3yabTaThl. YCTaHOBICHBI 3aBUCHMOCTH M3MEHEHHMS JUCIEPCHOTO COCTaBa MOCIE M3MENBICHHS CyCIeH3UH B OMCepHOIl MeTbHUIE.
Be1o 00Hapy)keHO yBenWYeHHE BSI3KOCTH CYCIIEH3HH IMOCIE MPOIecca pa3Mona. YCTAaHOBIEHBI OOIMINE 3aKOHOMEPHOCTH M3MEHEHHS
TUIOTHOCTH PACCMAaTPHUBAEMBIX CyCIECH3HH.

BoiBoabl. [IpoBeieHHbIC HCCIIEIOBAHNS TOKA3aITH, YTO HA (PU3MKO-MEXaHHUYECKHE CBOMCTBA CyCIEH3MIl BIUAIOT BUJ U CTENICHb 3arpy3-
KH HCTIONB3YEMOTo Orcepa, BpeMst peObIBaHUs CyCTIEH3HH B Pa3MOJIbHON KaMepe, KOTHYECTBO OMepaIuii H3MeIbUeHNs], KOHCTPYKIIUH
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INTRODUCTION

Heterogeneous systems in the form of suspensions are
widely applicable and convenient products in many
areas of production and human activity. Depending
on the application and the physicochemical properties
of their constituent components, suspensions vary
greatly in terms of their quality characteristics and the
methods used to produce them. This present work sets
out to examine the process of obtaining finely dispersed
products using bead mills.

Bead mills have become widespread in recent years
in such areas as the production of plant protection
chemicals, paints, pharmaceuticals and food products, as
well as in the production of building materials, extraction
of natural resources, etc. Compared with other dispersion
devices, bead mills typically have lower energy costs
for the grinding process [1]. However, despite the
fairly wide distribution of such devices, the regularities
of their operation have so far been poorly studied [2].
This, in particular, can be due to the complexity of the

processes occurring in them during grinding, which
involve a significant number of parameters [3] that
affect the actual grinding of dispersion phase particles.
In addition to purely technological characteristics, such
as the size, hardness and degree of filling of the grinding
bodies, suspension flow rate, mill design, etc., it is also
worth noting the ongoing increase in the active surface
area of the ground components. This, in turn, can be
associated with various surface phenomena affecting the
final product. In addition, the very concept of quality
is determined by a different combination of physical
and chemical characteristics depending on its intended
purpose. Among these characteristics, in addition to
particle size before and after grinding, it is also worth
noting the rheological behavior of suspensions, their
aggregation and sedimentation stability, as well as the
uniformity of distribution of particles of the dispersion
phase, etc.

The construction of a single algorithm based on
available theories and capable of including all of the
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above parameters for working with a bead mill often
appears as a more labor-intensive and complex than
the grinding itself. For this reason, the operating
modes of such devices are typically selected on an
ad hoc basis [2, 4]. However, this results in a lack of
numerical data on the process of grinding suspensions
in bead mills. Approaches to the theoretical description
of the operating patterns of bead mills are presented
in [1, 3, 5-14] together with some data obtained from
experimental studies.

The purpose of the present work is to refine the above-
mentioned theoretical basis, experimentally study the
influence of the main technological parameters of bead
mills on the physical and mechanical properties of the
resulting suspensions (disperse composition, viscosity,
and density), as well as to identify possible regularities
for their further extension to other systems and practical
application in production processes.

MATERIALS AND METHODS

The objects of study were aqueous suspensions of
chalk and kaolin, which are used in the production of
a number of products: plant protection agents, fine
fillers, building materials and building mixtures, paper
and glass products, paints, cosmetics, etc. The process of
grinding suspensions in bead mills is directly associated
with colloidal phenomena. In particular, the surface area
of the solid phase, which increases during grinding, can
interact differently with the dispersion medium, which
does not exclude the formation of aggregates from the
resulting crushed particles. The studied water suspensions
of chalk and kaolin have sufficient aggregative stability,
which makes it possible to neglect the influence of
surface phenomena on the grinding process.

Experiments were carried out on LabStar (Netzsch,
Germany) and MultiLab (WAB, Switzerland) laboratory
mills. These machines differ in terms of the size of the
grinding chambers, the types of mixing devices on
the rotor, and the systems for separating beads from
the product. The LabStar mill grinding chamber has
a volume of 0.9 L, an internal diameter of 90 mm, and
a length of 187.9 mm. A mesh cartridge with a centrifugal
bead ejection system is used as a system for separating
beads from the product. In the LabStar mill, ZetaBeads
(Netzsch, Germany) 0.6 ceramic beads with a load of
61.7 vol % were used as grinding media.

The MultiLab grinding chamber has a volume of
0.561 L, an internal diameter of 77 mm, and a length of
150 mm. A slot classifier (WAB, Switzerland) was used
as a system for separating beads from the product. Glass

beads SL 7505 (Sigmund Lindner GmbH, Germany)
with a load of 80 vol % were used as grinding media in
this mill.

During the experiments, chalk of MTD-2 grade
(MelStrom, Russia), dry enriched kaolin from the
Chekmakul deposit (GOST 19608-84!, Novokaolinovyi
GOK, Russia) was used with distilled water according
to GOST R 58144-20182. The solid content phase in
the chalk suspension was 40 wt %, while in the aqueous
suspension of kaolin, it was 25 wt %. The experiments
were carried out on a laboratory installation as depicted
in Fig. 1. The suspension was prepared in beaker B,.
A paddle mixer was used for mixing. A predetermined
amount of chalk or kaolin was added into a given amount
of water with continuous stirring. After loading all the
components, the resulting suspension was additionally
stirred for 10—15 min. Then a sample of the resulting
suspension was taken to measure its initial dispersion,
viscosity, and density.

P

BM

B i

Fig. 1. Scheme of the laboratory assembly: B, and B, are
chemical beakers with an overhead stirrer; P is a peristaltic
pump; BM is an agitator bead mill

After preparing the initial suspension and setting
certain experimental parameters, the suspension was
ground in a continuous mode. The initial suspension
was fed into a bead mill (BM) using a peristaltic
pump (H) equipped with a supply hose with a diameter
of 13 x 2.5 mm. Filling of the mills was typically
performed at a pump rotor speed of 15 rpm. A mill rotor
speed for the LabStar mill was 1000 rpm, while for the
MultiLab mill, filling was carried out in rotor-off mode.
In all the experiments, the pump rotor speed during
the grinding process was 50 rpm, which corresponds
to a volumetric flow rate of V' = 350 mL/min for the
LabStar mill and V= 195 mL/min for the MultiLab mill.
In all the experiments, the rotor speed @ of the LabStar
mill was 3000 rpm, while that of the MultiLab was
2986 rpm. Immediately after the suspension in B, ran
out, the grinding process was stopped. Next, in order

I GOST 19608-84. State Standard of the USSR. Enriched kaolin for rubber and plastic products, artificial leather and fabrics. Technical

conditions. Moscow: USSR State Committee for Standards; 1984.

2 GOST R 58144-2018. National Standard of the Russian Federation. Distilled water. Technical conditions. Moscow: Russian Institute of

Standardization; 2022.
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to average the properties, the resulting suspension was
stirred in beaker B, for 10~15 min. Then a sample was
taken to measure the dispersion, viscosity, and density
of the finished product. Finally, beakers B, and B; were
swapped, and additional sampling passes were carried
out.

The mill jackets were connected to a liquid thermostat.
The latter was set at 3°C and filled with a water-glycol
solution. During each experiment, technological
parameters were recorded, and analysis of the dispersed
composition, viscosity and density of the resulting
suspensions—the most general characteristic properties
of suspensions—was carried out.

The dispersed composition of the suspensions under
study was measured using a Mastersizer 2000 laser
particle analyzer (Malvern Instruments, UK). A sample
of the suspension in an amount of 1 g was added to 30 g
of distilled water and stirred for 2 min by a glass rod
with a rubber tip. After placing the resulting suspension
in a measuring cell, the particle size was measured. To
assess the dispersed composition of the crushed materials,
the following characteristics were selected [15]:

e percentage of particles with the size less than 5 pm, a;
e weighted average volume diameter of particles, d(4,3)’.

The density of the initial suspensions was measured
by the hanging method using a pycnometer according
to GOST 319992.14. The apparent dynamic viscosity of
suspensions 1 was measured on a Brookfield viscometer
(AMETEK Brookfield, USA) in accordance with
GOST 25271-935 at three different spindle speeds, n: 20,
60 and 100 rpm.

RESULTS AND DISCUSSION

From the data presented in Figs. 2 and 3, the distribution
peak for the suspensions of chalk and kaolin shifts to the
left after one pass—to the region of lower particle sizes.
In this case, the distribution of particles has become
more monomodal.

The d(4.3) value for chalk suspensions in one pass
changed from 9.76 to 2.25 pm, for kaolin—from 23.55
to 17.09 um. The change in the viscosity of the resulting
suspensions associated with a decrease in the particle
size of the solid phase can be seen in the graphs shown
in Fig. 4. According to the dependencies, the apparent
dynamic viscosity at low rotation speeds of the viscometer
spindle after one pass increases about 200-fold for chalk
suspensions and almost 4-fold for kaolin suspensions.
Here it is worth noting that the viscosity of the finished

suspensions depends not only on the particle size, but
also on the physicochemical properties of the dispersed
phase and the dispersion medium. The main substance
in kaolin suspensions—kaolinite—can swell in water,
thus forming fragile structures. Thus, despite the higher
d(4.3), these dispersed systems have a higher viscosity
than more loaded chalk suspensions. At increased
rotation speed of the viscometer spindle, the shear rate
in the test sample also increases. Thus, it can be argued
on the basis of the dependencies shown in Fig. 4 that all
the suspensions under consideration are pseudoplastic
fluids.
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Fig. 2. Differential @, and integral ay, size distribution
functions of the chalk suspension particles in water
for different number of passes:

(1) initial suspension;

(2) one pass
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Fig. 3. Differential @, and integral ay, size distribution
functions of the kaolin suspension particles in water
for different number of passes:

(1) initial suspension;

(2) one pass

From the data given in Table 1 it can be seen that the
density of chalk and kaolin suspensions after grinding
increases and is close to the density calculated using the
formula for the additivity of specific volumes of solid
and liquid phases. Apparently, this is due to the fact that

d(4,3)—De Broecker or Harden average diameter—weighted average by mass or volume (average diameter of a sphere of equivalent volume),

is the center of mass for density distribution functions in volume/mass units.

Standartinform; 2013.

GOST 319992.1. Interstate Standard. Paint and varnish materials. Method for determining density. Part 1. Pycnometric method. Moscow:

GOST 25271-93. Interstate Standard. Plastics. Liquid resins, emulsions or dispersions. Determination of apparent viscosity according to

Brookfield. Minsk: Interstate Council for Standardization, Metrology and Certification; 1993.
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Fig. 4. Dependence of the relative viscosity of suspensions on the frequency of rotation of the viscometer spindle (LabStar mill):

(1) the initial suspension of chalk;

(2) the initial suspension of kaolin;

(3) the suspension of chalk after one pass;
(4) the suspension of kaolin after one pass

Table 1. Density of the studied suspensions depending on the degree of grinding

Density of suspension

Suspension after grinding, kg/m?>

Density of suspension after
one pass grinding, kg/m?

Calculated density of
suspension, kg/m?>

40% chalk in water 1316

1333 1341

25% kaolin in water 1162

1180 1182

during the grinding process, air contained in aggregates
and agglomerates of solid phase particles is released.

When studying the multi-pass grinding mode using
chalk suspensions as an example, the distribution peak
was observed to shift to the left and the suspension become
monodisperse as the number of passes increases (Fig. 5).
After three passes, the value of the weighted average
volumetric diameter d(4.3) changed from 9.76 to
1.77 pm. It is clear from the dependencies shown in
Fig. 6 that the viscosity of the resulting suspensions
increases with the number of passes. Over three grinding
cycles, the viscosity index at a viscometer spindle speed
of 20 rpm increased by approximately 500 times.

An optical microscope (Olympus, Japan) was
additionally used for studying the dispersed composition
of the initial and resulting suspensions. Figure 7 depicts
samples of such suspensions. In particular, the photo
of the initial suspensions (Fig. 7a) reveals rather large
crystalline particles of the solid phase. Following three
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Fig. 5. Particle size distribution of chalk suspension particles
in water with different number of passes (LabStar mill):

(1) initial suspension;

(2) one pass;

(3) two passes;

(4) three passes

grinding operations, all dispersed phase particles are
smaller and more uniform in size (Fig. 7b).

The results show that, at the same number of passes,
the particles with the size less than 5 um for a chalk
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Fig. 6. Dependence of the relative viscosity of chalk suspensions on the speed

of rotation of the viscometer spindle:
(7) initial suspension;

(2) one pass;

(3) two passes;

(4) three passes

suspension under experimental conditions is better
ground in a LabStar mill than in a MultiLab mill (Fig. 8).
Parameter a5 changed in three passes from 68 to 94.1%
for MultiLab and from 68 to 99.9% for LabStar. The
weighted average volumetric diameter d(4.3) changed in
3 passes from 9.76 to 2.27 pm for MultiLab and from
9.76 to 1.77 pm for LabStar.

As noted in [3], the average residence time of
suspension particles in bead mills can be calculated
using the formula (1):

_ Ve

T o (D
where V. is the free volume of the grinding chamber
without beads, m; V, is the total volume of bead particles,
m?; Vis the volumetric flow rate of the suspension, m3/s.

Calculation using formula (1) showed that the average
residence time is 98 s for the LabStar mill and 87 s for
the MultiLab mill. Thus, it will take a few seconds longer
to process the solid particles in the grinding chamber of
the LabStar mill.

It was proposed in [5] to introduce two parameters
in order to estimate the specific energy E,, expended on
the grinding process in bead mills: SN (number of stress
events)—the number of grinding events; and S/ (stress
intensity)—collision intensity (formulas (2) and (3)):

(b)

Fig. 7. Image of the initial suspension
of chalk (a)

and the suspension after three passes (b)
(optical microscope)

100 —e

0 1 2 3
Number of passes

Fig. 8. Dependence of parameter a4 for chalk suspension
on the number of passes:

(1) MultiLab mill;

(2) LabStar mill

Py (1-¢) o1
m—._

b 2
(1-o,(1-8)x, d @

where o is the rotation speed of the mill rotor, rpm; 1 is
mill operating time, s; @, is the volume fraction of beads
in the grinding chamber; ¢ is bead porosity; dy is the
diameter of beads, m; x, is the volume fraction of the
solid phase in the suspension.
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SI o ddp,v?, (3)

where d, is the diameter of the beads, m; p, is the bead
density, kg/m?; v, is the maximum linear speed of the
mill rotor, m/s.

When calculating the SN parameters using
dependence (2), it was found that the number of grinding
events for the LabStar mill is approximately 3.6 times
higher than for the MultiLab mill (Table 2). When
calculating the S/ parameters using dependence (3),
the intensity of bead collision in the MultiLab mill was
found to be approximately 5.6 times higher than in the
LabStar mill (Table 2), although the peripheral rotation
speeds of the mill rotors v are quite close: for MultiLab,
v was 10.00 m/s, and for LabStar, 9.73 m/s.

When estimating the expended specific energy £, , the
following expression can also be used [5] (formula (4)):

E, o« SI-SN, (4)

Calculations using dependence (4) showed that the
specific energy spent on the grinding process in the
MultiLab mill is approximately 1.5 times higher than in
the LabStar mill (Table 2).

Table 2. Results of the analysis of experimental data

Agitator

bead mill o S S

ST - SN

Al

LabStar

. 6
(Notzseh) 5.32- 10

98 3.41-101 | 1.56- 107

MultiLab

- 106
(WAB) 8.28-10

87 0.947 - 10'° | 8.74- 1074

CONCLUSIONS

The dependencies of the basic physicochemical
properties of aqueous suspensions of chalk and kaolin
on the parameters of their grinding in bead mills were

studied. It was established that the type of differential
and integral curves following the grinding process
changes in the same manner for different suspensions:
both the weighted average volume diameter and the
dispersion of particle sizes decrease. The viscosity of
suspensions was also found to increase after grinding;
this occurred regardless of the nature of the dispersion
phase and its ability to form associates. The density of
the suspensions under study tends to increase during
the preparation process and with approaches that
are calculated by the additivity rule. It was shown
that changes in the main parameters of suspensions
after grinding can be influenced by the properties and
degree of filling of the beads and the residence time
of the suspension in the grinding chamber. According
to the results of a numerical assessment of the energy
consumed, grinding in the LabStar mill turned out to
be more energy efficient under experimental conditions
than in the MultiLab mill.
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Abstract

Objectives. To evaluate the influence and efficiency of using microwave irradiation on the dichlorocarbenation of polar olefins.
To determine the conditions (reaction time and process temperature) under which the maximum yield of target gem-dichlorocyclopropanes
is achieved.

Methods. The target compounds were obtained by classical methods of organic synthesis—acetalization of polyols and dichlorocarbenation
of unsaturated compounds. The preparation of gem-dichlorocyclopropanes was carried out using the microwave activation method
on a Sineo device (microwave system for organic synthesis, made in China). In order to determine the qualitative and quantitative
composition of the reaction masses, gas—liquid chromatography (using the Kristall 2000 hardware complex), mass-spectroscopy (using
Chromatek-Kristall 5000M device with NIST 2012), and nuclear magnetic resonance spectroscopy (using Bruker AM-500 device with
operating frequencies of 500 and 125 MHz) were carried out.

Results. Under microwave irradiation at 25°C for 2 h with the maximum yield (92-98%), the target substituted gem-dichlorocyclopropanes
were obtained: 2-(2,2-dichloro-3-methylcyclopropyl)-1,3-dioxolane, 2-(2,2-dichloro-3-phenylcyclopropyl)-1,3-dioxolane, 8,8-dichloro-
4-isopropyl-3,5-dioxabicyclooctane,  diethyl-2,2-dichloro-3-phenylcyclopropane-1,1-dicarboxylate, and diethyl-2,2-dichloro-3-
isopropylcyclopropane-1,1-dicarboxylate.

Conclusions. Under the conditions herein proposed, the use of the microwave stimulation method in the dichlorocarbenation of double
C=C bonds containing polar substituents allows the reduce the temperature and reaction time to be significantly reduced, and the yield
of target gem-dichlorocyclopropanes to be increased.
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Auxnopkap6eHupoBaHue NosIgpPHbIX oedpnHOB
B YCJIOBUSIX MUKPOBOJIHOBOI O U3JTy4EeHUs
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Ypumceruii 2cocyoapecmeennviti negpmsanou mexnuueckuii ynusepcumem, Ypa, 450064 Poccus

™ demop ons nepenucku, e-mail: yulianna_borisova@mail.ru

AHHOTaUuus

Hean. Onennuts BausiHEe U YGYEKTUBHOCTH UCIIOIB30BAHMS MHKPOBOJIHOBOTO M3JIyYEHHs Ha JUXJIOPKapOSHUPOBAHUE HOJISIPHBIX OJie-
(HMHOB; OIpeNeNUTh YCIOBYS (TIPOJIOIKUTEIBHOCTD PEaKIMU ¥ TeMIepaTypy IPOBEICHUS IIpoLecca), IPH KOTOPBIX JOCTUTaeTCsl MaK-
CUMAJIbHBIN BBIXOJ] LIEJIEBBIX 2eM-TUXJIOPLHUKIONPOIAHOB.

Mertoasl. LleneBbie coenuHeHnsT OBUIN TOTYYSHBI KIACCHIECKIMU METOJAMH OPTaHWYECKOTO CHHTE3a — aleTaln3alnuell MOoJIHoIoB
U IUXJIOpKapOCHUPOBAHUEM HETIPEACNBHBIX COSTUHEHUH. [ em-TUXIOPIUKIONPONaHbl OBUTH ITOTYYeHBl METOZOM MHKPOBOIHOHM aK-
THBAIIMN C MOMOIILI0O MHKPOBOJHOBOH CHCTEMBI ISl IPOBEICHUSI OpraHUIecKuX cHHTe30B «Sineoy» (Kwuraif). s ompenenenus xa-
YECTBEHHOTO M KOJIMYECTBEHHOTO COCTaBa PEAKIMOHHBIX MacC HCIOIb30BAINCh Ta30XKHIKOCTHAS Xpomarorpadus (Ha ammapaTHoO-
nporpaMmHoM KoMmmiekce «Kpucramr 2000»), macc-criekrpockonust (Ha mpudope «Xpomarak-Kpucramn 5000M» ¢ 6a3oit NIST 2012)
Y CIIEKTPOCKOIIUS SIIEPHOTO MATHUTHOTO pe3oHaHca (Ha mpubope «BrukerAM-500» ¢ pabounmvu yactoramu 500 u 125 MI'm).

Pe3yabrarsl. B ycnoBusx MUKpoBOIHOBOTO m3mydeHus mpu 25°C 3a 2 4 ¢ MaKCHMaJIbHBIM BBIXOJOM (92-98%) mommydeHs! 1ieneBbie
3aMEIIEHHbIE 2eM-TUXJIOPIHUKIONPONaHbl: 2-(2,2-1uxXI0p-3-MeTHIIHUKIONpOnui)- 1,3-muokconas, 2-(2,2-1uxiaop-3-GeHmIUKIONpPo-
mw)-1,3-nuokconan,  8,8-AuXI0po-4-u30nponui-3,5-MOKCaOUIMKIOOKTaH, JHATHI-2,2-THXJIOpO-3-PeHUIIUKIoNponas- 1, 1 -1ukap-
OOKCHJIAT ¥ JUATHI-2,2-UXJIOPO-3-H30IPONMILIUKIONPONaH- 1, 1 - inkapOoKcHar.

BbiBoABI. B mpe/uIoKeHHBIX YCIOBHSAX HCIOJIb30BaHHE METOAA MHUKPOBOJIHOBOM AKTUBALMK IPH AMXJIOPKApOSHUPOBAHWH JABOWHBIX

C=C cBs3eil, coaepKalux MOISIPHbIE 3aMECTUTENH, TO3BOIAET CYIIECTBEHHO CHU3UTh TEMIEPATYPY, YMEHBIIHUTE MPOJOIIKUTENEHOCTD
PEAKINN 1 TIOBBICUTH BBIXOJ] LIEJIEBBIX 2eM-AUXIOPIMKIONPOIAHOB.

Kniouyesblie cnoea

MeK(a3HbIil KaTanu3

Ana unTUpoBaHua

JIUXJIOPKapOSHUPOBAHKE, METO/L MaKoIi, MUKPOBOJIHOBOE H3JIyUeHHE, ONe(UHBI,

MocTtynuna: 07.07.2023
AopaboTaHa: 01.09.2023
MpuHara B neyatb: 11.03.2024

Bopucosa 10.I"., Mycun A.1., Cynranosa P.M., 3norcknit C.C. [luxiaopkapOeHUpOBaHNE MOISPHBIX OJIS(HHOB B YCIOBHIX MUKPOBOJIHO-
BOTO m3nydeHus. Tonxue xumuyeckue mexronozuu. 2024;19(2):104—110. https://doi.org/10.32362/2410-6593-2024-19-2-104-110

INTRODUCTION

Polyfunctional gem-dichlorocyclopropanes find application
in the synthesis of low-tonnage products, reagents,
and biologically active compounds [1-5]. In addition,
molecules containing the gem-dichlorocyclopropane
fragment are important intermediates which can be
modified into more complex structures exhibiting a variety
of properties [6]. The main method for the preparation of
compounds of this class is dichlorocarbenation of double
C=C bonds using the Mokosh method [7-10].

The aim of this work is to determine the effect of
microwave radiation (MWR) on the multiple bond
attachment of dichlorocarbenes, since wunder such
conditions a high yield can be achieved in a short time [11].

MATERIALS AND METHODS

Using the hardware-software complex Chromatek-
Crystal 5000M (Chromatek, Russia) with NIST 2012

database (National Institute of Standards and Technology,
USA), reaction masses were analyzed and mass spectra
of compounds were recorded. The conditions of analysis
were as follows: capillary quartz column — 30-m long;
analysis duration, 20 min; ion source temperature,
260°C; transition line temperature, 300°C; scanning
range, 30-300 Da; pressure, 37-43 mTorr; and carrier
gas—helium; heating rate, 20 deg/min). The electron
impact ionization method, 70 eV, was used to obtain
mass spectra of the compounds. 'H and '3C nuclear
magnetic resonance (NMR) spectra were recorded on
a Bruker AM-500 spectrometer (Bruker Corporation,
USA) with operating frequencies of 500 and 125 MHz,
respectively. The solvent used was CDCI; (Russia).
Chemical shifts are given on the 6 scale (ppm) relative
to tetramethylsilane as internal standard. Spin-spin
interaction constants (J) are given in Hz.

The basic methodology of dichlorocarbenization
under thermal conditions is presented in [9].
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Synthesis of compounds 2a-b and 4a,b
under microwave radiation conditions

A mixture of 0.01 mol of the olefin 2-[(1E)-prop-1-
en-1-yl]-1,3-dioxolane 1a [9], 2-[(E)-2-phenylvinyl]-
1,3-dioxolane 1b [12], 2-isopropyl-4,7-dihydro-1,3-
dioxepin 1c¢ [13], diethyl-(2-methylpropylidene)-
malonate 3a [13], diethylbenzylidene malonate 3b [14],
30 mL of chloroform, 32 g of 50% sodium hydroxide
solution and 1% by weight of triethylbenzylammonium
chloride was stirred under MWR conditions at
a given temperature. The progress of the reaction was
monitored by gas—liquid chromatography. At the end
of the reaction the reaction mixture was washed with
water, extracted with chloroform (Russia), dried with
calcium chloride (Russia) and evaporated. The target
compounds were then isolated by means of vacuum
distillation.
2-(2,2-Dichloro-3-methylcyclopropyl)-1,3-
dioxolane (2a). Colorless liquid. Boiling point
T, bp. = 98-99°C (5 mm Hg). 78% yield. Mass spectrum
mlz, (Iy, %): 195/197/199 [M]", (0.37/0.25/0.04),
123/125/127(2.44/1.98/0.31),109/111/113(1.33/0.75/0.15),
75/77 (5.95/1.65), 73 (100), 45 (45), 43 (5.6), 39 (11.44).
The spectral characteristics are in accordance
with [9].
2-(2,2-Dichloro-3-phenylcyclopropyl)-1,3-dioxolane (2b).
92% yield. Colorless liquid. pr =103-104°C (2 mm Hg).
The spectral characteristics are in accordance with [15].
Mass spectrum m/z, (I, %): 260 (1) [M]", 252 (2),
219 (4), 147 (12), 114 (20), 101 (8), 77 (10), 73 (96),
63 (5), 46 (30).
8,8-Dichloro-4-isopropyl-3,5-dioxabicyclooctane (2¢).
98% yield. Colorless liquid. Tb.p. = 103-104°C
(2 mm Hg). The spectral characteristics are in accordance
with [16]. Mass spectrum m/z, (I, %): (188/190)/(20/7),
(77/75)/(100/35), (109/111)/(45/17), (51/53)/(80/30).
Diethyl-2,2-dichloro-3-phenylcyclopropane-
1 ,1-dicarboxylate (4a). 92% yield. Colorless liquid.
=154-155°C (2mmHg). "HNMR spectrum, 5, ppm
(J Hz): 1.36 t (3H, CH,;, 37 7.0), 345 s (CH,),
3.89 qu. (2H, CH,, 3J 6.9), 7 20-7.40 (Ph-). 3C NMR,
dc, ppm: 15.30 (CH;), 43.34 (CH), 52.00 (O),
62.49 (CH,), 74.12 (C), 127.16-131.61 (Ph-),
162.02 (C=0). The spectral characteristics are in
accordance with [14].
Diethyl-2,2-dichloro-3-isopropylcyclopropane-
1,1-dicarboxylate (4b). 92% yield. Colorless liquid.
T, bp. =154-155°C (2 mm Hg). "H NMR spectrum, §, ppm
(J, Hz): 1.32 t (3H, CHj,, 3] 7.1), 3.45 s (1H, CH,
3J17.1), 3.48 s (3H, CHj;), 4.32 qu. (4H, CH,, 3] 7.2),
7.40-7.49 (Ph-). 3C NMR, §., ppm: 14.33 (CH,),
46.73 (CH), 55.92 (C), 58.45 (CH,), 65.48 (CH,),

78.10 (C), 127.15-130.61 (Ph-), 201.08 (C=0).
The spectral characteristics are in accordance
with [14].

RESULTS AND DISCUSSION

Dichlorocarbenation of cyclic acetals of unsaturated
aldehydes 1a,b under microwave irradiation enabled
gem-dichlorocyclopropanes 2a,b to be obtained at
room temperature (25°C) in 1-2 h in quantitative

yield (Scheme 1).
=

O Cl
2a,b

OW
</0 1a,b
R=CH; (la,2a), Ph(1b, 2b)

Scheme 1. Dichlorocarbenation of cyclic acetals of
unsaturated aldehydes

It took 4-5 h to achieve similar results under thermal
heating conditions (40°C) (Table 1). It should be noted
that under the conditions being studied trans-1a,b form
trans-gem-dichlorocyclopropanes 2a,b.

The use of MBI for dichlorocarbenization of the
endocyclic C=C bond in 2-isopropyl-4,7-dihydro-1,3-
dioxepin 1¢ was successful (Scheme 2).

Cl

-

I O
H;C H;C

CH3 CH3
1c 2¢

Scheme 2. Dichlorocarbenation of 2-isopropyl-4,7-dihydro-
1,3-dioxepine

The corresponding bicyclic product 2¢ was obtained
at room temperature in 2 h in quantitative yield, whereas
thermal heating (40°C) required 5 h (Table 1).

In dichlorocarbenation under MWR conditions,
it was found that the endocyclic double C=C bond in
2-isopropyl-4,7-dihydro-1,3-dioxepin 1le¢ is 2 times
more active than the exocyclic double C=C bond in
1,3-dioxolane 1a (method of competitive reactions,
conversion of initial olefins 1a,c is not more than 30%).

1,1,2-Trisubstituted double C=C bonds in aryl- and
alkylidenmalonates 3a,b obtained according to the
method [15] under thermal conditions show a low level
of activity towards dichlorocarbenes (Scheme 3).

The yield of  phenyl-substituted  gem-
dichlorocyclopropane 4a using thermal heating (40°C) for
5 h is no more than <5%. With an increase in temperature
the destruction of ether groups and intensive osmosis is
observed. Using MWR at 25°C for 5 h the corresponding
1,1,2-trisubstituted gem-dichlorocyclopropane 4a was
obtained in 40% yield (Table 2).
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Table 1. Synthesis conditions and yield of dichlorocarbenation products of compounds 2a-c

Reaction conditions Reaction
No. Initial compounds Yield, % Heating method
T, °C Reaction time, h Botich
40 4 35
Thermal heating
40 5 40
1 la 2a
25 1 55
MWR
25 2 92
40 4 70
Thermal heating
40 5 90
2 1b 2b
25 1 70
MWR
25 2 98
40 4 70
Thermal heating
40 5 93
3 1lc 2c
25 1 60
MWR
25 2 98
o o 0 Isopropylidene malonate 3b was more active
| | | in the dichlorocarbenation reaction. Under thermal
~o | 0 —— o 07 conditions (40°C, 5 h) the target product 4b is formed
L in 30% yield. When using MWR (25°C, 2 h), there is
3ab R Cl f . quantitative formation of the product (Table 2).
a,

R = Ph (3a, 4a), i-C5H, (3b, 4b)

Scheme 3. Dichlorocarbenation of aryl-
and alkylidenemalonates 3a,b

Table 2. Synthesis conditions and yield of dichlorocarbenation products of compounds 4a,b

Reaction conditions Reaction
No. Initial compounds Yield, % Heating method
T, °C Reaction time, h TG
40 4 <l
Thermal heating
40 5 <3
1 3a 4a
25 1 28
MWR
25 2 40
40 4 25
Thermal heating
40 5 30
2 3b 4b
25 1 70
MWR
25 2 98
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CONCLUSIONS

Based on the results obtained, the use of MWR in the
dichlorocarbenylation of double C=C bonds containing
polar substituents allows the temperature and reaction
time to be significantly reduced, and the yield of target
gem-dichlorocyclopropanes to be increased.
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Abstract

Objectives. To develop a method to obtain a hydrosol of the salt of chitosan with sulfuric acid—chitosanium sulfate (ChS)
hydrosol—and to study the effect of various water-soluble polysaccharides on its stability over time, as well as its resistance to indifferent
and non-indifferent electrolytes.

Methods. k-Carrageenan, sodium alginate (SA), and xanthan were used as polymers which perform the function of colloidal protection
for ChS nanoparticles. Capillary viscometry was used to study the viscosity of polymer solutions, their molecular weight, and their
adsorption on ChS. The stability of the sols over time and their resistance to indifferent and non-indifferent electrolytes were evaluated
photometrically. The hydrosol particle size was determined by means of dynamic light scattering.

Results. On the surface of ChS, k-carrageenan is adsorbed most strongly over a wide range of concentrations. The graphs of the
dependencies of the relative change in the turbidity of sols with the addition of various polysaccharides on their weight concentration
at a sol lifetime of 2 days have the shape of curves with a maximum. Sols with the addition 0of 0.0125% SA and k-carrageenan in the range
of 0.04% have the greatest stability over time. According to dynamic light scattering data, the average particle size of freshly prepared
sols with the addition of the polymers to ensure their greatest stability over time are 10.8 nm and 14.6 nm, respectively. For freshly
prepared sols without polysaccharides, this size is 24.8 nm. The hydrosol coagulation threshold with an indifferent electrolyte (NaCl)
is 9.3 times higher than that with a non-indifferent electrolyte (Na,SO,). k-Carrageenan and SA protect the hydrosol from coagulation
with an indifferent electrolyte (NaCl) at all their used amounts. At the same polymer concentrations, no protection from coagulation with
a non-indifferent electrolyte (Na,SO,) was observed.

Conclusions. A method was developed to obtain ChS hydrosol with a positive particle charge. The stability of ChS sols over time
was studied both without and with the addition of SA, k-carrageenan, and xanthan. Sol coagulation thresholds with indifferent and
non-indifferent electrolytes, as well as the protective numbers for k-carrageenan and SA against the coagulation of hydrosols with
these electrolytes, were established. The mechanism of stability of sols at certain concentrations of water-soluble polysaccharides was
explained using data on the adsorption of these polysaccharides on the surface of chitosan treated with a solution of sulfuric acid. Based
on the results of the work, it can be concluded that SA and k-carrageenan can be used for the efficient stabilization of ChS hydrosols over
time and for the colloidal protection of ChS from coagulation with sodium chloride.
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INTRODUCTION

In medical and pharmaceutical nanotechnology, there
is currently great interest in the polyaminosaccharide
chitosan and its various derivatives. Chitosan and its
derivatives are promising polymers for use in various
fields of modern medicine. It can be used in the
development of new drugs and drug delivery vehicles,
wound dressings, suture materials, bone and dental
implants, and embolization materials [1-20].

Chitosan is obtained by alkaline deacetylation of
chitin: the second most abundant polysaccharide in
nature after cellulose. The main natural sources of chitin
and, accordingly, chitosan, are the outer integuments
of arthropods, primarily crustaceans, as well as fungal
cell walls. Due to features of the method for producing
chitosan, unreacted chitin units always remain in
it (Fig. 1a). Therefore, chitosan is characterized by the
fraction of units containing amino groups, or by the
degree of deacetylation (DD).
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Fig. 1. Formulas of the polysaccharides used:
(a) chitosan,

(b) sodium alginate (SA),

(c) x-carrageenan, and

(d) xanthan (xanthan gum)

An important advantage of micro- and nanoparticles
of chitosan and its derivatives is that they can be prepared
and loaded in an aqueous medium without using organic
solvents. Chitosan is insoluble in water and organic
solvents. Since chitosan is a weak base, in an acidic
medium, its groups are protonated. At DD > 70%, it is
soluble in an aqueous medium with pH < 6.5.

Salts of chitosan with various acids, e.g., its sulfate
salt, chitosanium sulfate (ChS), are of interest for
pharmacology and medicine. ChS is insoluble in water
because of the cross-linking of chitosan macromolecules
by sulfate anions by the interaction with their protonated
amino groups (Fig. 2). This makes it possible to use
ChS as a basis for nano- and microparticles. Since they
possess biological activity themselves, they can also
serve as delivery vehicles for other drugs [4, 21-25]. ChS
nanoparticles can possibly also find application as fillers
in polymer composite materials for bone and dental
implants, as is the case with the use of chitosan [18].
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0}
NHAc
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OH ° OH

/\ .

CH,OH
o)

~ \ﬂ

OH /™
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Inorderto study the biological activity of nanoparticles
and the possibilities of pharmaceutical use of chitosan
and its derivatives, methods for their production and
stabilization need to be developed. Furthermore, their
stability under physiological conditions and during
storage of drugs also need to be studied. The advantage
of using biopolymers, including polysaccharides, in
stabilizing dispersed systems is their biodegradability,
environmental safety, availability, and, in many cases,
biocompatibility [4].

The use of polysaccharides for the production and
stabilization of various nanoparticles was considered
previously (see, e.g., [26-29]). ChS sols were also
studied [21-23], but without their stabilization by
polymers.

In our study, ChS sols were stabilized by the anionic
polysaccharides sodium alginate, k-carrageenan, and
xanthan (xanthan gum). Figures 1b—1d present their
structural formulas.
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‘ Fig. 2. Cross-linking of protonated chitosan (chitosanium polycations) with sulfate anions

EXPERIMENTAL

The main reagents were chitosan (Slavyanskii Food
Processing Plant, Russia), sodium alginate (Reaktivtorg,
Russia), = BLK-1120  «-carrageenan  (Shanghai
Brilliant Gum, China), and Kelzan xanthan (xanthan
gum) (CP Kelco, Denmark). The other reagents (all of
reagent grade, Reaktivtorg, Russia) were: sodium sulfate,
sodium chloride, hydrochloric acid, sulfuric acid, sodium
hydroxide, acetic acid, and sodium acetate.

The DD of chitosan was calculated based on
experimental data of its titration with alkali according
to the published procedure [30]. The molecular
weights of chitosan, SA, k-carrageenan, and xanthan
were determined by capillary viscometry method with
a VPZh-2 viscometer (Ekros, Russia) with a capillary
diameter of 0.73 mm at 25°C using the Mark—Houwink
equation.

In order to study the adsorption of SA, k-carrageenan,
and xanthan from their aqueous solutions on the surface
of the ChS, a chitosan sample was first treated with
a 2% sulfuric acid solution, filtered off, and dried at
a temperature of about 70°C. Weighed specimens of the
samples obtained were used to measure the viscosity of
polysaccharide solutions of different concentrations after
reaching adsorption equilibrium. In order to construct
calibration graphs, solutions of polysaccharides were
premixed with acidified water obtained after keeping
the same specimens of a chitosan sample treated with
a solution of sulfuric acid in distilled water. The pH
of the medium (pH was 2.5-2.7) and ionic strength
on the viscosity of the polysaccharide were taken into
account. These determined by the presence of H' ions
due to the dissociation of the surface of chitosan treated
with a solution of sulfuric acid. The adsorption of
water-soluble polysaccharide on chitosan treated with
a solution of sulfuric acid (g adsorbate/g adsorbent) was
found from the formula

(G ~Ceg )V

eq
Agg =, (M

wherein C, and C eq ATC the viscometrically determined
weight concentrations of water-soluble polysaccharides
in the initial solution and upon reaching adsorption
equilibrium, respectively; V' is the volume of the system;
and m is the weight of the sample of chitosan treated with
a solution of sulfuric acid.

In order to obtain a ChS sol, chitosan was first
converted into a soluble salt form by reacting it with
hydrochloric acid. The ChS sol was produced by the
metathesis reaction between the obtained chitosanium
chloride and sodium sulfate:

2[Chit,-nH*]C1, + nNa,SO, =
= [Chit,,-2nH"](SO,), + 2nNaCl, )

wherein Chit is the deacetylated chitosan unit.

In order to obtain the sol, the reactants were taken in
stoichiometric quantities (in the ratio ChS/Na,SO, = 2/1).

Inordertodissolvechitosaninasolutionofhydrochloric
acid, 0.41 g of chitosan and 0.093 g of hydrochloric acid
were taken per 50 mL of water. This weight of chitosan,
taking into account the DD, corresponds to an amount of
2 mmol (0.32 g) of deacetylated monomer units which
enter into the reaction. Accordingly, the concentration
of these units was 40 mM. The reaction mixture was
heated in a water bath until the chitosan was completely
dissolved. In order to obtain a sol, 50 mL of a 20 mM
Na,SO, solution (0.142 g Na,SO,) was added by drops
into the cooled resulting solution of chitosan chloride
with constant stirring using a submersible mixer. This
sequence of mixing the solutions of reagents is necessary,
in order to ensure a positive charge of the sol particles.
The theoretical weight concentration of the obtained sol
is4.2 g/L.

To each of the obtained 100-mL portion of the initial
sol, 25 mL of each of the solutions of polysaccharides
were added so that the range of obtained polysaccharide
concentrations in the sol was 0.0125-0.06 wt %. In order
to maintain its concentration, 25 mL of distilled water
was added to one of the portions of the sol instead of
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a polysaccharide solution. After this, all sols were treated
with ultrasound for 3 min. The pH values of the sols were
about 2.5-2.7. The sols were prepared at a temperature
of 25°C.

The studied ChS sols are colorless; therefore, only
light scattering is observed for them, and absorption
is virtually absent. The optical densities D of all
studied sols were determined (wavelength 430 nm,
cell thickness 1 cm) using a KFK-3KM single-beam
spectrophotometer  (Uyniko-Sis, Russia) (spectral
wavelength range 325-1000 nm). The turbidity for
freshly prepared sols and sols at certain time intervals
was calculated from the optical density as 2.3D, cm™!.
The error in measuring the optical density (turbidity) of
the sols was 4.4%.

As a measure of the stability of sols at a certain time,
the relative change in turbidity, t_,, as a percentage of
the initial turbidity 7, was taken:

rel®

100t — 7,
2

3)

To

A sol can be considered more stable, if its turbidity
changes (in percentage) to a lesser extent in the given
time, when compared with the turbidity of the sol
immediately after synthesis.

In order to determine the coagulation threshold with
electrolytes and to study the colloidal protection of sols
with polymers, NaCl (3 M) was used as an indifferent
electrolyte, while Na,SO, (50 mM) was used as a non-
indifferent electrolyte. The coagulation threshold
was found from the turbidity of freshly prepared sols
with the addition of gradually increasing volumes of
polysaccharide solutions. The volume of the sol portion
and the volume increment were 10 and 0.05 mL,
respectively, for NaCl and 5 and 0.1 mL, respectively,
for Na,SO,.

Thesol coagulation threshold with electrolytes (mol/L)
was calculated using the formula (4):

Coy V.
C — e) "e , (4)
T Val

wherein ¢ is the concentration of the electrolyte in the
portion of its solution before addition to sol, V, is the
volume of the electrolyte solution in which coagulation
occurs, and V| is the volume of the sol in the test tube.

The colloidal protection from each electrolyte by
water-soluble polysaccharides was studied by means
of the turbidity of portions of sols with the addition
of gradually increasing volumes of polysaccharide
solutions (in increments of 0.05 mL to protect the sol
from NaCl and 0.1 mL to protect it from Na,SO,), and
the subsequent addition of a portion of electrolyte the
volume of which corresponds to a certain coagulation
threshold.

The protective numbers (in weight percent) for
water-soluble polysaccharides were calculated by the
formula (5):

¢V
c_ P 13’ 5
prot Vl (5)

SO

wherein ¢, is the concentration of the polysaccharide
in the added portion, wt %; V_ is the volume of the
polysaccharide solution at which coagulation occurs;
and V', is the volume of the sol in the test tube.
Thesizedistribution ofparticles of sols was determined
by dynamic light scattering using a Delsa Nano C
AS53878 automatic particle analyzer (Beckman Coulter,
USA) in the measurement range from 0.6 nm to 30 um.

RESULTS AND DISCUSSION

The potentiometric titration of chitosan converted
into a soluble protonated form by reacting it with
hydrochloric acid was performed according to the
published procedure [30]. The result showed that the DD
of chitosan is 77.28%. In the work of Wang et al. [31], the
parameters of the Mark—Houwink equation for chitosan
were shown to be dependent on its DD. The graphs of
the dependencies of the constants & and o on DD were
presented. According to the data of Wang et al. [31], the
values of these constants at DD = 77.28% were found
and used, in order to calculate the molecular weight
of chitosan using the Mark—Houwink equation using
capillary viscometry data.

Table 1 presents the results of determining the molecular
weights of chitosan and water-soluble polysaccharides,
the conditions for their viscometric determination, the
corresponding values of the constants of the Mark—
Houwink equation, and the determined values of the
intrinsic viscosity of their solutions. According to the DD
value, the macromolecule of the chitosan used contains
4968 deacetylated monomer units.

Figure 3 presents the adsorption isotherms (g/g) of
water-soluble polysaccharides from their aqueous
solutions on the surface of chitosan treated with a solution
of sulfuric acid. The isotherms were obtained by
processing capillary viscometry data, as shown in Fig. 3.
At weight concentrations below 0.05%, the relative
viscosity of solutions of the polysaccharides under study
before adsorption is close to unity. After achieving
adsorption equilibrium, it is unity. Therefore, at such low
weight concentrations, the amount of polysaccharides
remaining in the solution after reaching adsorption
equilibrium for all three polysaccharides is insignificant
for the use of viscometry data. In this case, it can also be
assumed that almost all of their amount is adsorbed. At
a concentration of 0.05% and higher, according to
capillary viscometry data, differences in adsorption
between different water-soluble polysaccharides are
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Table 1. Values of molecular weights, intrinsic viscosity, parameters of the Mark—Hauwick equation, determination conditions, and
references to relevant sources for chitosan and water-soluble polysaccharides

. - Intrinsic Molecular weight
. 105
Polysaccharide | & - 10°, mL/g o Conditions Reference Aasssy [l miL M, kDa
. 02M CH3COOH/O.1 M

Chitosan 50 1.02 CH,COONa, T=30°C [31] 660 1001.3

SA 73 0.92 0.1 M NaCl, T=25°C [32] 300 103.5
k-Carrageenan 10 0.9 Distilled water, 7'=25°C [33] 32 1308.7
Xanthan 2.49 1.2454 0.01 M NaCl, T'=25°C [34] 785 771.4

already clearly visible. As can be seen, on the surface of
chitosan treated with a solution of sulfuric acid, xanthan
is least adsorbed throughout the concentration range
studied here (Fig. 3, curve 3). Up to a concentration of
about 0.15%, «-carrageenan is adsorbed best. The
adsorption isotherm can be attributed to the Langmuir
type (Fig. 3, curve 2). SA is generally adsorbed worse
than k-carrageenan. However, at concentrations above
0.15%, its adsorption already begins to exceed that of
K-carrageenan. It is obvious that the adsorption of
K-carrageenan is facilitated not only by the electrostatic
attraction of its polyanions to the positively charged
surface, but also by the specific binding of sulfate groups
of k-carrageenan to the protonated amino groups of

chitosan, as occurs in the case of SO%‘ anions (Fig. 2).

0 0.05 0.1 0.15 0.2 0.25
C, %

Fig. 3. Adsorption of polysaccharides on the surface
of chitosan treated with a solution of sulfuric acid
(containing ChS on the surface):

(1) SA,

(2) k-carrageenan, and

(3) xanthan

Reaction (2) between chitosanium chloride and
sodium sulfate gives insoluble ChS. It was shown [22]
that the factor which most affects the rate of formation
and characteristics of ChS is the molar ratio of the
components of the mixture SO7~ and NH}. With
a decrease in the fraction of sulfate ions in the initial
solution, the size of the resulting particles decreases.
Their &-potential increases, helping to increase their
stability.

The micelle of the ChS hydrosol, stabilized with
chitosan chloride, with the positively charged surface
can be represented by the general formula:

{mChit, (SO,), kK[Chit, nH"](k—x)nCl }xnCI",

wherein  Chit is the deacetylated chitosan
unit (nondeacetylated fragments of chitosan are not
taken into account).

The potential-determining groups are protonated
groups of chitosan (chitosanium polycations), and the
counterions are chloride anions.

For each of the water-soluble polysaccharides,
graphs were constructed of the time dependencies
of the turbidity of sols containing different weight
concentrations of polysaccharides. Figure 4 presents
examples of such graphs for the sol without the addition
of a polysaccharide and for sols with polysaccharides at
weight concentrations of 0.125 and 0.25%.

These graphs show that over time the turbidity in
some cases can not only increase, but also decrease.
According to Rayleigh’s equation, T~V sz, where
v is the number concentration of sol particles and V_ is
the average particle volume. As a result of coagulation
over time, the increase in the turbidity of the sol with
an increase in the volume (size) of particles appears
together with a decrease in turbidity and a decrease in
the number concentration of the sol. On the one hand, the
coagulation helps to reduce the number concentration of
particles, thus decreasing the optical density (turbidity).
On the other hand, the larger the particle aggregates, the
more they scatter light, which contributes to an increase
in optical density (turbidity). Thus, depending on the
predominance of the former or latter trend, the turbidity
either increases or decreases. For example, although
the largest aggregates of particles scatter light more
strongly, they are deposited to the bottom of the vessel,
thereby leaving the bulk of the sol. Consequently, they
are absent from the sol placed in the cell for measuring
optical density. Thus, because of the ambiguity of
assessing the stability of sols using the absolute values
of optical density (turbidity), the stability of sols over
time was characterized using not the absolute values of
turbidity, but the relative change in percentage according
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Fig. 4. Time dependencies of the turbidity of ChS sols
(1) without the addition of polysaccharides

and with the addition of (2) 0.025% SA,

(3) 0.025% «-carrageenan,

(4) 0.025% xanthan,

(5) 0.0125% SA,

(6) 0.0125% «-carrageenan, and

(7) 0.0125% xanthan

to formula (2). The more the turbidity of the sol changes,
the less stable it can be considered. Figure 5 illustrates
the relative change in the turbidity of sols after
2 days. The relative change in the turbidity of the sol
without the addition of polymers for this time is 33%.
Figure 5 shows that, at very low weight concentrations
of polymers (less than 0.02%), the stability of the sols
increases in comparison with the initial sol. The addition
of each of all the three polysaccharides to a concentration
of 0.0125% decreases the relative change in turbidity.
These points of decrease in the relative change in
turbidity at polysaccharide concentrations of 0.0125%
can be conditionally considered points of minimum.
However, a more accurate determination of the presence
of a minimum and its value requires several more
points in the concentration range less than 0.0125%
to be examined. At concentrations above 0.0125%,
the relative changes in turbidity for xanthan and SA
increase, pass through a maximum, and decrease. In this
case, the greatest decrease is observed for k-carrageenan
at its concentration of 0.04%. In this case, the turbidity
changes only by 4.9%, which is close to the error in
measuring the optical density (turbidity) of the sol.
Thus, polymers in certain weight concentration
ranges contribute to a smaller change in the turbidity of
the sol and, accordingly, to an increase in its aggregative
stability. In this case, the curves of the relative change in
turbidity over time for sols with the addition of different
polymers have a similar shape to the curves with portions
of decrease in relative change in turbidity and its maxima.
At very low concentrations, the addition of polymer
contributes to the stability of the sol. With increasing
concentration, the stability of sol decreases, passing

T/
»

T, cm
I
=
W
|

At, %

0.02 0.04 0.06
C, %

Fig. 5. Relative change in the turbidity of sols after two days
in the presence of various weight concentrations of stabilizing
polymers:

(1) SA,

(2) x-carrageenan, and

(3) xanthan

through a minimum (which is also a maximum of the
relative change in turbidity over time), and then increases
again. The type of dependence of the relative change in
turbidity on the concentration of polysaccharides shown
in Fig. 5 can be explained by the relationship between
the amount of adsorbed polysaccharide and its ability
to induce particle flocculation. All the polysaccharides
studied are polyelectrolytes which carry a charge opposite
to the charge of the particle surface. Therefore, they
contribute to a decrease in the thickness of the electric
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double layer of micelles and, accordingly, to a decrease
in the stability of the sol. At very low concentrations
of water-soluble polysaccharides, the relative change
in turbidity decreases. This indicates a stabilization of
particles by polysaccharides at their given concentrations.
In this case, the contribution of the stabilization of
sols by polysaccharides exceeds their contribution to
their destabilization. This is due to a decrease in the
thickness of the electric double layer of micelles. The
decrease in the relative change in turbidity with the
subsequent increase can be explained as follows: due
to the low degree of filling the surface of particles with
polysaccharides, the macromolecules adsorbed by some
of their ends on one particle can be adsorbed by other
ends on the surface of another particle, connecting them
by a bridging mechanism. Owing to this, the tendency of
polysaccharides to cause flocculation of particles begins
to increase, compensating for their stabilizing ability and
then prevailing over it. Thus, after a certain decrease,
the increase in the concentration of the polysaccharide
enhances flocculation, and the relative change in turbidity
increases. The value for the sol without the addition of
polysaccharides begins to be exceeded, and thus the
first maximum is reached. Then the relative change in
turbidity decreases. This can be associated with the high
degree of filling of the particle surface with adsorbed
macromolecules. The surface of the particle is saturated
with polymer macromolecules which begin to counteract
the coagulation of particles. As a result, a stabilizing
effect gradually begins to appear, reducing flocculation.
Further, with increasing polysaccharide concentration,
the relative change in turbidity gradually increases again.
When the adsorption of polysaccharides on the surface is
sufficiently high, their destabilizing effect on the sol due
to a decrease in the thickness of the electric double layer
of micelles begins to increase.

Initially, SA promotes flocculation less than the other
two polysaccharides. This can be due to the fact that
it has a significantly lower molecular weight (Table 1)
and, consequently, a smaller macromolecule size. As
a result, its ability to link sol particles with each other
by a bridging mechanism is lower. This can explain the
more pronounced decrease in stability at a concentration
0f 0.0125% in the case of the addition of SA.

The maxima on the curves in Fig. 5 for k-carrageenan
and xanthan are observed at their concentrations of
0.025 and 0.03%, respectively. This can be explained
by the predominance of flocculation over the stabilizing
effect of polymers at these concentrations. Moreover, in
the case of k-carrageenan, which has a higher molecular
weight than xanthan (Table 1), this maximum occurs at
a lower concentration. The degree of stabilization of the
sol is greatest in the case of the addition of k-carrageenan,
which, as suggested by Fig. 3, in this concentration
range, is adsorbed on the surface of ChS more strongly
than the other two polymers and, moreover, has the

highest molecular weight (Table 1). Consequently, in
the concentration range where the stabilization begins to
prevail over the flocculation, k-carrageenan was found to
be the most efficient stabilizer. This is due to its stronger
adsorption resulting from the presence of specific
interactions of its sulfate groups with the protonated
amino groups of chitosan. For this reason, the adsorption
of k-carrageenan on the surface of sol particles creates
a more voluminous and stronger structural-mechanical
barrier. Therefore, in this concentration range, xanthan
stabilizes sols over time much worse than k-carrageenan.
SA,whichisadsorbed on ChS better than xanthan, exhibits
an even lower stabilizing ability. This can be explained
by the lower molecular weight of SA and, therefore,
the less pronounced manifestation of the structural-
mechanical stability factor. As can be seen from Fig. 5,
the curve for SA obviously approaches a maximum only
at concentrations above 0.04%. However, precipitation
occurs at higher concentrations of the added SA (Fig. 5,
curve /). As Fig. 3 shows, the adsorption of SA at this
concentration is close to the adsorption of xanthan, but
significantly lower than the adsorption of k-carrageenan.
This can be explained by the fact that the structural-
mechanical barrier for SA is obviously less pronounced
because of its lower molecular weight.

At higher concentrations, the stabilizing ability of
water-soluble polysaccharides decreases again due to the
increasing contribution of neutralization of the positive
charge of'the particle surface by polysaccharide polyions.
At sufficiently high concentrations, polysaccharide
anions cause rapid coagulation of positively charged ChS
particles; something which is not considered in this work.
Thus, although the water-soluble polysaccharides used
in this study can cause coagulation of sol particles, there
are certain concentration ranges in which they exhibit
a stabilizing ability owing to the structural-mechanical
stability factor. A mechanically strong protective shell
is created around the ChS particle by the adsorption of
polysaccharide macromolecules. This protective shell
also carries negative charges, promoting the repulsion
between polyanions adsorbed on different particles when
these particles collide. Thus, despite the decrease in the
electrostatic stability factor when polysaccharides are
added to the sol, in the case of collision between two ChS
particles with polyions adsorbed on them, the polyions
can interfere with the coagulation for these reasons.

By means of dynamic light scattering with
a Delsa Nano C particle size analyzer (Beckman
Coulter, USA), the particle sizes measured in the sols
demonstrated the highest stability over time and the
sol without the addition of polymer. Table 2 presents
the results for freshly prepared sols (time elapsed since
preparation was about 1 h). In the histograms of the
particle number size distribution for all sols, there is one
peak with a fraction of 65-75%. The other peaks in the
submicron and micron ranges are negligible (Fig. 6).
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Fig. 6. Histograms of the particle number size distributions for ChS sols (a) without the addition of polysaccharide
and with the addition of (b) 0.0125% SA, (b) 0.04% k-carrageenan, and (d) 0.0125% xanthan
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As can be seen, in the case of the addition of solutions
of SA and «x-carrageenan to the sols to the indicated
concentration, the average particle size decreases, while
it increases in the case of addition of a xanthan solution.
The decrease in the particle size in the sol can be related
to the stabilizing effect of added polysaccharides at
these concentrations. At the same time, the observed
slight increase in the turbidity of freshly prepared sols
in the case of the addition of k-carrageenan and SA (in
accordance with Fig. 4) can be explained by an increase
in the number concentration of particles which are more
protected from coagulation when polysaccharides are
added.

At a concentration of 0.0125%, the smallest average
particle size (smaller than the particle size without the
addition of polysaccharides) is observed for SA, whereas
that for xanthan is noticeably larger. This is consistent
with the above considerations since at this concentration,
SA contributes less to flocculation. Despite the fact that
when xanthan is added, the particles become almost
twice as large, sols with the addition of xanthan retain
their particle size longer than without it (Fig. 5). This can
be explained by the fact that the tendency for xanthan to
stabilize particles over time begins to prevail over the
tendency to promote flocculation. At a k-carrageenan
concentration of 0.04%, the particle size is smaller than
that without the addition of polysaccharides. It is close to
that with the addition of 0.0125% SA.

Figures 7 and 8 show the graphs of the dependencies
of the turbidity of solutions on the amount of added
electrolytes. Sodium chloride is an indifferent electrolyte
in relation to ChS. Therefore, it does not affect the
charge and electrical potential of the particle surface,
but only compresses the electric double layer, promoting
concentration coagulation. Coagulation begins when
0.1 mL of 3M sodium chloride solution is added to 5 mL
of sol.

Sodium sulfate is a non-indifferent electrolyte in
relation to ChS, since it can bind potential-determining
chitosanium polycations, thereby changing the surface
charge. When Na,SO, is started to be added, the
surface charge decreases because of the interaction of
sulfate anions with potential-determining chitosanium
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0 0.05 0.10 0.15 0.20 0.25 030 035
V, mL

Fig. 7. Dependence of the turbidity of the ChS sol
on the volume of the added NaCl solution
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Fig. 8. Dependence of the turbidity of the ChS sol
on the volume of the added Na,SO,, solution

polycations. When 1.75 mL of 0.5 M sodium sulfate is
added to 10 mL of sol, the turbidity sharply increases,
indicating that the coagulation threshold has been reached.
In region II in Fig. 8, the sol is rapidly coagulated. When
3 mL of the electrolyte is added, the turbidity decreases
and a new region of sol stability appears (Fig. 8,
region III). This can be explained by the attainment of the
equivalence point. This is the point where the electrolyte
recharges the surface of the micelle, making it negatively

Table 2. Average particle sizes of sols with the addition of various polysaccharides

Sol composition Average particle size, nm Coefficient of variation, %
Without addition of water-soluble polymers 25 17
With addition of 0.0125% SA 11 23
With addition of 0.04% k-carrageenan 15 30
With addition of 0.0125% xanthan 55 8
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Fig. 10. Dependence of the turbidity of the ChS sol
on the volume of added solution of (/) SA and (2) k-carrageenan
in the presence of Na,SO, sufficient for coagulation

charged, thereby exerting a stabilizing effect. Then,
when sodium sulfate is added, the turbidity of the sol
begins to increase again and a new region of coagulation
appears (Fig. 8, region IV). This is due to a decrease in
the thickness of the electric double layer with an increase
in the concentration of counterions which are now
sodium ions. This type of dependence of turbidity on the
volume of added electrolyte is typical of the case where
a sol is supplemented with a non-indifferent electrolyte
carrying non-indifferent ions charged opposite to the

potential-determining ions. This proves that the surface
of the resulting sols is positively charged.

For colloidal protection of the ChS sol from
coagulation with electrolytes, SA and «-carrageenan
were taken as polymers which showed themselves to be
the most optimal stabilizers.

These polysaccharides protectthe sol from coagulation
under the action of sodium chloride (Fig. 9), although
inefficient against the action of sodium sulfate (Fig. 10).
The decrease in turbidity by approximately half at one of
the points in curve 2 (Fig. 10) is likely to be caused by
the fact that k-carrageenan, the molecules of which have
a greater electrical charge, recharges the surface when
taken in the given amount. However, this stabilizing
effect is insufficient to prevent coagulation.

The sol coagulation thresholds with electrolytes
were calculated using formula (4), while the protective
numbers for polysaccharides were calculated using
formula (5) (Table 3). The coagulation threshold with
an indifferent electrolyte is 9.3 times higher than that
with a non-indifferent electrolyte. The protective number
against the coagulation with an indifferent electrolyte
is 4.8 times lower for SA than for k-carrageenan. The
protective numbers for both of these polysaccharides
are significantly lower than the concentrations at
which, in accordance with Fig. 5, the relative changes
in the turbidity of the sols over time (their maximum
stability over time) are minimum. Therefore, at these
concentrations of SA and k-carrageenan, their efficient
protection against the coagulation with sodium chloride
is also ensured.

CONCLUSIONS

A method was developed to obtain ChS hydrosol with
a positive particle charge. It was shown that the addition
of polysaccharides to certain concentrations improves
the stability of sols. The mechanisms of the stabilization
of sols by polysaccharides are explained using
experimental capillary viscometry data on the adsorption
of these polysaccharides on the surface of ChS. In this
case, in the widest concentration range, K-carrageenan

Table 3. Coagulation thresholds of ChS sols with sodium chloride and sodium sulfate, and the protective numbers of polysaccharides

against the coagulation of ChS sols with these electrolytes

Electrolyte causing coagulation Coagulation threshold, mM Stabilizer Protective number, %
NaCl SA 6.1-107
73
NaCl k-Carrageenan 29107
Na,S0, SA Does not protect
7.88
Na,S0, k-Carrageenan Does not protect
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is adsorbed most strongly, whereas xanthan is adsorbed
least of all. The stronger adsorption of k-carrageenan can
be attributed to the specific binding of sulfate groups to
the ChS surface.

Based on experimental data on the relative change
in turbidity over time, which has complex behavior
with extrema, the polysaccharides studied herein
predominantly either stabilize or destabilize the
sol according to the degree of filling the surface of
the particles with polysaccharide macromolecules,
depending on their concentration. The stabilization of
sols by polysaccharides is ensured by the structural-
mechanical stability factor.

The most stable over time are the sols with the
addition of 0.0125% SA and k-carrageenan in the range
of 0.04%. In the former case, this can be explained
by the lower molecular weight of SA, which is less
conducive to the flocculation of sol particles at lower
polysaccharide concentrations. In the latter case, at
a higher polysaccharide concentration, this may be
a consequence of better adsorption of k-carrageenan, as
well as its higher molecular weight. This makes a greater
contribution to the structural-mechanical stability factor.

k-Carrageenan and SA protect the sol against
coagulation with an indifferent electrolyte (NaCl) at all
amounts of polysaccharides used. At the same time, at the
same amounts of polysaccharides, no protection against
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Abstract

Objectives. To develop a new method to determine amino acids in drugs by means of reverse-phase high-performance
chromatography (RP HPLC) with pre-column derivatization using phenyl isothiocyanate (PITC) and one-pot sample preparation.

Methods. The initial standard solutions of amino acids were prepared by weighing, followed by dissolution in water. Working solutions
were then prepared: standard, test, and blank, by dilution in 20 mM hydrochloric acid. Further sample preparation was carried out
in Safe-lock polypropylene tubes (Eppendorf) in a reaction buffer containing mobile phase A, acetonitrile, and triethylamine in a ratio
of 85 : 10 : 5, labeled with a 5% PITC solution in acetonitrile. After thorough mixing for 3—5 min on a vortex, the tubes were kept
in a solid-state thermostat with a thermally insulating lid for 2 h. The samples were then cooled for 10 min, centrifuged for 1 min at 13000 rpm,
the supernatant was transferred into vials, and the mixture of amino acids was separated by RP HPLC using hydrophobic silica gel with
grafted C18 groups as a stationary phase. The quantitative determination of amino acid derivatives was carried out using a diode array
detector.

Results. A new method for the separation and determination of amino acids in medicinal preparations was developed and validated.
Simple one-pot sample preparation using available reagents and equipment enabled studies to be carried out without using commercial
kits, for example, the AccQ-Tag Ultra Derivatization Kit, USA. Using the analysis of mixtures of histidine and glycine as an example,
it was shown that when using two mobile phases, an acceptable separation of amino acid derivatives in a gradient mode can be achieved
for 20 min at a flow rate of 1.0 mL/min. The samples prepared according to the new method demonstrated a high level of stability
in use and storage. A composition of mobile phases A and B consisting of 10 mM acetate buffer pH 3.5 and 80% acetonitrile solution
was proposed. Validation of the method hereby developed in the analysis of the drug Innonafactor®, containing glycine and histidine
as excipients, demonstrated high convergence of the results of the quantitative determination of these amino acids.

Conclusions. The new method to determine amino acids in medicinal preparations by RP HPLC with PITC pre-column derivatization
has a wide range of applications, has a number of advantages when compared to imported commercial kits for the determination of amino
acids. These include: lower cost of reagents and materials, high accuracy and repeatability. Thus, it can be recommended for use in quality
control laboratories of pharmaceutical enterprises.

Keywords Submitted: 29.08.2023

amino acids, glycine, histidine, RP HPLC, pre-column derivatization, PITC (phenyl isothiocyanate), Revised: 07.11.2023

quality control of medicines Accepted: 06.03.2024
For citation

Kalmykov P.A., Kustova T.P., Kustov S.O., Shestakovskaya P.S., Azmetov T.R., Kalmykova A.A. One-pot determination of amino acids
in drugs by pre-column derivatization with phenyl isothiocyanate. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2024;19(2):127-138. https://
doi.org/10.32362/2410-6593-2024-19-2-127-138

© P.A. Kalmykov, T.P. Kustova, S.O. Kustov, P.S. Shestakovskaya, T.R. Azmetov, A.A. Kalmykova, 2024 127


https://doi.org/10.32362/2410-6593-2024-19-2-127-138
mailto:kustovatp@ivanovo.ac.ru
https://doi.org/10.32362/2410-6593-2024-19-2-127-138
https://doi.org/10.32362/2410-6593-2024-19-2-127-138

One-pot determination of amino acids in drugs Pavel A. Kalmykov,
by pre-column derivatization with phenyl isothiocyanate etal.

HAYYHAA CTATbA

One-pot onpeneneHne aMMHOKMCIOT B JIEKAPCTBEHHbIX
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AHHOTaUuS

ean. Paspaborath HOBYHO METOIHMKY OINpECICHUS aMMHOKHMCIIOT B JIGKAPCTBEHHBIX IIperaparax METOAOM oOpamieHHO-(a30Boi
BEICOKOA((heKTUBHOM kuKoCTHOHM XpomaTorpaduu (OD BOXKX) ¢ npenxononounoi nepusarnsanueit penmmmzorrnonnanarom (GHUTLI)
¢ MPUMEHEHUEM one-pot TIPOOOTIOATOTOBKH.

Metoasbl. McxonHble cTaHAaPTHBIE PACTBOPHI aMHHOKHUCIIOT TOTOBUIIM METO/IOM HABECOK C MOCIIEAYIOMNM PACTBOPEHHEM B BOJIE, TOCTIE
Yero TOTOBHIIN pabo4re pacTBOPBI: CTAHAAPTHBIN, HCTIBITYEMBII M XOJIOCTOH, myTeM pa3BeneHus B 20 MM coinsHO# kucioTe. JlanpHeii-
mast mpoOOMOIroTOBKA OCYIIECTBISUIACH B IOJIUIPONMICHOBBIX Tipodupkax Safe-lock (Eppendorf) B peakunonHom Oydepe, conepxa-
IIeM TOABIKHYIO (ha3y A, alleTOHUTPUI U TPUITUIAMUH B cooTHOoIeHnu 85 : 10 : 5 ¢ okpamuBanueM 5% pactopom GUTLI B aneTonu-
tpune. [locne TmarensHOTo NepeMeInnBaHus B TeUeHne 3—5 MUH Ha BOPTEKCe MPOOUPKH BBIACPKHUBAIN B TBEPAOTEILHOM TEPMOCTATE
C TepMOU3OJISIIMOHHON KPBIIKOW B TedueHue 2 4. Jlanee mpoOsl oxyaxkaanu B TedeHne 10 MuH, IeHTpU(YTHPOBaIH B TEYCHUE | MUH IpU
13000 o6/mMuH. HagocamouHyo KHUIKOCTh MIEPEHOCHIIN B BUAIIBI U TPOBOAMIIN PA3CICHUE CMECH aMHHOKHCIOT MeTogoM Od BOXKX
C UCTIONB30BAaHUEM B Ka4eCTBE HEMOABIKHON (hazel ruapodoOHOro cunmkarens ¢ npuBUThMU Tpynmamu C18. KonmndecTBeHHOe ompe-
JeTIeHHE JIEPHBAaTOB AMUHOKHCIIOT IIPOBOMIIN C TIPIMEHEHNEM AUOTHO-MaTPUIHOTO IETEKTOPa.

Pe3synbrarbl. Pa3paborana v BauaupoBaHa HOBast METO/IMKA Pa3JIeTICHUS U OTPE/IeNIeHHs] aMUHOKHUCIIOT B JIEKAPCTBEHHBIX TIperaparax,
MO3BOJISIOIIAsE HA OCHOBE MPOCTOH one-pot TpoOONOATOTOBKH C MCTIONB30BAHUEM AOCTYIIHBIX PEAKTUBOB M 00OPY/I0BaHHS NPOBOJUTD
nccienoBaHms 6e3 UCIONb30BaHUs KOMMepueckux Habopos, Hanpumep AccQxTag Ultra Derivatization Kit, CIIIA. Ha npumepe ananu-
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INTRODUCTION

In the second half of 2022, a number of foreign
pharmaceutical companies announced their suspension
of investments in the Russian market. They ceased
clinical trials in the country which are required for
registration of new drugs. Certain drugs are in short
supply due to problems with logistics of finished dosage
forms or pharmaceutical substances. Problems with
the availability of innovative foreign drugs are most
acute in the therapy of orphan (rare) diseases. It should
also be noted that certain Russian pharmaceutical
companies produce such drugs independently. For
example, Generium' produces drugs for the treatment
of hemophilia, cystic fibrosis and Gaucher disease [1].
This is important, since in 2023 Russia introduced
expanded neonatal screening of newborns for
36 congenital diseases, including inherited diseases
of amino acid, organic acid, and fatty acid metabolism.

Analysis of the Russian pharmaceutical market for
20222 showed that the production of pharmaceuticals
in the country increased by 8.6% when compared
to 2021. According to the Strategy for the Development
of the Pharmaceutical Industry until 2030, adopted
by the Government of the Russian Federation in June
2023, the share of Russian full-cycle drugs in the market
of the Russian Federation is due to increase to almost
70%, while the volume of drug production in monetary
terms is expected to double to RUR 1.4 trn.3

Drugs containing amino acids and proteins are widely
used in medical practice for the treatment of metabolic
disorders, cardiovascular, infectious and dermatologic
diseases, cancer, gastrointestinal, kidney and central
nervous system diseases, as well as pain syndromes [1].
The segment of the pharmaceutical market related
to the production of peptide drugs is steadily growing.
Therefore, pharmaceutical manufacturers urgently
need to improve amino acid analysis for quality control
of such drugs. When queried for “amino acid analysis,”
the sciencedirect.com platform currently produces
more than 64000 results, 2700 of which are in the last
5 years [2-5].

The Pharmacopoeia of the FEurasian Economic
Union (EEU)* recommends 12 methods of amino acid
analysis. Seven of these methods involve pre-column
derivatization of amino acids. Derivatization of amino
acids is necessary due to the absence of chromophore

https://www.generium.ru/products/#. Accessed August 02, 2023.

groups in the structure of most of their molecules. This
does not allow for the use of optical detectors for analysis.
In this regard, the professional community is focusing
on the functionalization of amino acids, primarily
by the N-terminal amino group [6—8]. One of the most
reliable and well-established methods for amino acid
determination is reversed-phase high-performance
liquid chromatography (RP-HPLC) with precolumn
derivatization with phenyl isothiocyanate (PITC).
In amino acid analysis, the HPLC method is used much
more often than other methods, since peptides are complex
organic compounds which are thermolabile (degrade
when heated). This method is characterized by a high
level of sensitivity and selectivity. Derivatives with
PITC at the N-terminal amino group form all amino
acids. The reaction proceeds rapidly and quantitatively
with the formation of stable amino acid derivatives.
No other compounds are formed which interfere with
the determination of amino acids. Thus, [9] proposed
a method for the quantitative determination of a number
of free amino acids (glutamic and asparagic, serine,
glycine, histidine, proline, alanine, etc.) in samples
of veal meat, laying hens and dried extract of cow brain
by SP HPLC with pre-column PITC derivatization. The
authors used 3 mobile phases: 2 acetate buffers with
pH4.05 and pH 5.5 and a 1% solution of isopropyl alcohol
in acetonitrile. The sample preparation took on average
about 20 h. It included acid hydrolysis of proteins,
ethanol extraction of free amino acids, selection and
drying of aliquots, addition of sodium hydroxide solution,
labeling solution (PITC), re-drying and dissolution
of the dry residue in bi-distilled water. During amino
acid analysis, some analyte loss is known to occur during
prolonged sample preparation. Therefore, it is important
to limit the number of sample manipulations, since this
will increase the analyte detection value and reduce the
labor input of the staff.

The objective of this study was the development
and validation of a new method using one-pot sample
preparationwithavailablereagents and equipment without
the use of commercial kits of foreign production for the
determination of amino acids in drugs by RP-HPLC with
pre-column derivatization with PITC. Innonafactor®,
a drug belonging to the “Coagulants (including blood
coagulation factors), hemostatics” pharmaceutical group
was chosen as a model system for the development of the
methodology [10]. Recombinant blood coagulation

2 The pharmaceutical market of Russia for 2022. Analytical review of DSM GROUP. https://dsm.ru/docs/analytics/Annual_report 2023 _rus.pdf.

Accessed August 02, 2023.

Decree of the Government of the Russian Federation dated June 7, 2023, No. 1495-r “Strategy for the Development of the Pharmaceutical

Industry until 2030.” http://government.ru/docs/48801/. Accessed August 02, 2023.

August 02, 2023.

https://eec.eacunion.org/comission/department/deptexreg/formirovanie-obshchikh-rynkov/pharmacopoeia/pharmacopoeia_utv.php. Accessed
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factor IX, a single-chain glycoprotein with a molecular
mass of about 55 kDa, consists of 415 amino acid
residues’. In order to stabilize the glycoprotein in the
preparation, a mixture of amino acids is used in sufficient
excess (29-fold for glycine, 2.3-fold for histidine)®.
Determination of the quantitative content of these
amino acids is regulated and must be controlled during
release control. In this regard, there is an urgent need for
analytical methods to be developed to determine amino
acids, which will give reproducible results with simple
sample preparation in minimal time.

EXPERIMENTAL

All the reagents and solvents used in the work were
considered chemically pure: histidine (PanReac
AppliChem, Spain, Cat. No. A1341), glycine (PanReac
AppliChem, Spain, Cat. No. 143040), sodium acetate
(Sigma-Aldrich, USA, Cat. No. S2889), concentrated
acetic acid (PanReac AppliChem, Spain, Cat. No. 141008),
hydrochloric acid (Pallav, India, Cat. No. 1379B),
PITC (Sigma-Aldrich, USA, Cat. No. 78780), sodium
hydroxide (PanReac AppliChem, Spain, Cat. No. 141687),
sodium chloride (Nouryan, Denmark, Cat. No. 8004337),
polysorbate 80 (PanReac AppliChem, Spain, Cat.
No. 142050), triethylamine (Sigma-Aldrich, USA, Cat.
No. 471283), acetonitrile (PanReac AppliChem, Spain,
Cat. No. 221881). Ultrapure water (type I) (Milli-Q,
Merck Millipore, USA) was used to prepare working
solutions.

The labeling solution was prepared in a 2-mL
Safe-lock polypropylene tube (Eppendorf, Germany)
by mixing 950 uL of acetonitrile and 50 pL of PITC.

In order to prepare the mobile phase A (MP A),
0.82 g of sodium acetate was added to a 1-L beaker, and
about 800 mL of water was added. Then the pH of the
solution was adjusted with acetic acid to 3.5 = 0.1 using
a pH meter (Seven Easy S20, Mettler Toledo,
Switzerland). The resulting solution was transferred
to a 1-L volumetric flask, brought to the mark with water,
stirred, filtered through a membrane filter with a pore
diameter of 0.45 pm and then degassed using a vacuum
pump.

For the preparation of the mobile phase B (MP B),
800 mL of acetonitrile was placed in a chemical beaker
with a capacity of 1 L, and 200 mL of water was added.
This was then stirred, and filtered through a membrane
filter with a pore diameter of 0.45 pm and degassed.

The reaction buffer was prepared in a 15 mL test
tube. 8.5 mL of MP A, 1 mL of acetonitrile and 500 pL

5

6
Accessed August 02, 2023.

7 https://bemst.ru/kolonki/diaspher/. Accessed August 02, 2023.

of triethylamine in the ratio 85 : 10 : 5 were added to the
test tube, and the contents were stirred.

The initial test solution of Innonafactor® 500 IU
was prepared as follows: 5.0 mL of water for injections
was added to the vial with the lyophilizate. It was
gently mixed avoiding foaming according to the drug
instructions. At such dilution the content of histidine
is about 1.55 mg/mL (7.76 mg/flask), and glycine—about
19.52 mg/mL (97.6 mg/flask) which corresponds to the
middle of the range specified in the drug instructions.

The initial standard solutions of amino acids were
prepared by the method of suspensions with subsequent
dissolution in water: the concentration of histidine was
1.55 mg/mL, and glycine—19.52 mg/mL. Then working
solutions were then prepared. The initial test solution,
initial standard solution, and placebo solution (without
histidine and glycine) of 100 pL each were placed
in 1.5 mL polypropylene tubes. Then 400 uL of 20 mM
hydrochloric acid solution were added and mixed.

Further sample preparation was carried out in 1.5 mL
polypropylene tubes in a reaction buffer with staining
using labeling solution. After thorough mixing for
3-5 min, the tubes were held in a solid-state thermostat
with a Gnome thermo-insulating lid (DNA-Technology,
Moscow, Russia) for 2 h at 65°C. Then the samples were
cooled in a refrigerator for 10 min, and centrifuged for
I min at 13000 rpm. The supernatant was transferred
to vials and the amino acid mixture was separated
in a high-pressure liquid chromatograph (Waters
€2695 with an Alliance separation module with Waters
2998 PDA detector, USA). Hydrophobic silica gel” with
grafted C18 groups was used as the stationary phase.

Before commencing amino acid determination, the
chromatographic column was equilibrated with a mixture
of mobile phases in the ratio 97 : 3 until a stable base line
was formed. Then conditioning in gradient mode was
carried out at least 2 times.

Chromatographic conditions:

e Diaspher-110-C18 stainless steel column, 4.6 % 250 mm
(particle size 5 pm) (BioChemMak ST, Russia);

2 mobile phases: MP A and MP B;

MP flow rate: 1.0 mL/min;

column thermostat temperature: 45°C;

sample temperature: 5 + 3°C;

diode array detector (A = 254.0 + 4.8 nm);

injection volume: 5 pL for glycine estimation, 50 puL
for histidine estimation;

chromatogram recording time: 20 min;

e sample injection order: blank solution (1 injection,

5 uL), standard solution (for glycine estimation,

Register of medicines of Russia: Nonacogum alfa. https://www.rlsnet.ru/active-substance/nonakog-alfa-2595. Accessed August 02, 2023.

Instructions for the medical use of the drug Innonafaktor®. https://www.generium.ru/upload/preparations/manual/Instruktsiya-Innonafaktor.pdf.
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3-5 injections, 5 pL), test solution (1-3 injections, 5 pul),

standard solution (for histidine estimation, 3-S5 injections,

50 uL), test solution (1-3 injections, 50 pL).

Elution was carried out in gradient mode. The samples
were chromatographed according to the order of sample
input. The peaks of the blank solution were not taken
into account when processing the chromatograms.

The chromatographic system was considered suitable,
if the following acceptance criteria were met:

e the relative standard deviation of retention time and
peak area of the derivative no more than 2.0%;

e derivative peak asymmetry factor between 0.8 and 1.5;

o the efficiency of the chromatographic column for the
derivative peak at least 50000 theoretical plates.
Amino acid content (X) in mg/flask was calculated

according to the following formula:

S,
X =Ly x5,
st

wherein S, is the peak area of histidine/glycine
derivatives on the chromatogram of the test solution;
S, 1s the peak area of histidine/glycine derivatives on the
chromatogram of standard solution; C is the histidine/
glycine content in standard solution, mg/mL; 5 is the
volume of water added to the vial of the test drug solution

during reconstitution of the lyophilizate, mL.

RESULTS AND DISCUSSION

Specificity. The specificity of the method was evaluated
by means of visually comparing chromatograms
of blank solution, standard and test solutions. On the
chromatogram of the blank solution, there are no peaks
with retention times of histidine derivatives (about
8.6 min), or glycine derivatives (about 10.8 min)
present on the chromatograms of standard and test
solutions (Fig. 1). Thus, the specificity of the technique
was proven in relation to the matrix of the test
solution (protein, placebo auxiliary components).

Four peaks were found in the retention time domain
of amino acid derivatives. One is present on the
chromatogram of the blank solution and belongs to the
placebo solution. In order to identify the other peaks, the
method of single amino acid standards was used. This
method showed that the peak with retention time about
10.8 min belongs to the glycine derivative. The peaks
with retention times of about 8.6 min and 10.4 min
belong to the histidine derivative. According to the
data available in literature [2] derivatives of amino
acids with several nitrogen atoms in the structure
are unstable and may undergo degradation. In order
to evaluate these peaks and determine their nature, the
absorption spectra of the derivatives in the wavelength
range of 200400 nm were studied using a diode array

1.80
1.60 l
1.40
1.20
Blank solution %
1.00
=)
= ] \
0.80 ‘
] \
| o
0.60i Test solution . J‘» ;”\ @@\ Lw“v =
« <+ v o
] A | T
0.40 3 - e«
] 5 ‘ £ (EE Z
= o nBN E |22 E
1 L2 £ 21228 3
0.20 o S oD o0 o op
p S °“’ — = S8 e.E
| —_— —S= =
s 2 2 = £ || & 2
0.00 1 Standard solution T < ©) = — S
7 T v T T T T T T T T T — T T T T T " T g
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00

Fig. 1. Chromatograms of blank, test, and standard solutions
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detector. A slice of peaks in the range of 6—11 min on the
3D spectrum of the chromatogram was established for
the standard solution (Fig. 2).

According to the data obtained, the peak of glycine
derivative has a spectrum with absorption maximum
around 250 nm (Fig. 2d). This is in agreement with the
data available in literature (254 nm). A similar spectrum
is observed for the peak with retention time of around
8.6 min (Fig. 2b). The peaks with retention times
of around 7.9 min and 10.4 min have no absorption
maximum around 250 nm. Thus, it can be concluded that
the peak of histidine derivative is selected for estimation
of quantitative histidine content.

Peaks with a retention time of more than 12 min
belong to the PITC dye peaks and system peaks (gradient
region of column rewashing).

Linearity, correctness and analytical range of the
method. In order to evaluate the linearity, correctness

and analytical range of the technique, the method
of calibration solutions was used. For this purpose, model
solutions (MS) of amino acids in the range of 40—-140%
of the nominal concentration (the middle of the range
of Innonafactor® content) were prepared. The preparation
of MS for linearity evaluation is described in Table 1.

Sample preparation was performed according
to the method described above; each MR in three
repetitions. The results of the linearity evaluation
of the methodology on the peak of glycine derivative
are summarized in Table 2, and histidine derivative
in Table 3 and Fig. 3.

The method is show to have linearity in the selected
range with a correlation coefficient of more than 0.98. The
technique also shows an acceptable level of correctness
in the confidence interval 95-105% for glycine, 90-110%
for histidine. This can be associated with a fairly low
concentration of histidine in the working test solution.

Table 1. Preparation of model solutions (MS) for evaluation of linearity and analytical area

MS No. 1 2 3 4 5 6
Glycine/histidine content, % 40 60 80 100 120 140
Glycine content, mg/mL 7.81 11.71 15.62 19.52 23.42 27.33
Histidine content, mg/mL 0.62 0.93 1.24 1.55 1.86 2.17
Initial standard solution, pL 40 60 80 100 120 140
20 mM hydrochloric solution acids, uL 460 440 420 400 380 360

Table 2. Evaluation of the linearity of the method and the analytical area of the method for determining the content of glycine

MS No. 1 2 3 4 5 6
Calculated concentration, mg/mL 7.81 11.71 15.62 19.52 23.42 27.33
Practical concentration, mg/mL 7.53 11.36 16.41 20.32 23.31 26.88
Detection percent 96.4 97.0 105.0 104.0 99.5 98.4

Table 3. Evaluation of the linearity of the method and the analytical area of the method for determining the content of histidine

MS No. 1 2 3 4 5 6
Calculated concentration, mg/mL 0.62 0.93 1.24 1.55 1.86 2.17
Practical concentration, mg/mL 0.58 0.88 1.34 1.63 1.85 2.10
Detection percent 93.5 94.6 108.0 105.2 99.5 96.8
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Fig. 2. Absorption spectra of peaks on the standard solution chromatogram with a retention time of
(a) 7.9;

(b) 8.6;

(c) 10.4;

(d) 10.8 min
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Fig. 3. Calibration plots for determining the linearity and analytical area of the method:

(a) glycine content estimate;
(b) histidine content estimate

The analytical technique has an acceptable level
of linearity and correctness in the concentration range

of 40-140% of nominal or 0.62-2.17 mg/mL for
histidine and 7.81-27.33 mg/mL for glycine. Therefore,
this concentration range is the analytical domain of the
technique.

Limit of quantification (LOQ). Based on the test
results, the limit of quantification was determined

LOQ =

by the calculation method according to the following
formula:

where X is the concentration of histidine/glycine in the

Table 4. Assessment of the repeatability of the analytical method

standard solution, mg/mL; S/n is the signal-to-noise
ratio for the histidine/glycine derivative peak in

Amino acid content, mg/flask

Injection No. Histidine

(M @ M @

1 7.89 7.73 96.93 96.39

2 7.89 7.73 96.67 96.16

3 7.87 7.72 96.30 95.84

4 7.87 7.72 95.71 95.34

5 7.70 7.60 95.94 95.54

6 7.70 7.60 95.21 94.91

7 7.72 7.61 94.84 94.60

8 7.72 7.62 95.03 94.77

9 8.16 7.93 95.03 94.76

10 8.15 7.92 98.27 97.53

11 8.17 7.93 98.43 97.66

12 8.17 7.93 98.52 97.74
Average 7.9 7.8 96.6 96.1
SD* 0.2 0.1 1.4 1.2
RSD**, % 2.5 1.8 1.5 1.3

* SD—standard deviation.

** RSD—relative standard deviation.
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the chromatogram of the standard solution; 10 is the limit
of the signal-to-noise ratio for the estimation of LOQ.

The evaluation was performed for 6 consecutive
injections of standard solution. The system acceptance
criteria were fulfilled.

According to the data obtained, the analytical
technique has high sensitivity. The initial concentration
of amino acids in the initial test solution for histidine
was about 0.01 mg/mL, for glycine about 0.024 mg/mL,
corresponding to the limit of quantification.

Repeatability. In order to assess the repeatability
of the methodology, tests were conducted to evaluate
the quantitative content of histidine and glycine
in Innonafactor®. The test solution was prepared
in 6 repetitions and each solution was injected twice.
The test results are presented in Table 4. The results were
calculated using two methods: (1) by linearity calibration
plot and (2) by 6 consecutive injections of standard
solution to evaluate the suitability of the system.

Table 5. Evaluation of the stability of the tested solutions

According to the data obtained, the technique has
a high level of repeatability characteristic of HPLC
techniques. Thus, for 6 sample preparations, the relative
standard deviation of amino acid determination was
about 2-3%. The data obtained for the two methods
of calculation of amino acid content coincide. They are
in the range of £10% of the nominal content, according
to the preparation instructions. Thus, calculation
method (2) can be considered a sufficient condition for
the suitability of the system for estimating the amino
acid content.

Stability of standard and test solutions. The stability
of the analytical methodology within the framework
of shelf-life evaluation of the standard and test solutions
was performed for freshly prepared solutions (A) and
after 1 day of storage in a thermostat at 2 to 8°C (B). The
results of amino acid content estimation are presented
in Tables 5 and 6.

Amino acid content, mg/flask
Injection No. Histidine Glycine
(A) (B) (A) (B)
1 7.73 7.82 96.39 96.92
2 7.73 7.82 96.16 97.43
3 7.72 7.77 95.84 96.98
4 7.72 7.77 95.34 96.77
5 7.60 7.65 95.54 96.77
6 7.60 7.65 9491 95.42
7 7.61 7.66 94.60 95.84
8 7.62 7.66 94.77 95.78
9 7.93 7.96 94.76 96.11
10 7.92 7.96 97.53 98.38
11 7.93 7.96 97.66 98.64
12 7.93 7.96 97.74 99.01
Average 7.8 7.8 96.1 97.1
SD 0.1 0.1 1.2 1.2
RSD, % 1.8 1.7 1.3 1.2
Average 7.8 96.5
SD 0.1 1.3
RSD, % 1.7 1.3
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Table 6. Evaluation of the stability of the standard solution

Amino acid derivative peak area, uV/s
Injection No. Histidine Glycine
(A) (A) (B)
1 1457768 1467593 5075402 5112246
2 1460085 1470084 5064962 5098915
3 1460186 1470991 4999555 5121785
4 1460216 1475217 4994879 5140767
5 1460957 1474622 4994327 5139811
6 1461680 1476159 4991779 5138833
Average 1460149 1472444 5020151 5125393
SD 1317 38975 17389
RSD, % 0.1 0.8 0.3
Average 1466297 5072772
SD 6873 62037
RSD, % 0.5 1.2

The stability of the standard and test solutions was
confirmed within 1 day of storage in the thermostat
at 2 to 8°C. This can be considered an advantage over
similar methods for amino acid determination, such
as derivatives with ortho-phthalic aldehyde which have
a shelf life of about 2-3 min [11]. The relative standard
deviation was less than 2%.

CONCLUSIONS

The new technique thus developed for the separation and
determination of amino acids in pharmaceuticals on the
basis of simple one-pot sample preparation using available
reagents and equipment meets all the required criteria
for HPLC quantification methods according to the EEU
Pharmacopoeia and the State Pharmacopoeia of the Russian
Federation. It can therefore be recommended for use in the
laboratories of pharmaceutical companies. The technique
is more economical compared to imported commercial kits
for amino acid determination in terms of cost of reagents
and materials. It also possesses a high level of accuracy and
repeatability. Furthermore, the method is universal and has
a wide range of application, since the formation of derivatives
of amino acids with PITC at the N-terminal amino group
is characteristic of all amino acids. In the present study, the

range of application of this technique was confirmed for the
quantification of histidine 0.62-2.17 mg/mL and glycine
7.81-27.33 mg/mL in the initial test solution. The limit
of quantification was about 0.01 mg/mL for histidine and
about 0.024 mg/mL for glycine. The proposed technique has
a high level of repeatability, typical for HPLC techniques
which is within the range of 2.0%.
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Abstract

Objectives. To compare the properties of rubber compounds and rubbers based on natural rubber RSS1 and synthetic isoprene rubbers
obtained using Ti, Nd, Gd catalysts, both when used individually in the formulation of rubber compounds and when synthetic analogues
partially replace natural rubber.

Methods. Rubber compounds were prepared using a laboratory roll and a 100 cm?3 rubber mixer. For rubber compounds, the following
factors were determined: Mooney viscosity, cohesive strength, and vulcanization characteristics. For rubbers, the following factors were
determined: physical and mechanical parameters, Shore A hardness, rebound resilience, and volume loss upon abrasion.

Results. Based on the results of the rubber compound tests, the study showed that compounds based on all the synthetic polyisoprenes
studied are significantly inferior to compounds based on natural rubber in terms of cohesive strength. The partial replacement of natural
rubber with synthetic rubber (regardless of the type of catalytic system) leads to a significant decrease in the cohesive strength of the
blends. Despite the differences observed in the properties of the rubber compounds, the results of the rubbers based on individual rubbers
do not manifest significant differences.

Conclusions. The study demonstrated the influence of defects (oligomers, gel, low molecular weight fractions, branches, and 3,4-units)
in the structure of synthetic polyisoprenes on the cohesive strength index of rubber compounds based on them, in which the number
of 3,4-units plays a decisive role. The study also showed the potential of studying synthetic polyisoprenes as analogues of natural rubber
in formulations of rubber compounds in the aims of resolving the problem of import substitution in the tire and rubber goods industry.
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AHHOTaUuS

Leau. CpaBHEHNE CBOMCTB PE3NHOBBIX CMECEH M PE3UH Ha OCHOBE HATYPAJILHOTO Kaydyka RSS1 n cHHTEeTHUECKHX N30MPEHOBHIX Kay-
YyKOB, TOTy4eHHBIX ¢ ucnonb3oBanneM Ti, Nd, Gd karanu3aTopoB, Kak IpH HHANBHIYaIbHOM HCIOIB30BAHUH B PEIIENTYPE PE3NHOBBIX
cMeceil, Tak ¥ IPH 9aCTUYHO 3aMeHe HaTypalbHOTO KaydyKa CHHTETHUECKUMH aHAIOTaMH.

MeTojbl. Pe3uHOBEIE CMECH M3rOTABIMBANIH C HCHONB30BAaHMEM TabOPAaTOPHBIX BAIbIEB U pesuHOCMecHTeNs oobemom 100 cv?. s
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org/10.32362/2410-6593-2024-19-2-139-148

INTRODUCTION

In 2020, the Moscow Institute of High Chemical
Technologies marked the 120th anniversary of its
foundation [1]. In 2022, another anniversary was marked:
one of the oldest departments of this Institute—the
F.F. Koshelev Chemistry and Technology of Elastomer
Processing—celebrated its 90th anniversary. The study
of the “synthesis of rubbers—structure—properties—
application” chain in rubbers has always been one of
the traditional directions of scientific research of the
department. An invaluable contribution to this field was
made by the works of such outstanding staff members

as F.F. Koshelev, A.E. Kornev, I.T. Gridunov, and
A.M. Bukanov. The department is currently continuing
its work on the study of rubbers of both general [2—6]
and special purpose [7-11].

One of the main rubbers in the production of tires
and rubber products is polyisoprene. Due to the features
of its structure [12], synthetic isoprene rubber (IR) is
significantly inferior to natural rubber (NR) in a number
of properties. This is especially important for the tire
industry since rubber compounds based on it have
low cohesive strength, and rubbers are characterized
by a higher level of hysteresis losses and low tear
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resistance [13]. The molecular colloidal structure of
polyisoprene has a decisive influence on its ability to
crystallize. Detailed study has shown that even a small
proportion of structural inhomogeneities significantly
reduces the ability of rubber to crystallize. The half-life
of polyisoprene crystallization increases by almost
an order of magnitude as the content of cis-1,4 units
decreases from 98 to 95% [14].

Another significant element is the location of the
raw material base. NR is a scarce imported product, and
synthetic polyisoprene is produced by factories located
in Russia: Nizhnekamskneftekhim, Tolyattikauchuk, and
Syntez-Kauchuk. The pricing of natural and synthetic
polyisoprenes substitutes is characterized by cross
demand, raising the important question of creating
a full-fledged synthetic analog of NR.

Over the past 60 years, several ways have been
identified to resolve this problem: the search for
alternative raw materials in the production of NR [15],
the introduction of protein components into synthetic
polyisoprene [16, 17], the chemical modification
of IR at the stages of rubber synthesis [18], or the
introduction of active functional compounds in the
production of rubber compounds. All of these methods
have their advantages and disadvantages. However,
so far none of them have been implemented on an
industrial scale, with the exception of the industrial
production of titanium IR (Ti—IR) (with a capacity of up
to 60000 t) modified with para-nitrosodiphenylamine,
in the 1970s at the Kuibyshev Synthetic Rubber
Plant [13, 19].

The development of synthetic polyisoprene production
technology should not be forgotten. The search for new
catalytic systems and improved synthesis of IRs have
always been aimed at reproducing the properties of
standard NR due to its unique characteristics: the highest
possible content of cis-1,4 bonds, the presence of solid
phase branching, high linearity of the chains, absence of
side groups and branching.

The production of stereoregular synthetic IR
commenced in 1964. It was based on a titanium
catalytic system at the Kuibyshev Synthetic Rubber
Plant (Tolyatti) and at the Volga Synthetic Rubber
Plant [13, 20], then at the Sterlitamak Synthetic Rubber
Plant, Nizhnekamskneftekhim, and Yaroslavl Synthetic
Rubber Plant. Almost 60 years have passed, during
which time a lot of work has been carried out aimed
at eliminating the disadvantages of Ti—IR and bringing
its properties closer to NR. A large number of studies
have been conducted at these industrial production
facilities, resulting in the transition to a low-temperature
catalyst (Nizhnekamsknefiekhim), the introduction of
modified (three-component) catalytic systems, catalytic
complexes. These studies also led to an increase in
the quality of rubber, uniformity, stereoregularity, and
a decrease in the content of gel and oligomers.

Since 2000, there has been a decrease in the
production of Ti—IR in the world due to the establishment
of production facilities for synthetic polyisoprene
using catalytic systems based on rare earth metals.
Neodymium (Nd) IR has a number of undoubted
advantages: the absence of gel, oligomers, and a slightly
higher molecular weight [21].

Although Russia is a pioneer in the field of research
and implementation of new catalytic systems in the
production of synthetic rubbers (the work of the Research
Institute of Synthetic Rubber devoted to the study of
lanthanide catalytic systems dates back to the 1970s
and 1980s), there is a low level of Nd-IR production.
However, in China, three-quarters of the IR produced
is based on the Nd catalyst. This difference is quite
understandable given that China is currently the main
producer and importer of Nd oxide in the world—the
main component in the production of a catalyst.

Among the currently known catalysts based on
rare earth elements, the synthesis of polyisoprene on
gadolinium (Gd) catalysts appears to be most attractive
due to its lower cost relative to the Nd catalyst, low
costs for the implementation of the process, and the high
quality of the rubber obtained [22].

MATERIALS AND METHODS

Gd-IR and Nd-IR (Sintez-Kauchuk, Sterlitamak, Russia)
obtained using rare-earth catalysts were selected as the
objects of research (Table 1). Comparison objects were
RSS1 NR (PT. Pinago Utama Thk, Indonesia) and Ti—IR
(Sintez-Kauchuk, Sterlitamak, Russia).

The rubber mixtures used to establish cohesive
strength and Mooney viscosity contained only elastomeric
base and carbon black. The study also examined not only
rubber compounds based on individual rubbers, but also
blended combinations of RSS1 with other investigated
polyisoprenes, the content of which was varied from
10 to 90 pts. wt. in 10 pts. wt. increments.

Before mixing, all rubbers were decrystallized in the
SNOL 60/300 drying cabinet (SNOL-TERM, Tver, Russia)
at a temperature of 70°C for 1 h. Rubber plasticization
was carried out on an LB 250 100/100 laboratory roll
(L.B. Krasin Kostroma Plant of Polymer Engineering,
Kostroma, Russia) at a temperature of 100°C for
2 min. After plasticization, the rubber was loaded into
a Benbury-type rubber mixer (Rubber Industry Research
Institute, Sergiev Posad, Russia) with a chamber
volume of 100 cm3. Carbon black N330 (YATU named
after V.Yu. Orlov, Yaroslavl, Russia) (35 pts. wt. per
100 pts. wt. of rubber) was then added and mixed at
100°C. The rubber mixture was discharged after 2.5 min
and then homogenized on the LB 250 100/100 roll.

The Mooney viscosity of rubber compounds was
determined in accordance with DIN 53523 (Parts 2, 3,
and 4) using a MV 3000 Basic Mooney viscometer
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Table 1. Specifications of polyisoprenes Sintez-Kauchuk

Parameters Gd-IR Nd-IR Ti—IR
Mooney viscosity ML 1+4 (100°C) 73.0 75.0 71.0
Loss on drying, % 0.13 0.27 0.39
Content of 3,4-units, % 1.0 2.1 0.8
Glass transition temperature, °C —56.6 —56.8 -59.4

Molecular weight characteristics
Number average molecular weight M, - 1073 361 327 288
Weight average molecular weight M| - 1073 1603 1592 1125
Average molecular weight M_ - 1073 3635 2540 2539
Polydispersity coefficient M, /M, 4.4 4.9 3.9
Branching factor g 0.947 0.945 0.954
Fractional composition

>1000000 48.5 49.0 385
500000-1000000 20.5 20.0 22.5
100000-500000 24.0 24.0 31.0
<100000 7.0 7.0 8.0

(MonTech, Buchen, Germany). The cohesive strength was
determined according to the ASTM D 6746-15 “Standard
Method for determining the cohesive Strength and Stress
Relaxation of Crude Rubber or Non-vulcanized Rubber
Compounds” using a AI-3000-U universal testing
machine (GOTECH Testing Machines Inc. and UGNLAB
Testing Equipment, Taichung, Taiwan).

In order to determine the physical, mechanical, and
operational properties of rubbers based on individual
rubbers, rubber mixtures of the following composition
(per 100.0 pts. wt. of rubber) were made: stearic
acid (VitaHim, Dzerzhinsk, Russia)—2.0 pts. wt.,
zinc oxide (Empils-zinc, Rostov-on-Don,
Russia)—5.0 pts. wt., zinc oxide (Empils-zinc,
Rostov-on-Don, Russia)—5.0 pts. wt., Sulfenamide C
(VitaHim, Dzerzhinsk, Russia)—0.7 pts. wt., carbon
black N330 (YATU named after V.Yu. Orlov, Yaroslavl,

Russia)—35.0 pts. wt., sulfur (VitaHim, Dzerzhinsk,
Russia)—2.25 pts. wt.

The procedure of decrystallization of rubbers prior
to mixing was similar to that previously described. The
plasticization of rubber and the manufacture of rubber
mixtures were carried out on the LB 320 160/160 roll
(Metallist, Russia) according to ASTM D3184-11—for
NR, and according to GOST 14925-79!—for synthetic
polyisoprenes.

Thevulcanization characteristics of rubber compounds
were determined at 150°C using an MDR3000 rotor-free
rheometer (MonTech, Buchen, Germany) according to
ISO 6502 (ASTM D 5289, DIN 53529).

The rubber samples were vulcanized in a hydraulic
vulcanization press with electric heating of the plates at
a temperature of 150°C during the optimal vulcanization
time.

I GOST 14925-79. State Standard of the USSR. Synthetic cis-isoprene rubber. Technical conditions. Moscow: Izdatel’stvo standartov; 1988.
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The physico-mechanical properties of rubbers were 5 140
determined on the AI-3000-U universal testing machine . | A Cohesive strength 120
according to GOST 270-75%. The elasticity by elastic =~ & 4  =Mooney viscosity =T W E
rebound was established using the GT-7042-RDA g 3 =T . . " _l %
(GOTECH Testing Machines Inc. and UGNLAB Testing § = = " -7 80 %
Equipment, Taichung, Taiwan) apparatus according o . -7 a 60 8
to DIN 53512 (ISO 4662). Shore A hardness was % - - a 40 =
determined using the HT3000 device (MonTech, Buchen, § .- 'A . 4ot 20
Germany) according to ASTM D 2240 (DIN 53505). 0 A 0

Rubber abrasion resistance when sliding on a renewable
surface was established using the ABR3000 device
(MonTech, Buchen, Germany) according to
DIN 53516 (ISO 4649:2002 (E)).

RESULTS AND DISCUSSION

Figure 1 shows the test results of rubber compounds
based on individual rubbers.

0 10 20 30 40 50 60 70 80 90 100
RSS1 content in combination with Ti—IR, %

Fig. 2. Dependence of cohesive strength and Mooney viscosity
of rubber mixtures based on combination of Ti—IR
and RSS1 rubbers on RSS1 content
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Fig. 1. Cohesive strength of rubber compounds
based on RSS1 and synthetic polyisoprenes

The results obtained correlate well with the data
available in literature. The significant tendency of NR
to crystallization explains the high cohesive strength of
the RSS1-based rubber compound. This significantly

0 10 20 30 40 50 60 70 80 90 100
RSS1 content in combination with Nd-IR, %

Fig. 3. Dependence of cohesive strength and Mooney viscosity
of rubber mixtures based on combination of Nd—IR
and RSS1 rubbers on RSS1 content

exceeds the values of this indicator for mixtures based 5 140
on all the considered synthetic polyisoprenes. It should a Cohesive strength 120
also be noted that there are practically no differences £ 4w Mooney viscosity - —
in the indicators of cohesive strength between rubbers = . .= ’ . 100 2
obtained on the basis of Ti and Nd catalysts. The slightly go ;0 " _ — |-t 8
higher values for Gd-IR can generally be attributed to g " -1 %
the measurement error of the device. 22 - Py 60 g
Due to their frequent use in real rubber formulations, g s -7 - 40 =
mixed compositions of synthetic polyisoprenes Cle-" 20
with RSS1 NR were also considered. The graphical . .

dependencies of cohesive strength and Mooney viscosity
are shown in Figs. 2—4.

A significant variation in both the Mooney viscosity
and cohesive strength is most probably related to the
method of manufacturing mixtures. The rolling process
has a significant effect on the molecular weight of rubbers.

0 10 20 30 40 50 60 70 80 90 100
RSS1 content in combination with Gd-IR, %

Fig. 4. Dependence of cohesive strength and Mooney viscosity
of rubber mixtures based on combination of Gd—-IR
and RSS1 rubbers on RSS1 content

2 GOST 270-75. Interstate Standard. Rubber. Method for determining elastic-strength properties under tension. Moscow: Standartinform; 2008.
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This weight decreases due to the predominant process of
mechanical destruction. A decrease in molecular weight
leads to a decrease in the considered indicators [23]. It
is also important to note the significant deviation of the
experimental values of the indicators from the straight
line, based on the principle of additivity for mixed
compositions. The replacement of even 10% NR results
in a significant decrease in cohesive strength. A slightly
different picture is observed in mixtures with Gd-IR. In
this case the deviations from the straight line, built on the
principle of additivity, as significantly smaller.

For both individual rubbers and mixed compositions,
a decrease in the cohesive strength of rubber compounds
is associated with defects in the structure of synthetic
polyisoprenes (oligomers, gel, low molecular weight
fractions, branching, 3,4-links). The use of Nd-catalytic
systems in comparison with Ti-catalysts has made it
possible to completely remove gel, trans-1,4-links,
and head-to-head and tail-to-tail type connections from
rubber. However, the content of 3,4-links increased.
Synthetic polyisoprene, obtained on the basis of the
Gd-catalytic system, does not contain gel, and the content
of 3,4-links is lower when compared to Nd-rubber. The
results obtained confirm that the content of 3,4-links
plays an important role in reducing the tendency of IRs
to crystallization.

In order to study the effect of the type of rubber on the
properties of rubbers, we selected standard formulations
of rubber mixtures. The vulcanization characteristics are
shown in Fig. 5 and in Table 2.

In practice, the results obtained do not differ from
each other for all polyisoprenes. The slightly higher
vulcanization rate of Ti—IR is probably due to the
presence of oligomers and gel in the rubber.

The results of the physico-mechanical and certain
operational properties of rubbers also indicate the absence
of any significant differences between the rubbers under
consideration (Fig. 6 and 7).

The wvalues of these indicators are decisively
influenced by the presence of an active filler in the
formulation of rubber compounds.

Torque, dNm

6 8
Time, min

10

12 14 16

Fig. 5. Vulcanization properties of rubber compounds
based on various polyisoprenes
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o
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Fig. 6. Dependence of conditional stress on the relative

elongation of rubber
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2 Ti-IR
3 Nd-IR
4 Gd-IR

36 34 37 37

Elastic rebound, %
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Shore A hardness
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DIN abrasion, mm? loss

Fig. 7. Performance properties of rubbers based on various

polyisoprenes

Table 2. Vulcanization characteristics of rubber compounds (test temperature 150°C)

Mixture S S ax S ax ~ Stain Scorch time feoo

RSS1 1.97 10.66 8.69 2.51 6.11

Ti-IR 1.99 10.24 8.25 2.4 5.69

Nd-IR 2.18 11.15 8.97 2.66 6.56

Gd-IR 2.13 10.57 8.44 2.76 6.71
Note: Smm is the minimum torque, S;, . is the maximum torque, S; . —S; . is the difference between the maximum and minimum torques,

and ¢ is the optimal vulcanization time.
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CONCLUSIONS

Unfortunately, due to the lack of dynamic test results,
the work performed on comparing polyisoprenes
is incomplete. Thus is does not allow us to draw
comprehensive conclusions about the effect of the type
of catalyst used in the synthesis of synthetic polyisoprene
on the properties of rubber compounds and rubbers.

However, the study suggests the possible potential
of using gadolinium in the production of IR both from
an economic point of view, and also from the point of
view of creating a more perfect microstructure. This is
because the low tendency to crystallization and the high
hysteresis losses of synthetic rubbers currently produced
by the industry, in comparison with NRs, significantly
limit their use in the tire industry. The volume of
experimental data so far obtained forms the basis for
further research in this area. This is especially important
in the current situation, which requires methods of import
substitution of expensive and often inaccessible foreign
raw materials to be developed.
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Abstract

Objectives. The aim of the study was to confirm the compliance of the mechanical and thermophysical properties of titanate-zirconate
mineral-like matrices intended for immobilization of the rare-earth-actinide fraction of high-level waste (HLW) with pyrochlore
structures (Nd,ZrTiO,) and orthorhombic titanate of rare earth elements (Nd,TiyO,,+TiO,) with the Russian requirements for the final
forms of radioactive waste sent for disposal. With regard to fractionated radioactive waste, this type of matrix is preferable when
compared with conservative aluminophosphate and borosilicate glasses. This is due to larger capacity, and a better level of chemical,
thermal, and radiation resistance.

Methods. The synthesis of mineral-like matrices was carried out by remelting a granular precursor consisting of mineral-forming metal
oxides and a solution imitating the rare earth-actinide fraction of HLW in an induction furnace with a cold crucible. The thermal
diffusivity was determined by the laser flash method. The heat capacity of the matrix samples was measured by differential scanning
calorimetry. Ultimate flexural and compressive strengths were determined using universal test machines. The elastic moduli (Young’s)
were measured by the acoustic method. The temperature coefficients of linear expansion were determined using a high-temperature
dilatometer.

Results. The ultimate strength of the matrices (Nd,ZrTiO,) and (Nd,TiyO,,+TiO,) was found to be 150-179 and 20.6-57.8 MPa
in compression and bending respectively. Young’s moduli vary from 3.7 - 107 to 2.15 - 103 kN/m?2. With an increase in temperature from
50 to 500°C, the values of thermal conductivity have a pronounced tendency to decrease from 1.71 to 0.91 W/(m'K). The temperature
coefficients of linear expansion increase from 6.96 - 107°to 1.01 - 107> K™! in the same temperature range.

Conclusions. Comprehensive studies of titanate-zirconate mineral-like matrices show that their mechanical and thermal properties
in certain cases significantly exceed the minimum requirements of regulatory documentation for the final forms of HLW.
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AHHOTaUUuS

Heu. Ienpro paboTh! SBISIIOCH MOATBEPIKACHNE COOTBETCTBUSI MEXAaHHUECKHUX M TEIIO(PU3UUECKUX CBOHCTB TUTAHATHO-IIMPKOHAT-
HBIX MHHEPAJIONOAOOHBIX MaTPHI, NMPEAHA3HAUYCHHBIX U1 MMMOOWIN3ANN PEAKO3EMETbHO-AKTHHUIHOH (PPAKIK BBICOKOAKTHB-
HBIX 0TX0H0B (BAO) poccuiickuM TpeOOBaHHSAM, MPEABSIBISAEMBIM K KOHEYHBIM (popMaM paJiMOaKTHBHBIX OTXOJOB, HANPABISEMBIX
Ha 3aXOpoHeHHe. MaTpuipl HMerT CTPyKTyphl mupoxiopa (Nd,ZrTiO,) 1 opTOPOMONYECKOTO THTaHATA PEIKO3EMENBHBIX DIEMEH-
toB (Nd, TiyO,,+Ti0O,). IlpuMennTenbHo K GPaKkiMOHUPOBAHHBIM PaAMOAKTHBHBIM OTX0aM JaHHBIA THII MaTPHIL OOJIee MPEATIOYTHTE-
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INTRODUCTION

The generation of significant amounts of high-level
waste (HLW) during spent nuclear fuel (SNF)
reprocessing (variants of the PUREX process') is an
obstacle to the large-scale development of modern
nuclear power [1, 2]. According to The International
Atomic Energy Agency recommendations®> and the
current regulations of countries operating nuclear power
plants, liquid HLW must be conditioned in order to
reduce its volume. It then must be converted into a final
form suitable for environmentally safe long-term storage
and burial in geological formations at a depth of at least
500 m [1-5]. The resulting matrix must be chemically,
thermally and radiation resistant and retain its insulating
capacity for at least 1000 years.>

Two technological approaches to immobilization
of liquid HLW into matrix materials are currently
industrially implemented in the world. At Mayak
Production Association, universal aluminophosphate
glass matrix (AGM) is used. This is characterized by
arelatively low synthesis temperature of 900-1050°C and
a unique ability to include a wide range of elements and
compounds in its composition. This includes significant
amounts of molybdenum and aluminum oxide, the source
of which is the fuel of mobile power plants [6-8]. On
average, the Russian Federation annually generates up to
74 m3/year of vitrified HLW sent for temporary storage.*

France and Great Britain use more specialized final
forms as borosilicate glasses which have a slightly higher
radionuclide capacity of up to 18.8 wt % [8-9]. Their
matrix density is about 2.85 t/m3. However, even when
such relatively high values are achieved, the volume of
HLW sent for storage and/or disposal is significant and
amounts to 0.1-0.11 m3/t of SNF [10].

Fractionation may perhaps be the only solution
acceptable from the point of view of ensuring relative
economic efficiency and environmental safety when
handling liquid HLW [11-18]. The process implies
maximum extraction of energy nuclides with the purpose
of returning to the nuclear fuel cycle and afterburning in
fast or liquid salt reactors. At the same time, unclaimed
fission products can be divided into several fractions
based on the principle of similarity of chemical properties,
making it possible to select the optimal composition of
the final form. Fractionation scenarios which are more
realistic for industrial realization require the separation
of HLW from solution:

I Plutonium-Uranium Recovery by Extraction.

2 https://www.iaea.org/ru. Accessed March 25, 2023.

e rare-earth actinide (REE-actinide) fraction, formed
after extraction of uranium, plutonium and neptunium,
containing mainly lanthanides, americium and
curium (up to 3.5 and 0.44 wt % of the total amount
of metals in solution), as well as traces of U, Pu,
and Np [11-18];

e cesium-strontium fraction, saturated with active
and stable isotopes of Cs and Sr, as well as Ba, the
share of which can be up to 26% of the total mass of
metals [11-19].

One of the promising forms for immobilization of
REE-actinide fraction are crystalline matrices [11].
These have high radionuclide capacity, density, thermal,
chemical, and radiation stability [20—-22]. Their long-term
stability is confirmed by the long-term existence of
structurally identical minerals in the harsh conditions
of the Earth’s crust [23]. To date, there have been many
fundamental studies confirming the above-mentioned
advantages. However, a coherent, comprehensive and
structured justification of their applicability is lacking. In
this regard, there is no regulatory framework governing
the quality of crystalline matrices. This also limits their
industrial development.

Current regulations require cured HLW to be buried
in geological formations up to several hundred meters
deep [24]. The mechanical and thermophysical properties
are the most important qualitative characteristics of the
final forms. Strength limits in bending and compression
determine the preservation of matrix integrity during
transportation operations and the impact of pressure of
the geological environment at the point of final disposal.
Insufficient strength of matrix blocks can lead to the
formation of cracks and fractures in the developed surface,
thus reducing the materials resistance to leaching.

The thermal conductivity of the matrix determines
its resistance to overheating as a result of to the decay
of incorporated radionuclides. This also affects the
maximum fraction of incorporated HLW, as well as the
ingot dimensions which provide an acceptable level of
matrix heating. Low thermal conductivity can lead to
local matrix overheating, accompanied by mechanical
stress and, can eventually lead to matrix failure.

The linear expansion temperature coefficient (LETC)
affects the change in the dimensions of the matrix ingot
in the process of its heat release drop. This is due to
the decay of short-lived radionuclides. The indicator is
critical at the stage of container selection. The values

Federal Standards and Rules in the Field of Atomic Energy. Criteria for Accepting Radioactive Waste for Disposal. NP-093-14. Nuclear and

Radiation Safety. 2015;77:(3):59-82. https://docs.secnrs.ru/documents/nps/HI1-093-14/HI1-093-14.pdf. Accessed March 23, 2023.

Semyonov M.A. Issues of preparation of class 2 radioactive waste for disposal. Proceedings of the Scientific and Technical Seminar “SNF and

RW Management at ZNFC,” May 27, 2021; Moscow, Russia. A.A. Bochvar VNIINM; 2021. https://bochvar.ru/materialy-konferentsiy/06%20
CemeHoB%20M.A.%20(PI'YI1%20I10%20Mastk)%20-%201Ipesentanus.pdf. Accessed March 27, 2023.
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of LETC of the final mold and its packaging material
should not differ significantly.

The aim of the study was to confirm the compliance
of the mechanical and thermophysical properties of
titanate-zirconate mineral-like matrices intended for
immobilization of REE-actinide fraction of HLW with
the current Russian requirements for the final forms of
radioactive wastes sent for disposal.

MATERIALS AND METHODS

The following types of crystalline matrices for
immobilization of REE-actinide fraction were tested in
the present study:

e structure of titanate-zirconate pyrochlore Ln,ZrTiO,

(up to 62 wt % of Ln,0,);

e phase of orthorhombic REE titanate and rutile

Ln,TigO,,+TiO, (up to 33 wt % of Ln,0;).

The above crystal matrices were selected due to
their versatility, expressed in the ability to include
REE-actinide fraction with different An : Ln (actinides
and lanthanides) ratios. This solution is convenient from
a technological point of view, since it does not impose
strict limitations on the fractionation process.

Matrix materials were synthesized using an original
method which includes obtaining a granular precursor from
inactive simulant of liquid HLW and solid mineral formers
with subsequent cold crucible induction melting (CCIM).
The resulting matrices were ingots with a diameter of
120 mm and a height of ~120 mm. Before testing, the
material to be studied was inspected for compliance of phase
and chemical compositions with those specified using the
Vista PRO atomic emission spectrometer with inductively
coupled plasma (Varian, Australia) and DRON-4M powder
X-ray diffractometer (Burevestnik, USSR). X-ray diffraction
data decoding and phase identification were performed
using the Match! software package (Crystalimpact GmbH,
Germany) and ICDD-2 database.’

Crystalline matrices with confirmed characteristics
were cut into samples to study the mechanical and
thermophysical properties. Material fragmentation
and surface treatment were performed using the
following precision machines: Mecatome T210 cutting
machine (Presi SAS, France) and Mecatech 234 grinding
and polishing machine (Presi SAS, France), respectively.
The configurations of the specimens and references
to the test methods according to the manufacturing
requirements are presented in Table 1.

Figure 1 shows the appearance of the samples,
Fig. 2 shows the diffraction pattern of matrices with
pyrochlore (a) and orthorhombic titanate (b) structures.

5

6
Rossii; 1997.

The compressive and flexural strengths were
determined using a universal testing machine LFM-50
(Walter+Bai, Switzerland). The final values of the
parameters were calculated as arithmetic averages in
a series of measurements. Young’s moduli were measured
acoustically by recording the time of passing through the
sample ultrasonic signal with a frequency of 2.5 MHz.
The propagation velocity (v,) of ultrasonic longitudinal
waves was determined by Eq. (1):

/
=4

Vl:

(M

wherein /—sample length, m; ¢—travel time of
ultrasonic waves with the sample, s; z,—travel time of
ultrasonic waves without sample, s.

Young’s modulus (F) was calculated by Eq. (2):

E=vxp, @)

wherein p—density, kg/m?>.

Thermal conductivity was determined by calculation
method on the basis of measured values of heat capacity
and thermal diffusivity by the Eq. (3):

A =1000000xaxcxp, 3)

wherein a—diffusivity, m?/s; c—specific heat capacity,
J(g’K); A—heat transfer coefficient, W/(m'K); p—material
density, t/m3.

Heat capacity was determined using a differential
scanning calorimeter DSC 404 F1 (Netzsch, Germany).
The temperature conductivity was determined using
aLFA 457 (Netzsch, Germany) solid state thermophysical
parameter meter by the laser flash principle [25, 26]. In
both types of tests, three parallel measurements were
performed for each matrix type in the range of 50-500°C
with a step of 50°C at a furnace heating rate of 3°C/min
for each type of matrix.

LETC was determined using a DIL 402 horizontal
pusher dilatometer (Netzsch, Germany) at a temperature
range of 20 to 500°C in 20°C increments, with a furnace
heating rate of 3°C/min.

RESULTS AND DISCUSSION

As mentioned earlier, the only certified final form for
immobilization of HLW in the Russian Federation
is AGM. The requirements for its quality are given in
state standard GOST R 50926-96°. The initial data for
the drafting of this legislative document was based on
the parameters of glass produced at Mayak. This was
done during solidification of the collective flow of liquid
HLW generated during reprocessing of SNF of different

International Center for Diffraction Data. https://www.icdd.com/. Accessed March 10, 2023.

GOST R 50926-96. State Standard of the Russian Federation. High level solidified waste. General technical requirements. Moscow: Gosstandart
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genesis. In the case of matrices with a crystalline
structure, the above standard is applicable in only a very
limited way. This is due to the fundamentally different
nature of the materials under study. The assumption
can be made that promising matrix materials will be
introduced, if they achieve comparable or superior
values to those presented in the standard document. In
this regard, the indicators of physical properties given in
state standard GOST R 50926-96 are chosen as reference
values for comparison. The results of tests with reference
values of the standard are presented in Table 2.

The data in Table 2 shows that Young’s modulus
values of crystalline matrices with pyrochlore and
orthorhombic REE titanate structures reach values
of 2.15 - 108 kN/m?. This significantly exceeds the
requirements for vitrified HLW (5.4 - 107 kN/m?). It also
eliminates the issues of stacking during containerization,
intermediate storage and disposal.

The compressive strengths fall within the range
of common technical oxide ceramics: from 30 MPa
for construction ceramics to 300 MPa for technical
corundum. The tensile strengths for pyrochlore and

Table 1. Nomenclature of mineral-like matrices (MLMs) samples made for the mechanical and thermophysical properties study

Number of prepared samples, pcs
Properties Sample sizes, mm Regulatory act oot Onhorhombic
titanate
structure
structure
Flexural strength, flexural Square beam 7
modulus 4.5x45x%x35.0 GOST R 24409-80 14 15
Compressive strength, Young’s . . GOST R 57606-2017
modulus in compression Cube with aside of 10 (ISO 20504:2006)® 21 19
> o Rectangular parallelepiped GOST R 24409-80
EEE Thermal diffusivity 10.0 x 10.0 x 2.5 ASTM E1461-13° 3 4
£
= g . GOST R 24409-80
Qo
S | Heat capacity Square plate 3.4 x 3.4 x 1.0 ASTM E1269-1110 3 3
Linear expansion temperature Square beam GOST R 57743-2017 5 3
coefficient (LETC) 4 x4 x30 (ISO 17139:2014)!

I 1L

(@ W

(d

Fig. 1. Appearance of MLMs samples of various sizes: (a) heat capacity determining samples; (b) compressive strength determining
samples; (c) thermal diffusivity determining samples; (d) ultimate strength in bending determining samples

GOST 24409-80. Interstate Standard. Ceramic electrotechnical materials. Methods of testing. Moscow: Standartinform; 2005.
GOST R 57606-2017 (ISO 20504:2006). National Standard of the Russian Federation. Fine ceramics. Test method for compressive behavior

of continuous fiber-reinforced composites at room temperature, MOD. Moscow: Standartinform; 2017.

ASTM E1461-13. Standard Test Method for Thermal Diffusivity by the Flash Method. https://www.astm.org/e1461-13.html. Accessed January 15, 2023.
ASTM E1269-11. Standard Test Method for Determining Specific Heat Capacity by Differential Scanning Calorimetry.
GOST R 57743-2017 (ISO 17139:2014). National Standard of the Russian Federation. Fine ceramics. Thermophysical properties of ceramic

composites — Determination of thermal expansion, MOD. Moscow: Standartinform; 2017.
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Fig. 2. Synthesized matrices X-ray diffraction patterns:
(a) titanate-zirconate matrix with the pyrochlore structure; (b) matrix with the structure of orothorhombic REE titanate
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Table 2. Results of the study of mechanical and thermophysical properties

Measured values
Type of test GOST R 50926-96
P requirements Pyrochlore Pyrochlore
Ln, TiZrO, Ln,TiZrO,
Thermal conductivity in the temperature range from
20 to 500°C, W/(m'K) 1-2 091-1.18 1.54-1.71
LI:Z;FC 1n7'2he temperature range from 20 to 500°C, 9.12-10.10 6.96-7.88
K™ - 107°, no more than
) : : 2

Young’s modulus in compression, kN/m~, 54107 178 - 108 215 - 108
no less than
Ultimate compressive strength, MPa, no less than 179 £26 150+ 10
Bending strength, MPa, no less than 57.8+3.9 20.6 +4.0

orthorhombic REE titanate were 179 and 150 MPa,
respectively, while for AGM this index was 9 MPa.

The compressive strength of ceramic material and
Young’s modulus are usually characterized by values
of the same order. The multiple differences observed in
the case of the matrices studied is due to the presence
of a certain number of pores in the samples. The
averaged bending strength values amounted to 20.6 and
57.8 MPa for crystalline matrices with pyrochlore and
orthorhombic REE titanate structures, respectively.
The values obtained are 4-7 times lower than the
values measured under compressive loads. This is
typical for structural ceramics. Bending is a special
case of simultaneous compression and tension [27].
The expectedly low index is also due to the crystalline

0.80
0.75
0.70
0.65
0.60
0.55

Heat capacity, J/(g'K)

0.50
0.45
0.40

0 50 100 150 200 250 300 350 400 450 500
Temperature, °C

Fig. 3. Dependencies of the crystalline matrices heat capacity
on temperature (squares, blue line—a matrix with a pyrochlore
structure; circles, red line—a matrix with structure

of an orthorhombic REE titanate)

structure which is comparatively poor in absorbing
bending loads. At the stage of engineering barrier design
this feature must be leveled. Package rigidity must be
provided by the side wall of the non-returnable container
used for intermediate storage and burial.

The results of heat capacity of the MLM samples
in the temperature range of 50-500°C are presented in
Fig. 3.

The diffusivity coefficients were obtained by
comparing the experimental thermogram with the
theoretical model. The determination results averaged
over three parallel measurements of matrix samples of
each type are presented in Fig. 4.

The dependencies of matrix thermal conductivities on
temperature obtained by calculation are shown in Fig. 5.
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Fig. 4. Dependencies of the crystalline matrices thermal
diffusivity on temperature (squares, blue line—a matrix
with a pyrochlore structure; circles, red line—a matrix
with structure of an orthorhombic REE titanate)
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Fig. 5. Dependencies of the thermal conductivity coefficients
of crystalline matrices on temperature (squares, blue line—
a matrix with a pyrochlore structure; circles, red line—

a matrix with structure of anorthorhombic REE titanate)

As seen from the above dependencies, the thermal
conductivity of the material is significantly affected by
its chemical composition. The thermal conductivity of
the matrix with orthorhombic REE titanate structure is
higher in the whole range of investigated temperatures.
This is apparently due to the contribution of the rutile
phase with a very high intrinsic index, reaching reaches
5.3 W/(m'K) at 473 K [31]. The values of the matrices
tested can vary from 0.9 to 1.7 W/(m-K) and almost
completely fit into the range of 1-2 W/(m'K), as
regulated by Russian state standard GOST R 50926-96.
In general, the values of thermal conductivity of both
matrices are close to the range of 0.8-1.5 W/(m'K).
This is characteristic for oxide ceramics with variations
caused by differences in chemical composition
and porosity of the materials. Known exceptions
include ceramics based on Al,O;, where the thermal
conductivity in the range of 100-1000°C can range
from 30 to 6 W/(m'K). The decrease in the level of
thermal conductivity is also typical for non-metallic
materials. An increase in the index can only be observed
in the temperature region above 600°C for quartz glass
and several types of translucent materials for thermal
radiation.

The LETC was determined to be in the temperature
range from 20 to 500°C in steps of 20°C at a heating
rate of 3°C/min. The pyrochlore structure matrix was
tested for five parallel samples, with the structure of

1.04E-05

9.90E-06

9.40E-06

8.90E-06

8.40E-06

7.90E-06

7.40E-06

Linear expansion
temperature coefficient, K™

6.90E-06
0 50 100 150 200 250 300 350 400 450 500

Temperature, °C

Fig. 6. Dependence of the matrices thermal expansion
coefficient on temperature (squares, blue line—a matrix
with a pyrochlore structure; circles, a red line—a matrix
with an orthorhombic REE titanate structure)

orthorhombic REE titanate—for three samples. The
measurement results are presented graphically in Fig. 6.

As seen from Fig. 6, there is a smooth growth of
LETC in both cases with increasing temperature. This is
typical for the vast majority of technical ceramics [29].
The increase of the index with increasing temperature
is common for most solids. In the case of the materials
being studied herein, this indicates the absence of
allotropic transformations in the heating process where
decrease in volume is possible. Fluctuations observed at
100 and 240°C on the curves of matrices with pyrochlore
and orthorhombic REE titanate structures are apparently
caused by measurement errors.

It should be noted that thermophysical and mechanical
properties of the matrices being studied here are close to
typical parameters of technical ceramics. They mainly
correspond or exceed the characteristics of AGM used
for immobilization of HLW.

Thus, we can tentatively conclude that crystalline
matrices are able to fully perform the function of final
forms for immobilization of the corresponding HLW
fractions. The application of materials of this type will
allow the long-term safety of intermediate storage
sites and deep burial sites of conditioned wastes to be
enhanced. The specific features of the matrices due to
their crystalline structure are not a limitation to their
application. Indeed, they are leveled out by the qualities
of engineering barriers, especially primary packaging.
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CONCLUSIONS

The study established the mechanical and thermophysical
properties of crystalline matrices in the immobilization of
REE-actinide fraction obtained on an enlarged scale using
the method combining granular precursor and CCIM.

The compressive strength limits of matrices with
pyrochlore and orthorhombic REE titanate structures
were found to be 17-20 times higher than the index
regulated for AGM. This fact indicates the possibility of
safe handling of the final product during manipulations
during in situ handling, transportation to the disposal site
and during actual disposal.

The bending strength is lower than that of glass by
up to 50%, due to the nature of the crystalline material
which is poorly able to absorb tensile loads. However,
this feature can be offset by the stiffness of the primary
packaging.

The values of thermal conductivity coefficients in
the temperature range of 50-500°C range from 0.91 to
1.71 W/(m'K) depending on the matrix composition. LETC
is characterized by quite low values (7-10) - 1070 K1,
This is comparable to the values of corundum (8- 10 K1)
and quartz glass (8.5 - 1070 K1),

In general, the mechanical and thermophysical
properties of MLMs are comparable or superior to the
regulated parameters of preserved final forms. This, in

addition to other advantages, confirms the potential for
their application in the immobilization of fractionated
wastes.

When implementing the technology for the
immobilization of fractionated HLW, attention must be
paid to the development of specialized non-returnable
containers taking into account the LETC of crystalline
matrices and the relatively small bending strength limits.
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Abstract

Objectives. To calculate the effect of leakage of volatile synthesis products on silicon carbide yield in an electrothermal fluidized bed
reactor, as well as to develop a general model of the synthesis of finely divided silicon carbide. This will be achieved by particularizing
a mathematical model of leakage of volatile products of chemical reactions from the reaction volume of the reactor with the fluidizing
inert gas.

Methods. As a method to produce silicon carbide, synthesis in an electrothermal fluidized bed was studied. The model of leakage
of volatile products was validated by comparing the calculation results with existing experimental data on the SiC synthesis in a high-
temperature fluidized bed reactor. The comparison parameters were: mass yield of silicon carbide, and the total synthesis time in a reactor
with batch loading of silicon dioxide into the reaction volume.

Results. The value of the parameter p in the general model of SiC synthesis in a fluidized bed was established. The parameter p is equal
to the ratio of the number of carbon-containing particles involved in the formation of SiO, to the total number of silicon dioxide particles.
It also characterizes the composition of stable complexes of particles of the charge at various operating temperatures of the fluidized
bed. The discrepancy between the calculated and experimental values of the masses of the synthesized silicon carbide was shown not
to exceed 15.5% at a high temperature of the fluidized bed (7"= 1800°C) and decreases with a decrease in the operating temperature
to 4.7% at T'=1450°C.

Conclusions. The general computational model for silicon carbide synthesis with a built-in procedure for calculating the leakage
of volatile products of chemical reactions enables the variants of SiC production in electrothermal fluidized bed reactors to be analyzed.
In this case, it is important to establish an energy-efficient working cycle without preliminary expensive experimental studies.
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AHHOTaUuS

eau. Paccuntars BAUSHUE YTEUKH JIETyIHX MPOAYKTOB PEAKIHI KapOOTEPMHUIECKOTO CHHTEe3a KapOnaa KPEMHHSI HA MaCCOBBII BBIXOJ
KOHEYHOTO MPOIYKTa U Pa3BUTh OOIIYI0 MOJIENb CHHTE3a MENKOAUCIEPCHOTO KapOuaa KPEMHHUS B YaCTH KOHKPETH3allui MaTeMaTHde-
CKOM MOZIENN YTEUKH JIE€TYIHX IPOLYKTOB XUMUYECKIX PEaKIUH U3 PeaKIIMOHHOTO 00beMa YCTAHOBKH C OXKIKAIOIM HHEPTHBIM I'a30M.

MeToasl. B kadectse criocoba noydenus SiC pacCMOTPEH MPOIECC €ro MPOU3BOACTBA B IEKTPOTEPMHIESCKOM KHILIIIEM ciioe. Bepu-
(buKanMsT MOZIETH YTEUKHU JISTYYHX MPOAYKTOB MPOBEACHA MYTEM CPABHEHHs PE3YJIBTATOB pacuyeTa ¢ MMEIOIIMMHUCS IKCIICPUMEHTANIb-
HBIMH JaHHBIMH 10 CHHTe3y SiC B peakTope BBICOKOTEMIIEPATYPHOTO KHILIIIEro ciost. [lapamMerpamu cpaBHEHHS SBISUTHCH MAaCCOBBIH
BBIXOZ KapOHaa KPEMHHS i CyMMapHOe BPEMsi CHHTE3a IIPH MMOCIIEA0BATENbHBIX BBOJAX MOPLHI AHOKCHIA KPEMHHUS B PEaKIIOHHBINH
00beM peakTopa.

Pe3ynbrarbl. KOHKpeTH3MpoBaHO 3HaUCHHE MapameTpa p obuieil Moaenu cuHte3a SiC B KUIAIIEM ClI0e — MapaMeTp p PaBeH OTHOLIe-
HUIO YHCIIa YIIIEPOJOCOCPIKAIINX JAaCTHUII, YUaCTBYIOLIIMX B 00pa3oBanuu SiO, K 00IIeMy YHCITy YaCTHII JHOKCHIa KPEMHUS ¥ XapaKTe-
pH3YyeT COCTaB YCTOMYMBBIX KOMIUIEKCOB YACTHII IIMXTHI [IPU Pa3HBIX pabOUNX TeMIIepaTypax ICeBI00KIKEHHOTO ciosl. [lokazaHo, 4To
OTKJIOHEHHE PACYETHBIX U SKCIICPHMEHTAIIBHBIX 3HAYEHHI Macc KapOuaa KpEeMHHs, OJIy4aeMOoro B Pe3yJIbTare CHHTE3a, HE TPEBBIIIaeT
15.5% npu BbIcOKO# Temmeparype kumsiniero ciost (7 = 1800°C) u ymeHbInaeTcst IpH CHWKEHUH padodeil Temneparypsl: 4.7% npu
T = 1450°C.

BriBoabl. O0mas pacueTHast MOJEIb CHHTE3a KapOHUaa KPEeMHHUS C BCTPOSHHOM MPOLEYPOl pacyeTa YTeUKH JIETYYHX IPOIYKTOB XH-
MHYECKHX PEaKIMii MO3BOJISET IPOBOJUTH aHAIN3 BAPHAHTOB Npon3BojcTBa SiC B peakTropax dIEKTPOTEPMUIECKOrO KHUITSIIETO CIIOS.
Ba)kHBIM IIPH 9TOM SIBIISIETCS] OpraHU3aLHs SHEProd(heKTHBHOTO paboyuero Iukia 6e3 npeBapuTeIbHBIX JOPOrOCTOSIIHX SKCIIEPUMEH-
TaJIbHBIX UCCIICOBAHUM.

Knioueeble cnoea MocTtynuna: 12.01.2023
CHHTE3, KapOu1 KpeMHUS, KHILIIUN CIIOH, IUXTa, JIETyIHe MIPOLYKTHI PEeaKInii, Jopa6oTaHa: 13.11.2023
Mozientb, yTeuka SiO MpuHaTa B nevats: 07.03.2024

Anga uMTMpoBaHus

KyzesanoB B.C., 3akoxypaukos C.C., 3akoxypuukoBa [.C. Brusanue yTedkn JeTydnx MpoayKTOB CHHTE3a Ha BBIXOJ KapOuaa KpEeMHUS
B PEAKTOPE EKTPOTEPMHUIECCKOTO KUTISIIETO cIosl. Toukue xumuyeckue mexronocuu. 2024;19(2):163—173. https://doi.org/10.32362/2410-
6593-2024-19-2-163-173
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on silicon carbide yield in an electrothermal fluidized bed reactor

Vyacheslav S. Kuzevanov,
Sergey S. Zakozhurnikov, Galina S. Zakozhurnikova

INTRODUCTION

Analysis of complex high-temperature processes
in heterogeneous systems with chemically reacting
components is efficient, if it combines experimental and
analytical research methods [ 1-6]. Mitrofanov et al. [7, 8]
carried out an experimental and theoretical study of the
formation of a fluidized bed of dispersed material, in
order to determine patterns and relationships between
hydrodynamic processes and the electrical conductivity
of the bed. A mathematical model was constructed to
predict the structure of the region of fluidized particles in
the presence of internal local heat sources. However, in
those works [7, 8], the area under study was not reactive;
i.e., neither conversion of components was considered,
nor the yield of any product.

Borodulya et al. [9-11] studied the patterns of
formation of silicon carbide in an electrothermal fluidized
bed (ETFB) [12] and performed experiments to find
process parameters that ensure the necessary properties
of the resulting product; however, no theoretical analysis
of physicochemical processes in the synthesis of SiC in
the ETFB reactor was made in those works.

In our previous works [13—-15], we developed
a model of the synthesis of finely divided silicon carbide
in a high-temperature fluidized bed of components of
chemical reactions. This reaction volume consists of
randomly moving solid particles, a fluidizing gas, and
volatile products of chemical reactions. Together with the
fluidizing neutral gas, volatile reaction products are also
removed from the reaction volume, which undoubtedly
affects the efficiency of the reactor.

In this work, we proposed a model of the process of
leakage of SiO, the most important component of the
SiC synthesis reaction, which significantly affects the
yield of silicon carbide.

Basic provisions of the synthesis model

An ETFB reactor with electrical energy supply was
considered, where the reaction volume was designed
as a fluidized bed. The solid components of the reaction
volume (charge) after loading into the reactor were particles
of carbon-containing material (coal or coke, Rexyl) and

particles of silicon dioxide (river or quartz sand) [16].

The maximum operating temperature in the fluidized
bed was 1800°C. The pressure in the working volume
remained close to atmospheric pressure. The SiC
synthesis process comprised several stages:

e loading of carbon-containing particles, and their
fluidization and heating of the entire reaction volume
to the operating temperature;

e batch loading of SiO, particles until the full
consumption of their entire amount provided for the
SiC synthesis.

In the model, the following approximations and
assumptions were made:

e in the reaction volume, the gas pressure and
temperature do not change during the synthesis of
silicon carbide;

e the mixture of gases in the reaction volume is
a mixture of ideal gases;

e the only volatile synthesis products are CO and
Si0; the gas mixture consists of CO, SiO, and the
fluidizing gas (N,);

e the mass flow rate of the fluidizing gas does not
change during the synthesis process;

e the synthesis process is represented in a quasi-
stationary approximation.

Mathematical model of SiO leakage

As previously [13-15], we used a phenomenological
approach and took into account only two main chemical
reactions of the synthesis of silicon carbide:

for particles c,,

C +Si0, = Si0 + CO; (1)
and for particles c,,
2C + Si0 = SiC + CO. 2)

Herein, ¢, are carbide-forming carbon-containing
particles and ¢, are carbon-containing particles reacting
with SiO, in the gaseous phase.

Since the temperature of melting and intense
evaporation of SiO, is lower than the temperature of the
beginning of carbide formation, ¢, particles are cooled
and do not participate in reaction (2).

The amounts of the gaseous product SiO in the same
reaction volume in reactions (1) and (2) are different
because of the leakage of SiO. Let us define the mass
leakage of SiO as:

dmlS
1
i ViemMsioCsio- 3)

Herein, m is mass; 1 is time; V' is volume flow rate;
M is molar mass; C is concentration. The subscript SiO
refers to silicon oxide; the superscript leak, to leakage;
and the subscript rem, to the removal of a mixture of
gases from the reaction volume. Then, it follows from
reactions (1) and (2) that:
|

_mcz = _Emcl + Vrem

M Cgin» 4

where the subscripts ¢, ¢;, and ¢, refer to carbon and
carbon-containing particles ¢, and c,, respectively;
' _dmc1 . . _dmc2
m, =———; and m, = .
1 dt 2 dt
Let us take into account that, for the mixture of ideal
gases:

P
N, +Cco *Csio =77 Q)
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Herein, P is the pressure of the gas mixture; 7 is the

temperature of the mixture; R is the universal gas
constant; the subscripts N, and CO refer to the fluidizing
gas and carbon monoxide, respectively.

Transforming the molar balance equation at the outlet

of the reaction volume V., , where the gas mixture
leaves it, and taking into account Eq. (5) for the
relationship between the concentrations of volatile
products in this volume, we obtain the following equation
for the relationship between the concentration Cg;

and V_:

rem”
1 1 . 1.
MiVinpin _M(mcz + Emcl j
v, o=—2 ‘ ©)
e @ =Csio ,

wherein the subscript in refers to the fluidizing gas at
the inlet of the reaction volume, p is the density, and
_ P
RT

Equation (4) describes the effect of SiO leakage
on the changes in the masses of particles ¢, and ¢, in
the reaction volume and, therefore, also shows the
relationship between the SiO leakage and the yield of
silicon carbide. The integration of Eq. (4) gives the
following value of the period At of reactor operation
with a single SiO, load:

4

s 1M s (1)

. . 1.
wherein mg;q = j{min i, —Emcl }Gdt;
At

0= CSiO : AI"_3 — (’,?ct )3 _ (,,f:r )3 :
(4 -Cs0)” 2 \@ 2

Ar3 =(r"‘°t)3 —(rcr)3; i: =£V- [

q q q in MN2 inMin
r is the current radius of the particle, the superscript
act (actual) refers to the parameters at the moment of
loading a batch of SiO,, the superscript cr (critical) refers
to the time of loading the next batch or the end of the SiC
production process, @, =4npn ey and 7 is the number
of particles in the reaction volume.

The main difficulty in resolving the problem of the
effect of SiO leakage on the yield of silicon carbide is to
integrate the right-hand side of Eq. (7) for mg;,. Let us use
a model proposal, in order to describe the change in the
radii of particles ¢, and c, [14, 15] in the representation of

1
Science and Technology (NTNU). Trondheim. 2015. 90 p.

the components 7 ey and m oy of integrand (7). As a result,

we have a function which when integrated gives the product
of the beta function and the hypergeometric series [17, 18].
After transformations, we obtain the following:

1 n
AC3 —~—1Arc3 +a;ln -+
2 2 nc2 1 —
2 2
+ay (rcczr) S+ 2, S+ (b, ) S+ ®)

._cmx R *
Herein, B~ =—"—; a; =, 5 <—; ay=3lAr, B;
Q m” L 2
C (8]
3 ﬁcl *
_ 2%l . _ act _ .cr. _ jact _ .cr.
ayy = 5 ArCIB ; Arcl = rcl rcl ; Arcz = rcz rcz ;

ﬁc2
and Sj (j = 1, ..., 6) are the hypergeometric series with
the general form

) )

wherein k; = [, k, = 21, ky = 31, k, = 1, kg = 2, kg = 3,
L
/= Li The subscript 0 in the definition of a; means the
“

time at which the synthesis begins after the reaction
volume has been heated to the operating temperature of
the process. R is the initial average radius of particles

. + G50
loaded into the reactor,L, =y. ———, and
1 L Ar

max (&}

— vl —02 The funct ¢ and Y describ

e, =V, A - The functions W, and W, describe
2

the rates of chemical reactions (2) and (1),

respectively [19, 20]'. The maximum concentration

Cgi’gxz of SiO, vapor is calculated according to the data

from [14]. The definition of the concentration CJi&* of

the volatile product of the SiC synthesis immediately
after loading the next batch of silicon dioxide into the
reaction volume should be refined in accordance with the
mathematical model of SiO leakage.

Determination of the maximum SiO
concentration in the reaction volume

Let ng;q and n1cq be the mass flow rates (generations)
of SiO and CO, respectively, in ¥, at the time of

Feng N. Kinetics of the reaction between quartz and silicon carbide in different gas atmospheres: Master Thesis. Norwegian University of
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loading a batch of SiO, (t = 0). Then it follows from
reactions (1) and (2) that

-1

I 1M,
S0 14— : (10)
CO 2m,,

=0

Equation (5) at T = 0 taking into account relation (10)
takes the form

+ Cax I (11)
211=0 ! 2 mcz

ap =Cy
=0

The established concentration CN2 of the

=0
fluidizing gas after loading a batch of SiO, particles into

the reaction volume is found through the concentration

Sl from the relationship of the generations of the

volatile products:

CN2 | :_me M, ' (12)
élil(%x =0 mcz MN2

The mass flow rates rhcl and mCZ are calculated

using the general model of the synthesis of silicon
carbide [14, 15]. As aresult, from Egs. (10)—(12) and the
expressions for rhcl and n'acz, we obtain the following
equation and solution, which are quadratic in the intended

max
parameter Cg;qy -

1

_p 4g 2
éril'g)x_E [14—[3—2] -1], (13)
2by +b b
where p=—2—2; é:al—z; bj=My_ o, ;
by 279

by

1
_ max . _ 34 .
b2 _MNzccz CSiOZ’ b3 - 3 VinpinRCpc’
0 t 2 0 t 2
— ac . — ac . .
=my (rcl ) clkcl, G, =M, (rcz ) oc62k62, a is

the fraction of the surface of a particle that participates
in the chemical reaction; and kc1 and kc2 are the rate

q

constants for reactions (2) and (1), respectively.

General scheme of calculations

As in our previous works [14, 15], the general model
of silicon carbide synthesis was used to calculate all
the main process parameters, in order to determine the
change in the characteristics of the charge over time.
These are: the size of solid particles, the concentration of
volatile components in the reaction volume and the yield

of the final synthesis product. However, unlike those
works, each variant calculation of the masses mg; of the
synthesized silicon carbide was carried out for two cases:
with SiO leakage in the working process; and without
such leakage. The effect of SiO leakage was determined
by comparing the values of the following dimensionless
parameter:

mnax _ P
SiC SiC
V=2 (14)
Msic

where the superscript * refers to the absence of
SiO leakage in the synthesis process. The superscripts
max and p indicate the mass yield of the synthesis product
with minimum leakage and various values of the

parameter p, respectively. In this case, the maximum

yield of silicon carbide, mg}¥*, is always observed at the

minimum p value. This depends on the physical
properties of carbon-containing particles and
Si0, particles. For example, for Rexyl and river sand,
pmin ~ 02

The variable parameters in the calculations were

the mass mgh and composition of the initial charge;
the operating temperature of the synthesis; the
number 6 of loaded batches of SiO,; and the relative
number of particles ¢, entering into reaction (1),
pe—2
sio,

within the framework of phenomenological approaches
when modeling processes with a multiple number of
particles, this parameter was determined by comparing
the integral characteristics found in the
experiments  [11] and  calculations.  These
characteristics were the mass yield of silicon carbide
and the synthesis time under the same initial data of
the experiments and calculations.

. Since the parameter p cannot be determined

RESULTS AND DISCUSSION
General initial data

All calculations were carried out at three values
of 6 (6 = 2, 5, and 10). The weights of batches of
SiO, particles loaded into the reaction volume were
assumed to be equal. The carbon-containing particles
were Rexyl (p- = 500 kg/m3). Silicon dioxide as
a component of the initial charge was coarse river sand.
The processes at different operating temperatures 7' in
the reaction volume (1450, 1600, and 1800°C were
considered separately). The particles of the charge
component in the initial state in all calculations had the
same average size: Ro= 10.75 - 10° m and
Rsip, = 6.5 - 107> m. The mass flow rate of the
fluidizing gas was calculated according to Wallis’
monograph [21].
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Calculation at variable values
of the parameter p

Table 1 shows the results of calculations of the yield of
silicon carbide in the synthesis processes in the case of
SiO leakage, and in the hypothetical situation when there
is no such leakage and the product yield is maximum.
The initial masses of solid components of the charge are
mg = 0.32 kg and mgioz = 0.3 kg. The operating
temperature of the process was 7 = 1600°C.

Similar calculations were made at other operating
temperatures of silicon carbide synthesis: 7' = 1450°C
and 7 = 1800°C. The results are presented in Fig. 1.
Table 1 and Fig. 1 show that, at the considered operating
temperatures of SiC synthesis, an increase in the
parameter p is accompanied by a decrease in the yield of
the final product.

The explanation for this effect is quite simple. An
increase in the parameter p means the formation of stable
complexes of particles ¢, + SiO, at a lower temperature

Table 1. The main characteristics of the SiC synthesis process and the particle sizes of the residual charge

' Mass . yield 5 . Mass . yield 5 yield s
Mg, kg yield, % Time, s rCl 10°, m ) P mg;c> kg il % Time, s rc1 10°, m rC2 10°, m
With SiC leakage - - Without SiC leakage
0.108 35.724 | 10589 6.685 10 | 0.6 0.195 57.716 | 32127 5.708 9.413
0.114 37.381 9146 7.626 10 | 0.5 0.195 57.770 | 19876 7.216 9.095
0.119 38.713 8025 8.264 10 | 04 0.195 57.796 | 14733 7.980 8.572
0.124 39.958 7531 8.734 10 | 0.3 0.195 57.812 | 11962 8.460 7.523
0.132 42.222 7202 8.952 10 | 0.2 0.195 57.822 | 10574 8.795 2.595
0.124 40.152 9836 6.724 5 0.6 0.195 57.563 | 31079 5.779 9.413
0.130 41.602 8694 7.975 5 0.5 0.195 57.639 | 16792 7.244 9.095
0.136 43.109 7538 8.308 5 0.4 0.195 57.688 | 11746 7.995 8.572
0.142 44.703 6377 8.865 5 0.3 0.195 57.719 9446 8.470 7.523
0.147 46.005 5741 9.009 5 0.2 0.195 57.739 8187 8.802 2.595
0.141 44.637 7870 7.121 2 0.6 0.195 57.490 | 30146 5.883 9.413
0.142 44.816 6881 8.002 2 0.5 0.195 57.439 | 12467 7.297 9.095
0.144 45.295 5523 8.586 2 0.4 0.195 57.492 8461 8.026 8.572
0.148 46.315 4865 8.929 2 0.3 0.195 57.535 6745 8.491 7.523
0.163 50.036 4606 9.185 2 0.2 0.195 57.566 5618 8.817 2.595

Ma:
Note: The yield (%) is calculated as [ﬂ] -100%; the subscript yield refers to the time at which the synthesis is completed.
My
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0.2 0.3 0.4 0.5 0.6 p
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Fig. 1. Effect of SiO leakage on silicon carbide yield at operating temperatures of (a) 1450 and (b) 1800°C. Function Y = Y(p):

(1)8=2;(2)8=5;(3)8=10
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with an increasing number of particles c,. In the case of
a constant initial number of carbon-containing particles,
the number of carbide-forming particles ¢, decreases,
and the thickness of the silicon carbide layer formed
on the core of ¢, increases with the inevitable increase
in diffusion resistance and decrease in the rate of main
reaction (2). The synthesis process becomes longer with
an increased loss of SiO, an important volatile component
of chemical reaction (2).

Figure 2 illustrates the relationship between the
SiO leakage and the time of the synthesis process as
the dependence of Y on the relative time X of additional
SiO leakage. This corresponds to the increase in the
parameter p from its minimum value:

max
x=2T (15)
T
In definition (15), ¥, ™2 and 1" are the times at

which the yields of the final product are mé’ic, mgs,

and m;ic’ respectively. The dependencies shown in
Fig. 2 also characterize the effect of both the number 6 of
loadings of equal-mass batches of SiO, into the reaction
volume, as well as the operating temperature of the
working process on the loss of the component of chemical
reactions in the synthesis of silicon carbide.

Validation of calculation results

The variables X (Eq. (15)) and Y (Eq. (14)), which
are the argument and the calculation function in
Fig. 2 respectively, are convenient for analyzing the
effect of SiO leakage on the loss of the final product in
the synthesis of SiC. This effect largely depends on the
synthesis time. This in turn, is determined by the ratio
of reacting particles p in the resulting stable complexes
¢, + Si0, and the number & of loadings of batches of
SiO, particles during the entire process.

Albeit not in the calculated (virtual) but in the real
silicon carbide production process, the parameter p
takes a very specific value, related to the model
representation of the physicochemical process.
However, this value cannot be detected directly in
the reaction volume in the experiment due to the
lack of workable techniques for the corresponding
measurements. In turn, at a given composition of
the charge, with known constants for chemical
reactions (1) and (2), a specific operating temperature
of the synthesis, and a specified number of loadings
of batches of silicon dioxide into the reaction volume,
the parameter p and the time of synthesis of the final
product are uniquely related. This can be seen from
a comparison of Figs. 1 and 2.

As show by experiments [9—11], in an electrothermal
fluidized bed reactor during the high-temperature
synthesis of silicon carbide, the changes in the following

parameters of the reaction medium, in particular, were
measured: operating temperature of the fluidized bed,
fluidizing gas flow rate, and CO concentration (at the
reactor outlet). At the end of each experiment, the
mass of the residual charge was measured. Then, after
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0.06
0.04
0.02

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 X
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~

Y
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1 /
0.10 /
0.08
3
0.06
2
0.04
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0 0.05 0.10 0.15 0.20 X
(b)

Y
0.14
0.12 4

0.10
0.08
0.06
0.04
0.02

0 0.05 0.10 0.15 X
(©

Fig. 2. Effect of synthesis time on silicon carbide yield
at operating temperatures of

(a) 1450,

(b) 1600, and

(c) 1800°C.

Y, =7,(p):

(1)5=2,

(2)8=5,

3d=10
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annealing, the mass of the resulting final product was
measured. A thorough morphological analysis was also
carried out. The data [11] was taken as the basis for
validating the calculation results in this study with the
simultaneous determination of the model value of the
parameter p.

Xp)
0317
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0.217

0.167
020 025 030 035 040 045 050 055 p
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o) g ()
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Fig. 3. Relative loss of end product (SiC)
because of SiO leakage:

(a) T=1450°C, m) =0.570 kg, mgp = 0.290 ke;

c
(b) T=1600°C, m® =0.500 kg, mgioz = 0.230 kg;

c
(c) T=1800°C, m =0.400 kg, m$p = 0340 ke;

c

(——) range of experimental value of synthesis time;
(+) calculated synthesis time, 6 = 10. Function

Y, =Y,(p):(1)5=2;(2)5=35;(3) 6= 10; (4) function
X, =X,(p) at 5 = 10; (5) experimental data [11]

Figure 3 compares the experimental and calculated
values of SiC yield and synthesis time at the experimental
initial parameters. The calculated graphs in Fig. 3 are

plotted in relative coordinates ¥, = ¥, (p) and X; = X,(p),
where
%
T —t”
X =—
T

(16)

y, = sic ~"sic
1 %
Msic
The horizontal lines represent experimental data and

are constructed by the elementary change of ¥ and mgc

by the experimental (superscript exp) values 1°*P u mgfg

in definition (16).

Estimates of synthesis time in experiments were
made according to the following two criteria:

e according to the time during which the operating
temperature in the reaction volume exceeded the
value assigned in a specific experiment;

e according to the time during which CO as a volatile
product of reactions (1) and (2) was detected at the
outlet of the reaction volume.

Since the estimates do not coincide, in the graphs

X, = X,(p) in Fig. 3, both upper (T%p) and lower

(rfé‘vlf,) estimates of the synthesis time are indicated for
each experiment. The experimental data was compared
with the calculation results at § = 10. This is due to the
number of pulse changes in the operating temperature
and CO concentration in the experimental curves [9—-11].

Table 2 analyzes the agreement between the results of
experiments and calculations.

The right hand column of Table 2 shows the
parameter p values averaged over the synthesis time,
which were taken to compare the results of experiments
and calculations. We assessed the efficiency of our model
taking into account the leakage of SiO in the calculations
of SiC synthesis at p = 0.2 at T'= 1450°C, p = 0.4 at
T=1600°C, and p =0.3 at = 1800°C in terms of the
discrepancy between the calculated and experimental
values of the masses of the synthesized silicon carbide,

m?.
1—%2 :100%, to obtain 4.7% (T = 1450°C),
Msic
5.4% (T =1600°C), and 15.5% (T = 1800°C). Note that
the SiC loss calculated by the leakage model is somewhat
higher than that observed in experiments. This is

quantitatively demonstrated by the discrepancy
P
mek.
1-—=3€ 1.100%
Msic
3.9% (T =1600°C), and 11.5% (7= 1800°C).

which is 3.6% (7 = 1450°C),
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Table 2. Calculated and experimental parameters of SiC synthesis

rec | make | mSPke | mleke | mSloke | wRo0ts | wpaots | ot | P
1450 0.589 0.565" 0.142 0.149" 1.00 1.20 1.13 0.2
1600 0.523 0.509" 0.105 0.111" 1.23 1.38 1.20 0.4
1800 0.382 0.418" 0.141 0.167" 1.25 1.40 1.31 0.3

*Impurities in the charge are ignored [22].

CONCLUSIONS

The process of SiC formation at variable parameters of
chemically reacting media in a high-temperature fluidized
bed is very complex. The yield of the final product is not
determined by the volumetric balance of the interacting
components of the closed system and significantly
depends on the loss of any reacting component from the
reaction volume. This work demonstrated the adequacy
of the first model, as well as the calculation algorithm
for the leakage of a volatile product of silicon carbide
synthesis.

The leakage of SiO, an intermediate volatile product
of the synthesis of silicon carbide, from the reaction
volume of the ETFB reactor ultimately leads to the loss
of the final product, SiC. However, a decrease in the
amount of SiO as a reagent is accompanied by a decrease
in the synthesis time of silicon carbide, i.e., a decrease in
energy costs for the production of a unit of product.

A computational model of the synthesis of silicon
carbide with a validated procedure for calculating the
leakage of volatile products of chemical reactions,

presented in this work in the form of the SiO leakage
model, will allow for computational studies aimed
at optimizing the SiC production process in ETFB
reactors. In turn, this will determine the validity of
recommendations on the composition of the initial
charge, the number of loadings of SiO, batch into the
reaction volume, and the operating temperature of
the production process. In this case, it is of the utmost
importance to design an energy-efficient operating cycle
without preliminary expensive experimental studies.

Authors’ contributions

V.S. Kuzevanov—developing the research concept and
methodology and writing the text of the manuscript.

S.S. Zakozhurnikov—software and validation.

G.S. Zakozhurnikova—carrying out calculations, analyzing
literature sources, and searching and analyzing experimental data.

All authors have read and agreed to the published version of the
manuscript.

The authors declare no conflict of interest.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(2):163-173 171



Effect of leakage of volatile synthesis products
on silicon carbide yield in an electrothermal fluidized bed reactor

Vyacheslav S. Kuzevanov,
Sergey S. Zakozhurnikov, Galina S. Zakozhurnikova

REFERENCES

1

10.

11.

12.

13.

14.

. Vasil’eva E.V,, Cherkasova T.G., Nevedrov A.V., Papin A.V,,

Subbotin S.P. The possibility of modernizing coke chemical
production using a computer program for predicting the yield
of chemical coking products. In: Chemistry and Chemical
Technology: Achievements and Prospects: Proceedings of the
Fifth All-Russian Conference. 2020. P. 83.1-83.3 (in Russ).

. Ryabov G.A., Folomeev O.M. Problems of Hydrodynamics and

Heat Transfer in Interconnected Bed Reactors for CO, Capture
and Obtaining Hydrogen. Therm. Eng. 2023;70(4):311-322.
https://doi.org/10.1134/S0040601523040055

. Prado D.S., Vilarrasa-Garcia E., Sampronha E., ef al. Multiple

approaches for large-scale CO, capture by adsorption with 13X
zeolite in multi-stage fluidized beds assessment. Adsorption. 2023.
https://doi.org/10.1007/s10450-023-00422-x

. Sun L., Yin F,, Cao J., ef al. Numerical Study on the Process of

Chemical Looping Hydrogen Production with Multiple Circulating
Fluidized Bed Reactors. J. Therm. Sci. 2023;32(5):1945-1954.
https://doi.org/10.1007/s11630-023-1872-1

. Ryabov G.A. A Review of the Research Results into the

Technologies of Solid-Fuel Combustion in a Circulating Fluidized
Bed Conducted Abroad and in Russia. Therm. Eng. 2021;68(2):
117-135. https://doi.org/10.1134/S0040601521020051

. Semeiko K.V., Kustovskyi S.S., Kupriyanchuk S.V., et al.

Dependence of the Pyrocarbon Structure on the Parameters of the
Process of Pyrolysis of Hydrocarbon Gases in an Electrothermal
Fluidized Bed. J. Eng. Phy. Thermophys. 2020;93(3):677-684.
https://doi.org/10.1007/s10891-020-02166-9

. Mitrofanov A.V., Mizonov V.E., Vasilevich S.V., Mal’ko M.V.

Experimental-calculated study of hydro-mechanical processes
within electrothermal fluidized bed. Kosygin International Forum.
MNTS Planovsky-2021. 2021. V. 1. P. 54-57 (in Russ.).

. MitrofanovA.V., Vasilevich S.V.,Mal’koM.V., Ovchinnikov L.N.,

Shpeinova N.S. Development of a mathematical model of
fluidization of particles in presence of internal heat sources.
Vestnik  Ivanovskogo  gosudarstvennogo  energeticheskogo
universiteta (Vestnik IGEU) = Vestnik of Ivanovo State Power
Engineering University (Vestnik IGEU). 2022;6:49-57 (in Russ.).

. Borodulya V.A., Vinogradov L.M., Greben’kov A.Zh.,

Mikhailov A.A., Sidorovich A.M. Carbide-thermal reduction
of SiO, and formation of silicon carbide in an electrothermal
fluidized bed. In: Teplo- i Massoperenos — 2012. Minsk:
A.V. Lykov ITMO, NAS of Belarus; 2013. P. 121-127 (in Russ.).
Borodulya V.A., Vinogradov L.M., Greben’kov A.Zh.,
Mikhailov A.A. Synthesis of silicon carbide in electrothermal
reactor with fluidized bed of carbon particles. Gorenie i
Plazmokhimiya. 2015;13(2):92-102 (in Russ.).

Borodulya V.A., Greben’kov A.Zh., Mikhailov A.A. Features
of the formation of various structural modifications of silicon
carbide during its carbothermal synthesis in an electrothermal
fluidized bed reactor. In: Teplo- i Massoperenos — 2018. Minsk:
A.V. Lykov ITMO, NAS of Belarus; 2019. P. 107-114 (in Russ.).
Borodulya V.A., Vinogradov L.M., Greben’kov A.Zh.,
Mikhailov A.A. Method and plant for obtaining silicon carbide:
Eur. Pat. 27539. Publ. 31.08.2017 (in Russ.).

Kuzevanov V.S., Garyaev A.B., Zakozhurnikov S.S.,
Zakozhurnikova G.S. Model of continuous production of fine
silicon carbid. IOP Conf. Ser.: Mater. Sci. Eng. 2019;537(3):
032106. https://doi.org/10.1088/1757-899X/537/3/032106
Kuzevanov V.S., Zakozhurnikov S.S. Zakozhurnikova G.S.,
Garyaev A B. Finely dispersed silicon carbide synthesis model in the
electrothermal reactor with periodic batch loading. J. Phys.: Conf:
Ser:: Hydrodynamics and Heat and Mass Transfer. 2020;1683:
022054 https://doi.org/10.1088/1742-6596/1683/2/022054

CNMNCOK JINTEPATYPbI

1

(%

10.

11.

12.

13

. Mutpodanos

. Mutpocdanos

. boponyns B.A., Bunorpamos JLM.,

. Kuzevanov V.S,

. Bacuneena E.B., Yepkacosa T.I', Heenpos A.B., [larun A.B.,

Cy660tun C.I1. Bo3aMO)xHOCTb MOZIEpHU3AIMHI KOKCOXUMUYECKO-
TO HPOM3BOJCTBA C IPHMEHEHHEM KOMIIBIOTEPHON IPOrpamMMBl
HPOTHO3HPOBAHHS BBIXOJ]d XUMHYECKUX MPOYKTOB KOKCOBAHHSL.
Xumus u xumudeckas mexHono2us. OOCIMUICeHUs. U NepPCnexkmu-
6b1: cooprux mamepuanos V Beepoccuiickoti konghepenyuu. 2020.
C.83.1-83.3.

. Ryabov G.A., Folomeev O.M. Problems of Hydrodynamics and

Heat Transfer in Interconnected Bed Reactors for CO, Capture
and Obtaining Hydrogen. Therm. Eng. 2023;70(4):311-322.
https://doi.org/10.1134/S0040601523040055

. Prado D.S., Vilarrasa-Garcia E., Sampronha E., et al. Multiple

approaches for large-scale CO, capture by adsorption with 13X
zeolite in multi-stage fluidized beds assessment. Adsorption. 2023.
https://doi.org/10.1007/s10450-023-00422-x

Sun L., Yin F., Cao J., et al. Numerical Study on the Process
of Chemical Looping Hydrogen Production with Multiple
Circulating Fluidized Bed Reactors. J. Therm. Sci. 2023;32(5):
1945-1954. https://doi.org/10.1007/s11630-023-1872-1

.Ryabov G.A. A Review of the Research Results into the

Technologies of Solid-Fuel Combustion in a Circulating Fluidized
Bed Conducted Abroad and in Russia. Therm. Eng. 2021;68(2):
117-135. https://doi.org/10.1134/S0040601521020051

. Semeiko K.V., Kustovskyi S.S., Kupriyanchuk S.V., et al.

Dependence of the Pyrocarbon Structure on the Parameters of the
Process of Pyrolysis of Hydrocarbon Gases in an Electrothermal
Fluidized Bed. J. Eng. Phy. Thermophys. 2020;93(3):677-684.
https://doi.org/10.1007/s10891-020-02166-9

AB., Mwmonos B.E., Bacunesnu C.B.,
Maneko M.B. OmNBITHO-TEOpETHYECKOE HCCIIEA0BAHIE THIPO-
MEXaHMYECKHX IPOLIECCOB B  IEKTPOTEPMUYECKOM  KHIIsI-
meM cnoe. Medxwcoynapoonviii  Kocvieunckuii popym. MHTC
ITnanosckuii-2021. 2021. T. 1. C. 54-57.

AB., Bacuiesnu C.B., Mamsko M.B.,
OunnnukoB JLH., IIneiinosa H.C. Pa3paborka maremaruye-
CKOH MOJIEJI TICEBIOOKIIKEHHS YaCTHUIL TIPH HAIMYMH BHYTPEH-
HUX MCTOYHHMKOB TEIUIOTBL. Becmmuk Heanoeckoeo zocyoap-
CMeeHHo20 IHepeemuuecko2o yHusepcurera (Becmmuux UIIY).
2022;6:49-57.

I'pebenproB  AK.,
MuxaiinoB A.A., Cunoposuu A.M. KapOunorepmuueckoe Boc-
cranoBnenue SiO, 1 00pasoBaHue KapOu/a KPEMHHUs B 3IIEKTPO-
TEPMHYECKOM KHIIsileM cioe. B ¢6. tpynos: Tenio- u maccone-
pernoc-2012. Munck: U'TMO nm. A.B. JIsikoBa HAH Benapycy;
2013. C. 121-127.

bopomyns B.A., BunorpamoB JLM., IpebensxoB A.K.,
MuxaiinoB A.A. Cunte3 kapOHuaa KpeMHHUS B AIEKTPOTEpMHUYC-
CKOM PEaKTOpPE C KUIISIIMM CJIOEM YIVICPOJIHBIX YacTHull.  opeHrue
u naazmoxumust. 2015;13(2):92—-102.

Bopomynsa B.A., I'pedennproB A.K., Muxaiinos A.A. OcobeHHocTH
00pa3oBaHKs Pa3IMYHBIX CTPYKTYPHBIX MOIU(pUKAIMIA KapOu-
Jla KPEMHHUSI TIPH €ro KapOOTEPMUUYECKOM CHHTE3e B peakTope
SMEKTPOTEPMUYECKOTr0 KHILALIEro ciosi. B ¢6. Tpynos: Tenno- u
macconeperoc — 2018. Munck: UTMO um. A.B. JlsikoBa HAH
benapycu; 2019. C. 107-114.

bopomyns B.A., BunorpamoB JLM., IpebenpxoB AKX,
MuxaiinoB A.A. Cnocob u ycmanoeka 015 nomyueHus Kapouoa
xkpemnua: EBpazuiickuii marent 027539. 3asska Ne 201500555;
zasBi1. 07.05.2015, omy6ut. 31.08.2017.

Garyaev A.B., Zakozhurnikov S.S.,
Zakozhurnikova G.S. Model of continuous production of fine
siliconcarbid./OP Conf-Ser.: Mater. Sci. Eng.2019;537(3):032106.
https://doi.org/10.1088/1757-899X/537/3/032106

172

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(2):163-173


https://doi.org/10.1134/S0040601523040055
https://doi.org/10.1007/s10450-023-00422-x
https://doi.org/10.1007/s11630-023-1872-1
https://doi.org/10.1134/S0040601521020051
https://doi.org/10.1007/s10891-020-02166-9
https://doi.org/10.1088/1757-899X/537/3/032106
https://doi.org/10.1088/1742-6596/1683/2/022054
https://doi.org/10.1134/S0040601523040055
https://doi.org/10.1007/s10450-023-00422-x
https://doi.org/10.1007/s11630-023-1872-1
https://doi.org/10.1134/S0040601521020051
https://doi.org/10.1007/s10891-020-02166-9
https://doi.org/10.1088/1757-899X/537/3/032106

Vyacheslav S. Kuzevanov,
Sergey S. Zakozhurnikov, Galina S. Zakozhurnikova

Effect of leakage of volatile synthesis products
on silicon carbide yield in an electrothermal fluidized bed reactor

15. Kuzevanov V.S., Zakozhurnikov S.S., Zakozhurnikova G.S. 14. Kuzevanov V.S., Zakozhurnikov S.S., Zakozhurnikova G.S.,

Model and results of a study of the synthesis of finely dispersed
silicon carbide in an electro-thermal reactor. Solid State
Phenomena. 2021;316:147-152. https://doi.org/10.4028/www.
scientific.net/SSP.316.147

16. Simeiko K.V., Malinouski A.I., Grebenkov A.Zh., Sayenko S.Yu.,
Lobach K.V, Kustovskaya A.D., Liaposhchenko O.0.,
Sklabinskyi V.I. Development of technologies of silicon carbide
producing (Review). Vestnik NYaTs RK = NNC RK Bulletin.
2021;2:30-41 (in Russ.). https://doi.org/10.52676/1729-7885-
2021-2-30-41

17. Higher Transcendental Function: in 3 v. V. 1. McGraw — Hill Book
Company. Inc.; 1953. 395 p.

18. Fikhtengolts G.M. Kurs differentsial’'nogo i integral nogo
ischisleniya (Course of Differential and Integral Calculus): in 3 v.
Moscow-Leningrad: Gostekhizdat; 1948. V. 2. 793 p. (in Russ.).
19. Barabanov N.N., Zemskova V.T., Mitrofanov A.D.,
Ermolaeva E.V. Mathematical modeling of the process of
carbidization of syntactic foams. /zv. Vyssh. Uchebn. Zaved. Khim.
Khim. Tekhnol. = ChemChemTech. 1998;41(5):32-34 (in Russ.).
20. Li X., Zhang G., Tronstad R., Ostrovski O. Reduction of quartz to
silicon monoxide by methane-hydrogen mixtures. Metall. Mater:
Trans. B: Process Metall. Mater. Processing Sci. 2016;47(4):
2197-2204. https://doi.org/10.1007/s11663-016-0670-5

21. Wallis G. Odnomernye dvukhfaznye techeniya (One-Dimensional
Two-Phase Flows): transl. from Engl. Moscow: Mir; 1972. 440 p.
(in Russ.).

[Wallis  G. One-Dimensional Two-Phase Flows. NY:

Garyaev A.B. Finely dispersed silicon carbide synthesis model
in the electrothermal reactor with periodic batch loading.
J. Phys.: Conf. Ser: Hydrodynamics and Heat and Mass
Transfer.  2020;1683:022054.  https://doi.org/10.1088/1742-
6596/1683/2/022054

15. Kuzevanov V.S., Zakozhurnikov S.S., Zakozhurnikova G.S.

Model and results of a study of the synthesis of finely dispersed
silicon carbide in an electro-thermal reactor. Solid State
Phenomena. 2021;316:147-152. https://doi.org/10.4028/www.
scientific.net/SSP.316.147

16. Cemeitko K.B., Mamnosckuit A.M., IpebenpkoB A.K.,

Caenxo C.1O., Jlob6ay K.B. Kycrosckas A.Jl., Jlsmomenko A.A.,
CxmabrHckuii B.W. Pa3paboTku TeXHONIOTHIA TOTyYeHns KapOu-
na kpemHust (0030p). Becmuux HAL] PK. 2021;2:30-41. https://
doi.org/10.52676/1729-7885-2021-2-30-41

17. Higher Transcendental Function: in 3 v. V. 1. McGraw — Hill Book

Company. Inc.; 1953. 395 p.

18. ®uxrenromsi ['M. Kypc dugpepernyuanvrozo u unmespanbrozo

ucuucnenust: B 3-x T. M.—J1.: Tocrexuznar; 1948. T. 2. 793 c.

19. bapabanos H.H., 3emcrkoBa B.T., Murpodanos A.Jl.,

Epmonaesa E.B. Maremarndeckoe MozenupoBaHHE Mpolecca
KapOWIM3alli CHHTAKTHBIX MEHOIUIACTOB. M36ecmus  8Y308.
Xumus u xumuueckas mexvonoeus. 1998;41(5):32-34.

20. Li X., Zhang G., Tronstad R., Ostrovski O. Reduction of quartz to

silicon monoxide by methane-hydrogen mixtures. Metall. Mater:
Trans. B: Process Metall. Mater. Processing Sci. 2016;47(4):
2197-2204. https://doi.org/10.1007/s11663-016-0670-5

McGraw-Hill; 1969. 408 p.] 21. Yonmuac I. Oonomeprvie 0syxgpasHvie meyenus: Tiep. ¢ aHmL. M.:
22. Ageev O.A. Karbid kremniya: tekhnologiya, svoistva, primenenie Mup; 1972. 440 c.

(Silicon Carbide: Technology, Properties, Applications). Kharkov: 22. AreeB O.A. Kap6uo KpemHus: mexHono2us, ceolcmea, npumeHe-

ISMA; 2010. 531 p. (in Russ.). ISBN 978-966-02-5445-9 Hue. Xapbko: ICMA; 2010. 531 ¢. ISBN 978-966-02-5445-9

About the authors

Vyacheslav S. Kuzevanov, Dr. Sci. (Eng.), Professor, Department of Energy, National Research University MPEI, Volzhsky
Branch, (69, Lenina pr., Volzhsky, Volgograd oblast, 404110, Russia). E-mail: vyacheslavkuzevanov@gmail.com. Scopus Author ID
57204855036, RSCI SPIN-code 7835-6260.

Sergey S. Zakozhurnikov, Cand. Sci. (Eng.), Associate Professor, Department of Higher Mathematics-3, Institute for Advanced
Technologies and Industrial Programming, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454, Russia).
E-mail: jester.vlz@mail.ru. Scopus Author ID 57198768825, ResearcherID ABG-4696-2020, RSCI SPIN-code 1864-0437, https://orcid.
0rg/0000-0003-2354-9656

Galina S. Zakozhurnikova, Cand. Sci. (Eng.), Associate Professor, Department of Heat Engineering and Hydraulics, Volgograd
State Technical University, (28, Lenina pr., Volgograd, 400005, Russia). E-mail: galya.vlz@mail.ru. Scopus Author ID 57198782591,
Researcher]D HHY-8485-2022, RSCI SPIN-code 7209-9481, https://orcid.org/0000-0002-4870-0749

06 aBTOpax

Ky3zeBanos BsiueciaB CemenoBu4, 1.T.H, mpodeccop, kadenpa suepreruku, Pumman GI'BOY BO «HanmonambHbI Hccaeno-
Barenbckuil yHuBepcurer «MOW» B . Bomkckom (404110, Bonrorpanckast obnacts, . Bomkckuid, np-t Jlenuna, a. 69). E-mail:
vyacheslavkuzevanov@gmail.com. Scopus Author ID 57204855036, SPIN-koq PMHI] 7835-6260.

3ako:xxypuukoB Cepreii CepreeBud, K.T.H., IOLICHT, Kadeapa BeICIICH MaTeMaTHKH-3, NHCTUTYT EPCIIEKTHBHBIX TEXHOJIOTHIA 1 HHIY-
crpuansHoro nporpammuposanusi, PI'bOY BO «MUPDA — Poccwuiickuii Texnonornuecknit yausepceuret» (119571, Pocensi, Mocksa,
ip-T Bepranckoro, 1. 86). E-mail: jester.vlz@mail.ru. Scopus Author ID 57198768825, ResearcherID ABG-4696-2020, SPIN-koq PUHL]
1864-0437, https://orcid.org/0000-0003-2354-9656

3ako:xxypHukoBa I'asiuna CepreeBHa, K.T.H., JOICHT, Kadeapa TemnoTexHuku U runpasiuku, PI'BOY BO «Bonrorpaackuii rocynap-

CTBEHHBIN TexHn4Yecknid yauBepcute (400005, Poccus, Bonrorpaa, mp-t um. B.U. Jlenuna, a. 28). E-mail: galya.vlz@mail.ru. Scopus
Author ID 57198782591, Researcher]D HHY-8485-2022, SPIN-kox PUHI] 7209-9481, https://orcid.org/0000-0002-4870-0749

Translated from Russian into English by V. Glyanchenko
Edited for English language and spelling by Dr. David Mossop

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(2):163-173 173


https://doi.org/10.4028/www.scientific.net/SSP.316.147
https://doi.org/10.4028/www.scientific.net/SSP.316.147
https://doi.org/10.52676/1729-7885-2021-2-30-41
https://doi.org/10.52676/1729-7885-2021-2-30-41
https://doi.org/10.1007/s11663-016-0670-5
https://doi.org/10.1088/1742-6596/1683/2/022054
https://doi.org/10.1088/1742-6596/1683/2/022054
https://doi.org/10.4028/www.scientific.net/SSP.316.147
https://doi.org/10.4028/www.scientific.net/SSP.316.147
https://doi.org/10.52676/1729-7885-2021-2-30-41
https://doi.org/10.52676/1729-7885-2021-2-30-41
https://doi.org/10.1007/s11663-016-0670-5
mailto:vyacheslavkuzevanov@gmail.com
mailto:jester.vlz@mail.ru
https://orcid.org/0000-0003-2354-9656
https://orcid.org/0000-0003-2354-9656
mailto:galya.vlz@mail.ru
https://orcid.org/0000-0002-4870-0749
mailto:vyacheslavkuzevanov@gmail.com
mailto:jester.vlz@mail.ru
https://orcid.org/0000-0003-2354-9656
mailto:galya.vlz@mail.ru
https://orcid.org/0000-0002-4870-0749

MIREA — Russian Technological University MUPOA — Poccuiicknii TEXHONOTHYECKNI yHUBEPCUTET

78, Vernadskogo pr., Moscow, 119454, Russian Federation. 119454, PO, Mockaa, ip-T Bepnazckoro, 1. 78.
Publication date April 30, 2024. Jlara onyonukoBanus 30.04.2024.
Not for sale He nns nponaxku

www.finechem-mirea.ru


http://www.finechem-mirea.ru




	ТХТ_цвет_2_2024_ENG-11
	TCHt_2024-02_eng - 3
	ТХТ_цвет_2_2024_РУС-2



