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Hayuno-texunueckuii penensupyemsiii xxypHai « ToHkue Xumu-
YEeCKHe TeXHOJIOTUI» OCBEIIAeT COBPEMEHHBIE TOCTIDKEHHS (QyH-
JAaMCHTAIBHBIX U MPUKIJIATHBIX HCCISTOBAHUH B 00IACTH TOHKHX
XMMHUYECKHX TEXHOJIOTHH, BKIIOUAsl TEOPETUIECKHE OCHOBBI XH-
MHUYECKON TEXHOJOTHH, XVMHUIO M TEXHOJOTHIO JICKAPCTBEHHBIX
TIPenapaToB U OHOJOTUYECKH AKTHBHBIX COCAMHEHHH, OpraHmde-
CKHX BEIIECTB ¥ HEOPTaHMIECKNX MaTepHaIOB, ONOXUMHIO U OHO-
TEXHOJIOTUIO, CHHTE3 H MepepadoTKy MOIMMEPOB M KOMIIO3HTOB
Ha UX OCHOBE, aHAINTUYECKIE U MaTeMAaTHIECKHE METOABI U UH-
(hopManMOHHBIE CHCTEMBI B XMMHH M XUMUYECKOH TeXHOJIOTHH.
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Abstract

Objectives. Due to the complexity of their behavior, chemical process flowsheets are characterized by steady state multiplicity, in other
words, the presence of multiple steady state operating modes having the same set of parameters. The steady states differ from each
other in terms of their reagent conversion, selectivity, product flow composition, and stability. Therefore, in order to be able to identify
the steady state having optimal technological indicators, the objective of searching all steady states of a chemical process flowsheet
is relevant. The aim of the study is to research all possible steady states for a continuous stirred tank reactor (CTSR) according to the
exothermic dimerization reaction and investigate the influence of different operation parameters on the technological indicators of found
states.

Methods. Mathematical simulations of material and energy balance equations for reactor were used. The quantity of steady states was
estimated by the number of energy balance discrepancy function intersection with the Ox axis. The Newton method in Microsoft Excel
was used to solve nonlinear material balance equations of the reactor. The initial value of productivity was in range from zero to feed
rate value of reagent of 100 kmol/h.

Results. It is shown that up to three steady states may exist for the reactor in dependence on the reaction volume, composition, and
temperature feed flow, as well as the heat carrier flow rate. The results of this study correspond with earlier obtained results, which were
obtained for irreversible reactions in adiabatic conditions. These states differ in productivity, internal reactor temperature, and stability.
Steady state stability analysis of small parameter deviations was carried out. The analysis demonstrated that real characteristic values
are in all found steady states of the reactor. Therefore, no oscillations in stable steady states of reactor and asymptotical operating time
dependencies are implemented.

Conclusions. The technique of steady state analysis of a continuous stirred tank reactor developed over the course of this study, which
reveals all steady states of the reactor with heat exchange, can be used to perform steady state analysis of recycled chemical process
flowsheets, including continuous stirred tank reactors and separation blocks.
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HAYYHAA CTATbA

AHann3 ctTauMoHapPHbIX COCTOSHUN NPOTOYHOro
peaxkTopa unaeasibHOro cMmeLweHus Ha npuMmepe
3K30TEepMUYECKOMN peakuum gumepusauum

H.A. Kopoabkosa, C.JI. Hazanckuii™’, M.A. Cosioxun
MUPDA — Poccutickuti mexunonocuyeckuti ynugepcumem, Mockea, 119454 Poccus

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

AHHOTaUuS

]_Ie.Jm. XHUMUKO-TEXHOJIOTMYECKUE CUCTEMBI B CHITY CJIOKHOCTHU CBOCTO IMOBCACHUS BO MHOI'MX CIIyYasX XapaKTCPU3YHTCs MOJIUCTaluO0-
HapHOCTBIO, TO €CTh HAJIMYUEM MHOKECTBCHHBIX CTAlUOHAPHBIX PEKUMOB paGOTI)I Ipyu OTHOM U TOM K€ Ha60pe paGO‘{I/IX rnapamMeTpoB.
Z[aHHI)Ie CTAallMOHAPHBIC COCTOAHUSA OTIIMYAIOTCs KOHBepCHeﬁ, CCJIEKTUBHOCTBIO, COCTaBaMU MPOAYKTOBBIX ITIOTOKOB U yCTOfI'IHBOCTBIO.
B cBsizm ¢ 9TUM, aKTyaHBHOﬁ 38.,[[8.‘16171 SABJSICTCS BBISIBJICHUE BCEX BO3MOXKHBIX CTAllUOHAPHBIX COCTOSIHMM XMMHKO-TEXHOJIOTHUECKUX
CUCTEM JId TOIO, 4TOOBI B z[am,HeﬁmeM ObljIa BOBMOYKHOCTD BLI60pa COCTOsAAHHS C HAWITYUIIUMHU TCXHOJOI'MYCCKUMU ITOKa3aTC/IAMU.
HCJ'II) pa6OTBI — IOUCK BCEX BO3MOKHBIX CTallHUOHAPHBIX COCTOSIHHIA MPOTOYHOI'0 pE€aKTopa UACaJIbHOIO CMCIIECHNS Ha IPUMEPE peaK-
WU JUMEPU3AlU U aHAJIN3 BIWSHUS PAa3JIMYHBIX [TapaMEeTPOB Ha TEXHOJIOTUYECKUE I10KA3aTeIn peaKTopa 1Jist HaWJICHHBIX COCTOSIHH.

Metoapl. PaboTra BEITONHSIACE METOOM MaTeMAaTHIECKOTO MOIEIHPOBAHMS C MCHOJIB30BAHUEM MaTepHAIbHBIX OANAHCOB IO BEIle-
CTBaM ¥ DPHEPreTHYECcKoro Oamanca peakTopa. KonmmuecTBO cTaMOHAPHBIX COCTOSHMI OIEHHBAIOCH IO YHCITY TOUYEK ITePecedeHHs
(yHKIUY HEBSI3KH SHEpreTrdeckoro 6amanca ¢ ocsio Ox. Hennnelinble anrebpandeckue ypaBHEHHI MaTepUaIbHOTO OaTaHca peakTopa
pemrannck MetonoM Heiotona B cpene Microsoft Excel. Hauansroe mpubmmkeHye 1Mo Mpon3BOANTENFHOCTH BEIOMPAIOCH B IHATIa30HE
OT HyIIs1 10 KonmdecTsa peareHTa 100 KMOJIB/4 B TUTAaHUH PEaKTOpa.

Pe3yabrarsl. B Xozme paboTel yCTaHOBIEHO, YTO B 3aBUCUMOCTH OT 00BEMa PEaKToOpa, TEMIIEPATyphl U COCTaBa BXOMSIIETO IOTOKA
1 pacxofia TEMIOHOCHUTENS B MPOTOYHOM PEaKTOPEe MIACATBHOTO CMEIICHUSI MOXKET PEaln30BBIBATHCS 0 TPEX CTAlMOHAPHBIX COCTO-
SIHUH, KOTOPBIE OTIMYAIOTCS IPOU3BOANTENFHOCTBIO PEAKTOpa U TEMIEPaTypoil B HeM. Pe3ynbTarsl HacTosMmIeH paboThl COIIACyIOTCS
C IUTEepaTypHBIMU JAHHBIMH, TTOTyUYEeHHBIMH paHee I CTydacB HEOOPATHMBIX PEAKIHH, IPOTEKAIONINX B aAnabaTHIECKOM PEKHME.
Kpowme sTor0, mpoBezieH aHaN3 yCTOWINBOCTH CTAIMOHAPHBIX COCTOSIHUH IIPH MaJIbIX N3MEHEHHUSIX TAPAMETPOB, KOTOPHIT TIOKA3al, 4TO
XapaKTepPUCTUUECKHE KOPHH B CTALOHAPHBIX COCTOSHUSAX JEHCTBUTENBHEI, CIIEOBATEIbHO, KOeOaHUs IpH paboTe peakTopa HEe pea-
JIU3YIOTCSI, ¥ B OKPECTHOCTH YCTOHYMBOTO COCTOSTHUS XapaKTep N3MEHEHHs TapaMeTPOB aCHMITOTHUECKHUIA.

BbiBoabl. PazpaboTrana MeTo/Ka, KOTOPasi MO3BOJISIET BHIIBUTH BCE BO3MOXKHBIE CTALIMOHAPHBIE COCTOSHUS POTOYHOTO peaKkTopa uie-
AJILHOTO CMEIIEHHS C BHEIIHUM TEeIUI00OMEHOM. MeToMKY, TPUMEHEHHYIO B IaHHOH paboTe, MOKHO MCIIOJIB30BATh JUIS aHAJIM3a CTa-
LIMOHAPHBIX COCTOSHUH PELUPKYIISLIMOHHBIX XHMHKO-TEXHOJIOTHYECKUX CHCTEM, BKIIIOYAIOLINX PEAKTOP HACaTbHOTO CMEIIeHHs U OJI0K
paszeneHus.

KnioueBble cnosa Moctynuna: 27.07.2025
PEaKTOPBI, IK30TEPMUUECKHE PEAKINN, CTAI[OHAPHBIE COCTOSHHS, HAopa6oTaHa: 09.09.2025
YCTOIYINBOCTD CTAIIMOHAPHBIX COCTOSHHMN, MATEMATHIECKOES MOICTHPOBAHIE NpuHsTa B neyats: 17.02.2026

Ang uMTMpoBaHns
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INTRODUCTION

Any chemicotechnological system, regardless of its
scale and product range, consists of a sequence of
technological processes linked by direct and reverse
connections. These processes include receipt and
preparation of raw materials, chemical conversions,
separation of the reaction mixture to obtain the target
product, and formation of recirculation flows for
unreacted raw materials. Experience in operating
chemical plants shows that the main contribution to the
economic efficiency criterion is made by the costs of
chemical conversion processes (reactor subsystem) and
reaction mass separation (separation subsystem) [1]. In
addition to general economic indicators, an assessment
of the efficiency of individual stages of the process also
includes efficiency criteria that more fully reflect the
chemical and physicochemical phenomena occurring
in individual units of the technological system. One
of the most important quantitative criteria reflecting
the efficiency of a chemical reactor is the specific
productivity and selectivity of the process.

In the case of kinetically reversible reactions,
the overall reaction rate decreases as the chemical
transformation proceeds due to an increase in the rate
of reverse processes; as a result, a state of equilibrium
is eventually achieved. Such a chemical equilibrium
state comprises the main thermodynamic limitation
that prevents the complete conversion of reactants into
products in a single pass through a chemical reactor [2, 3].
In practice, many reactions require a long contact time and
large reactor volume to achieve chemical equilibrium due
to kinetic difficulties (low reaction rate). Under industrial
conditions, the process should be carried out in such
a way as to prevent the achievement of an equilibrium
state of the chemical reaction, which would result in
a lower yield of products. These kinetic difficulties and
thermodynamic limitations of the process necessitate the
use of chemicotechnological methods to overcome these
difficulties. One such chemicotechnological method
involves the organization of a recirculation flow of
unreacted raw materials into the reactor. This reduces
the residence time of the reagents in the reaction zone
and consequent conversion in the reactor, which leads
to an increase in the concentration of the reagents and
corresponding chemical reaction rate, resulting in
improved productivity [4]. However, in order to organize
the recirculation flow, the chemical reactor must be
supplemented with another separation unit, in which
unreacted raw materials and reaction products will be

1

separated. Using such an independent recirculation
system, which is inherently more complex than a basic
chemical reactor, it is possible to achieve a conversion
higher than chemical equilibrium due to the absence of
thermodynamic limitations on the maximum conversion
value. In the case of reversible chemical reactions,
recirculation canbeused toachieve adegree of raw material
conversion that exceeds the maximum permissible value
for any type of reactor up to a theoretical maximum of
100% conversion. Thus, despite a low degree of reagent
conversion in a single pass, the use of recirculation
significantly increases a reactor’s productivity. Similarly,
with the proper organization of recirculation flows, it is
possible to reduce the rate of side reactions to increase the
overall selectivity of the process [5].

The presence of recirculating flows in the system
causes feedback, which can lead to the emergence
of multiple steady states under the same operating
parameters of the system! [6]. In certain cases, steady
state continua can be realized in recirculating reaction-
rectification processes, which however disappear when
transitioning from infinite separation capacity to a finite
number of plates [7, 8]. In this regard, it is relevant
to study the evolution of steady states of a given
chemicotechnological scheme subject to changing
design and operating parameters. Furthermore, in the
presence of multiple steady states, the task of analyzing
the stability of these states arises. The solution of
this task in turn determines the strategy for starting
the chemicotechnological process and the ability to
maintain the operating parameters set for the desired
steady state.

In view of the above, the present study set out to
analyze the steady states of the reactor, taking into
account heat exchange and changes in design and
operating parameters, as well as the composition of the
feed stream.

MATHEMATICAL MODEL
OF THE REACTOR

In the first stage of the computational part of the
study, research was conducted of the steady states of
a continuous stirred tank reactor (CSTR) in which
a liquid-phase reversible exothermic dimerization
reaction 2A B takes place. The reaction was considered
hypothetical, with the thermophysical properties of the
components (heat capacity, density) used for the reaction
under study corresponding to acetone (A) and diacetone
alcohol (B).

Blagov S.A. Razrabotka metoda analiza statsionarnykh sostoyanii retsirkulyatsionnykh reaktsionno-rektifikatsionnykh processov (Development of

a method for analyzing stationary states of recirculation reaction-distillation processes). Cand. Sci. Thesis. (Eng.). Moscow: MITHT; 1999, 195 p.
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Figure 1 shows a flow diagram of the CSTR for this
process.

o, ny, T, np, ng, T
B EN
/\V/\
] QCX
7y

Fig. 1. Flow diagram of CSTR (all designations are given
at the end of the article)

The physicochemical properties of the reaction
mixture components, such as heat capacity, were taken
from reference literature [9]. The thermal effect of the
reaction under consideration was calculated taking into
account the change in the heat capacity of the reaction
mixture [10]:

AHyp =AHJ 15 +AC, (T ~298.15), (1)

where AH . is the heat effect of the reaction, kJ/kmol;
AHgg& 15 1s the standard heat effect of the reaction at
T = 298.15 K, kJ/kmol; ACp is the change in the heat
capacity of the reaction during the conversion of acetone
to diacetone alcohol, kJ/kmol'K; T is the absolute
temperature, K.

The standard heat effect of the reaction at
T = 298.15 K was calculated based on the values of
standard heat effects of substance formation available
in the NIST TDE? Aspen Plus database and is equal to
—95000 kJ/kmol.

The change in heat capacity during a chemical
reaction is calculated using the formula:

AC,=Cp ~Cp @)
where Cp and Cp,  areheat capacities of components A
and B, respectively, in the liquid state, kJ/(kmol-K).

The dependence of heat capacity on temperature is
expressed by a power series:

C,=a+ bT +cT? + dT3, (3)

The coefficients a, b, ¢, d of Eq. (3) are presented in
Table 1.

Table 1. Coefficients of the temperature dependence (3)
of heat capacity for components A and B

Component a b G d

A 135.6 -0.177 |2.837 - 1074 6.890 - 1077

B 59.7 0.542 0.00 0.00

For the dimerization process, it was assumed that the
chemical reaction rate obeys the law of active masses
and, thus, the reaction rate / has the form [12]:

W=k*-C3 -k -Cg, “4)

where k" (m3/(kmol-h)) and &~ (h™!) are rate constants
for the forward and reverse reactions, respectively;
C, and Cy (kmol/m?) are concentrations of
components A and B, respectively.

The dependence of reaction rate on temperature obeys
the Arrhenius law, according to which the following
expression is valid for the reaction rate constant [11]:

Eq

k= Ae RT, (5)

where 4 is the pre-exponential factor; £, is activation
energy, J/mol; R is the universal gas constant, J/(mol-K);
T is absolute temperature, K.

At the preliminary calculation stage, velocity
constant values were selected to ensure a sufficiently
high velocity in the range of 300—400 K. The parameters
of the temperature dependence of the constants (pre-
exponential factors 4 and activation energies E) are
given in Table 2.

Table 2. Arrhenius law parameters

A" E* A 15

5.00 - 10° 60000 2.67 - 1010 63200

The mathematical model of the CSTR shown in
Fig. 1 consists of material balance equations:

n} —n, —2P=0, (6)

ng—nB+P=0, (7)
where are feed rates of raw material into the reactor,
kmol/h; n, and ny are product flow rates, kmol/h; P is
reactor performance, kmol/h.

Reactor productivity depends on the volume V' of
the CSTR and the chemical reaction rate W. Thus, using
formula (4) for W, we obtain the kinetic equation for
productivity [12]:

P=w-V=(kt-C} -k -Cg)-V, (8)

where Vis a reactor volume, m?; k" and &k~ are constants
of the forward and reverse reaction rates, respectively.

In order to reduce the problem to a single unknown
parameter, we will relate the molar concentrations in the
reactor to the molar fractions and molar flows using the
molar volume of the mixture.

2 NIST Standard Reference Data (SRD); © 2022 by the U.S. Secretary of Commerce on behalf of the United States of America.
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Let us assume that the molar volume of the mixture
obeys Amaga’s law [9]:

V=V,X, T Vg, 9)

where v, and vy are the molar volumes of components A
and B, respectively, in the mixture, m3/kmol;
x, and x5 are mole fractions of components A and B,
respectively.

The molar volume of a component depends on
temperature and is calculated using the formula:

:i.b{“[l‘fﬂ

,i=A, B. (10)

The coefficients a, b, ¢, d in Eq. (10) are given in
Table 3.

Table 3. Coefficients for the mole volume calculation by (10)

Component a b G d
A 1.2298 0.2576 508.2 0.29903
B 0.6727 0.2603 606 0.2511

Molar concentrations in the reactor are related to
molar fractions by the ratio:

X
C, =4, 11
AT, (11)
X
C, =B 12
B=T, (12)

Molar fractions are related to molar flows in the
reactor by the following ratios:

N
X, =—, 13
ATy (13)
n
B
xg =—2, 14
B~y (14)
N=n, +ng. (15)

From Egs. (6) and (7) of the component material
balance of the reactor, we express the product molar
flows through the known input flows and the unknown
reactor productivity P:

ny =n3 —2P, (16)

ng =nY + P. (17)

Thus, using (9), (11)—~(17), we obtain relations
reflecting the connection between molar concentrations
and molar fractions and molar flows in the reactor
through one unknown quantity P:

N
VAxA+VBxB A+ nB
VAT VBT
n nd —2p
= A = A (18)

—2P)+vB(ng +P)’

g
C., = xB _ N

VAXy +HVpXg . N ng
ATATTBTB oy A+VBA
N N

3 ng nB+P (19)
- VaRp T Vghg vA(nA 2P)+VB(nB +P)‘

To find the reactor performance, we will transform
Eq. (8) using the obtained expressions for the chemical
reaction rate (4) and molar concentrations (18) and (19).

As a result of the transformations, we will obtain
a nonlinear equation expressing the material balance of
the CSTR through one unknown quantity P:

k* -(ng —2P)2
(va (nS ~2P)+ vy (nd +P)) o0
k= '(ng + P)
- VA(ng —2P)+VB(I’11% +P)

The mathematical model of CSTR also includes the
reactor heat balance equation (AQ is the heat balance
discrepancy, kJ/h):

P-V

AQ:(ng-cg; +ng~cg}13)Tin—

@n
~(na +Cp, +15-Cp )T = At P+ 0, =0

where are heat capacity of components A and B at inlet
temperature, kJ/(kmol-K); 7} is the temperature at the
reactor inlet, K; Q_, is the amount of heat supplied by
external heat exchange, kJ/h.

To simplify the study, let us assume that the CSTR
has a cylindrical shape with a flat bottom enclosed
in a jacket. The flow structure in the reactor jacket is
assumed to correspond to ideal mixing. The amount of
heat supplied by external heat exchange is calculated
based on the temperature difference between the reactor
and the jacket [13].

The equation for calculating the amount of heat
supplied by external heat exchange is as follows:

O =K, F(T—-T"), (22)

where K, is the heat transfer coefficient, kJ/(h-m?K);
F is the heat exchange surface area, m?; T is the reactor
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temperature, K; 7" is the refrigerant temperature in the
jacket, K.

To solve the problem of analyzing steady states under
conditions of external heat exchange, it is necessary
to specify the design characteristics, comprising the
diameter and height of the reactor, the heat exchange
surface, as well as the amount of refrigerant supplied to
the jacket, its inlet temperature, and its thermophysical
properties.

The heat balance equation for the refrigerant is
expressed as follows:

Grer “Cp T'=Gop Cp . T"+K,-F(T-T")=0, (23)

T

where G, is the refrigerant consumption, kmol/h;
C P is the heat capacity of refrigerant, kJ/(kmol-K);
T is the refrigerant inlet temperature, K.

When calculating the material balance of the
reactor and the thermal balance mismatch, the input
parameters were the feed flow rate, its composition
and temperature, as well as the refrigerant flow rate
and its inlet temperature. The influence of the feed
flow input parameters on the steady-state conditions
when varying the temperature and composition of the
feedstock, as well as the influence of heat exchange,
were studied. The following parameters were set:
reactor volume, refrigerant quantity, and refrigerant
temperature.

Thus, we obtained a problem in which the known
parameters are: reactor volume V; feed rate of the
raw material n% and n3; inlet flow temperature T P
standard heat effect of reaction AH 898.15; refrigerant
consumption G, refrigerant inlet temperature 7"
The unknown parameters are: the temperature in
the reactor and the composition of the product
stream.

To solve this problem, the current temperature value
in the CSTR was set and Eq. (20) was solved to find
the reactor performance value. Then, using Egs. (16)
and (17), the material balance of the reactor was
calculated at a given temperature. To solve Eq. (20),
the Newton method was used, which is implemented
in Microsoft Excel in the Solver module. Next, based
on the information obtained, the reactor heat balance
discrepancy (21) was calculated. By graphically plotting
the dependence AQ = AT) according to the number
of points of intersection of this dependence with the
Ox axis, the number of steady states of the reactor
was determined. For this purpose, the thermal balance
discrepancy was calculated in the temperature range of
200-500 K. When selecting the temperature range, the
possibility of lowering the temperature in the reactor by
removing heat with an external heat carrier, as well as
heating the reaction mass due to the thermal effect, was
taken into account.

Analysis of steady states of a flow adiabatic
CSTR at different inlet temperatures
of reagents

Let us consider the influence of the inlet flow temperature
on the steady-state parameters. To do this, we will
specify the design parameters of the reactor and the
composition of the reagent flow, and its temperature will
act as a variable.

Initial data for the calculation were as follows: reactor

volume V = 14 m3; feed rate of raw material
ng =100 kmol/h; ng =0; no external heat exchange,
0, =0.

Next, we obtain the dependencies of the thermal
balance discrepancies of the adiabatic reactor on
temperature at various values of the inlet flow
temperature. The calculation results are shown in Fig. 2.

T, =313K
AQ, kI/h e T, =293K
4000000 ; T -263K
3000000 e T, =243K
20000001
1000000 ;

0 N 3 N N N
50 200 250" 300 350 400
~1000000 4

OY) 550 T,K

Fig. 2. Reactor temperature dependencies of the energetic
balance discrepancy for adiabatic reactor with different feed
temperature

—2000000 4

—-3000000

Based on the data obtained from the thermal balance
discrepancies from the temperature, the parameters of
the reactor’s steady states were determined, the results of
which are shown in Fig. 3.

500
490
480

s 470

T
460
450

440

430

220 240 260 280 300 320 340 360
T K

in>

Fig. 3. Feed flow temperature dependence of the internal
reactor temperature
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The results shown in Fig. 2 indicate that when the inlet
flow temperature decreases below a certain value (below
248 K), three steady states become possible, differing in
reactor temperature and productivity. For example, at
T. =243 K, three steady states are realized: 7, =244.70K,
P, =0.229 kmol/h; T, = 274.79 K, P, = 4.545 kmol/h,
and 7, =432.46 K, P, = 37.263 kmol/h. The calculations
showed that the temperature in the reactor increases
with an increase in the inlet flow temperature, while
the productivity decreases. The decrease in productivity
is due to the fact that as the temperature in the reactor
increases, the reverse reaction rate constant begins to
prevail, which leads to a significant increase in its rate.

Analysis of steady states of a flow
adiabatic CSTR at different values
of its volume

Let us consider the effect of the CSTR volume on the
steady-state parameters. This can be achieved by setting
the input values for the reagent flow (its composition and
temperature), while the reactor volume will vary.

Initial data for the calculation were as follows: inlet
flow temperature 7} =263.15 K, feed rate of raw material
nQ =100 kmol/h; nd =0; O, =0.

Next, we will obtain the dependencies of the
thermal balance discrepancies of an adiabatic reactor
on temperature at different values of its volume, m>.
The calculation results are shown in Fig. 4.

From Fig. 4, it can be concluded that, with a decrease
in the reactor volume, three steady states can be achieved.
At high volume values, one steady state is achieved with
a high temperature in the reactor (approximately 450 K).
At low volume values, two more steady states appear
with lower temperatures and, accordingly, lower reactor
productivity.

AQ, kl/h
2500 000

2 000 000
1500 000
1000 000
500 000
0

AQ=/(T)

AO, kI/h
3000 000 e v—0n
2 000 000 14
1 500 000 V=18
1 000 000 V=22
500 000
O 7~’l*
50 100 150 200 250 00 350 400 450 500 550
500 000
7,K
~1 000 000
1 500 000
2000 000

Fig. 4. Reactor temperature dependencies of the energetic
balance discrepancy for adiabatic reactor with different
reaction volumes

Analysis of steady states in a flow adiabatic
CSTR at various inlet flow compositions

Let us consider the influence of the inlet stream
composition on the steady-state parameters. This can be
achieved by setting the design parameters of the reactor
and the inlet stream temperature, while its composition
will vary.

Initial data for calculation: reactor volume V'= 1.4 m3;
inlet flow temperature 7; = 263.15 K; O, = 0. The
calculation results are shown in Fig. 5.

The data obtained (Fig. 5) show that, as the content
of component A in the input stream decreases, the heat
balance discrepancy curve decreases relative to the Oy axis
and straightens. The temperature and productivity of the
reactor decrease as the molar fraction of component A
in the initial mixture decreases. Furthermore, when the

—— x(A)=1.0 mol. fr.
- x(A)=0.9 mol. fr.
- x(A)= 0.6 mol. fr.
—— x(A)=0.8 mol. fr.
—o x(A)=0.5 mol. fr.
- x(A)=0.7 mol. fr.

50 100 150 200 250°Q(
-500 000 \

—1 000 000
—1 500 000
—2 000 000
—2 500 000
-3 000 000

—— x(A)= 0.4 mol. fr.
00y 450 500 550
T,K

Fig. 5. Reactor temperature dependencies of the energetic balance discrepancy for adiabatic reactor with different composition of feed

flow. x(A) is the mole fraction A in the feed flow
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ratio of reagents changes, there is a range of values
(0.65-0.80 molar fractions of component A) in which
three steady states are realized.

Analysis of steady states in a flow
isothermal CSTR at different amounts
of heat removal

The results of the analysis of the steady states of the
adiabatic reactor demonstrate the possibility of three
points of intersection of the AQ(T) curve with the
Ox axis and consequent likelihood of three steady states
of the reactor. The achievement of multiple steady states
in the presence of heat removal Q_ can be assumed,
since the presence of an additional negative term in (21)
will lead to the appearance of new points of intersection
of the mismatch curve with the Ox axis. In this regard,
calculations of a mathematical model of a reactor with
heat removal were performed.

Letus consider the effect of the amount ofheat supplied
to the refrigerant jacket on the steady-state parameters.
This can be achieved by setting the design parameters of
the reactor, the temperature and composition of the inlet
flow, while the refrigerant supply rate will vary.

Initial data for solving the problem were as follows:
inlet temperature of the reactants 7, = 263.15 K; reactor

volume 7 = 1.4 m?; reactor diameter d = 1.2 m; reactor
height # = 1.24 m; feed rate of the raw material
n% =100 kmol/h; nf =0.

The heat transfer coefficient K, generally depends
on the hydrodynamic conditions in the reactor and
jacket and the composition of the reaction mass. To
simplify calculations, we will assume K, to be constant
in accordance with the recommended parameters [13]:
K, = 5400 kJ/(h-m?-K); heat capacity of the refrigerant
C Py = 83.4 kJ/(kmol-K). Refrigerant inlet temperature
7"=250.15 K.

We can calculate the heat exchange surface area F
knowing the diameter d and height /4 of the reactor:

2 .
F=ndh+%=3.14-1.2-1,24+w

=5.80 m?.

To calculate the outlet temperature of the refrigerant and
the amount of heat removed, we will use Egs. (22) and (23).
Using the reactor model, we will obtain the dependencies
of the heat balance discrepancies of the isothermal reactor
on the temperature at different refrigerant flow rates. The
calculation results are shown in Fig. 6.

Based on the obtained dependencies of heat balance
discrepancies on temperature, the parameters of steady
states of an isothermal reactor were determined as given
in Table 4.

Table 4. Steady states of the isothermal reactor with different flow rates of heat carrier

G, kmol/h T.K P, kmol/h O, KI/h T K
0 445.07 37.06 0.00 -
267.60 2.48 1.90-10° 261.53
200 271.22 3.40 2.29-10° 263.90
388.78 38.01 1.51-10° 340.59
260.75 1.30 1.71-10° 255.28
400 282.60 7.98 5.24-10° 265.86
369.94 37.95 1.93-10° 308.14
AQ, kl/h
2500 000 AQ =f(T)
2000 000
1 500 000
1000 000
500 000
0 50 100 150 200 256 300 350400 430 500
500 000 T,K
—1 000 000
1500 000 { —+ Gpep= 0 kmol/h
2000000 { = Gor=200 kmol/h
—~2 500 000 Gref: 400 kmol/h

Fig. 6. Reactor temperature dependencies of the energetic balance discrepancy for isothermal reactor with different flow rates of heat carrier
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The results show that, in the case of heat exchange
with an increased quantity of refrigerant, three steady
states of the reactor occur, differing in temperature
and performance. The presence of several steady
states is realized at refrigerant flow rates above
200 kmol/h.

Thus, numerical modeling of the reactor made it
possible to identify its possible steady states. If we
assume that the reactor under consideration is an
element of a recirculation system, then the reactor
feed flow is formed by mixing some external flow
with the recirculation flow. Thus, it can be assumed
that the recirculation system, including the reactor
and the separation unit, can also implement several

steady states with different reactor capacities
and, consequently, conversion throughout
the system.

Stability of steady states
in a dimerization reactor under small
parameter changes

For a CSTR, whose mathematical model is a system
of ordinary differential equations, the concentrations
of reactants and the temperature in the reactor play
the role of variables. The behavior of the object
is described by a system of first-order differential
equations [14]:

dC, nQ -qC
A PATTA _op+ed 42k Cy = ),

dt 14

dCy % —qCq

—B_-B "B CE —kCy=f,,

@ ATEG =L (24)

ar (8o +miCo )T yr Ay (K CE -k Cy)

d - y(cyCp +CyCp,) ¥

= £
CACp, +CChy

where ¢ is the volume flow rate of the mixture, m3/h,
which is calculated using the expression:

q = (Vpax, T vpxp)L, (25)

where L is the flow rate at the reactor outlet, kmol/h.

The coefficients of system (24) are the values of
partial derivatives from the right-hand sides of the
equations corresponding to the equilibrium position
coordinates, namely matrix B:

I
aC, oCy oT
B= % % % (26)
oc, aCy oT
o o %
aC, aCy T

The equation of system (24) with respect to
characteristic roots A has the form of a third-degree
polynomial [15]:

MP+ol2+AL+0=0, 27),

whose coefficients are calculated in accordance with the
following expressions:

0 0 0
o= N, P U] 28)
oc, oCy oT
AR AR
oc, oC
N Ll \h &L %
oCg 0Cy| |or or or  oT
o o o
oc, 0oCy oT
0 of, 0
9=_i i é (30)
oC, 0Cy oT
o o U
oC, 0Cy oT
Q =—c2A% + 4530 + 4A% — 186A0 + 2762, €2))

To solve system (24), we express the partial
derivatives of matrix B in analytical form:

9
L9y, (32)
oc, v
d
=/ =2k, (33)
oCp
o, okt ok~
—L-_2c2 +2C, —, 34
oT Aoar Boar (34
o,
—=£ =2k*C,, 35
oC, A (35)
9
i:_i_k—, (36)
oCy V
o, ok+ ok~
L2 Cp—, 37
or “or Bor 37)
_Ea
G{AeRT} .
Ok _ L J_ ot B (38)
or or RT?
We express the derivative functions f; as:

U A
8C, AC,

(39)
) £3(Cag #0008 Co T )~ 13 o5 g 75

0.001 ’
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o M _
aCy  ACy
(40)
_f3(C $5Cag #0005 Ty )= /5(Cp 3 Cp i T )
0.001 '
P B _
oT AT
(41)
_f3(C $$CagsTs +0.001) = f5(Cp 3 Ca i T )
0.001 '

Here, C Ag and Cy ~ are concentrations of
components A and B at steady states, respectively,
kmol/m?; T, g 18 the reactor temperature at steady
states, K.

We will analyze the obtained steady states of the
adiabatic reactor for stability; the parameters of the
steady states are given in Table 5.

Table 5. Steady states of the reactor

For these values, we will analyze the stability of
steady states in the small. We will calculate the values
of the derivatives using formulas (32)—(41) and find the
values of the coefficients of the characteristic Eq. (27)
using formulas (28)—(31). The results are presented
in Table 6.

From the Routh—Hurwitz conditions, it follows that
the equilibrium position under investigation is stable if
the following inequalities are satisfied [15]:

6>0;A>0;0>0;,6A-06>0. (42)

From this, it can be concluded that systems
characterized by a single steady state are stable. For
example, steady states 1, 2 and 3, which when occurring
in isolation (as shown by qualitative analysis), are
characterized by stable reactor operation. However,
when several steady states are realized, not all of them
correspond to a stable reactor state. In a reactor with
a volume of 0.2 m3, three steady states are realized, two

No. 7, m3 T,,K e mol. fr. T, K P, kmol/h
1 1.4 253.15 1.0 439.89 37.18
2 1.4 263.15 1.0 445.07 37.06
3 1.4 273.15 1.0 492.98 35.72
4 265.22 0.30
5 0.2 263.15 1.0 302.73 6.31
6 444 .22 36.88
7 266.85 0.75
8 1.4 263.15 0.7 299.77 7.90
9 344.27 18.99

Table 6. Coefficients of the characteristic Eq. (27)

No. c A 0 oA - 0 Q
1 6020 2.11-10° 1.19-107 1.27-1010 -1.16-10%
2 7270 3.07-106 1.75-107 2.23-1010 —3.64-10%0
3 8800 4.47-10° 2.58-107 3.93-1010 -1.14-10%!
4 119 4670 59900 498000 —224000
5 15.3 -4510 -136000 67300 —4.13-1010
6 6990 1.76-10° 5.99-107 1.23-1010 —6.14-10%
7 20.3 135 293 2440 -22.9
8 478 -157 -925 172 —5.98-10°
9 52.8 —1340 —10400 —60300 -3.11-1010
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of which (Nos. 4 and 6) are stable, and one (No. 5) is
a saddle [15]. When a mixture of components A and B in
aratio 0of 0.7/0.3 is fed into the reactor, it is also possible to
implement three steady states, where one state is a stable
node (No. 7) and the other two are saddles (Nos. 8 and 9).

DISCUSSION OF RESULTS
AND CONCLUSIONS

By calculating the thermal balance discrepancies,
possible steady states of a CSTR were identified. The
influence of the inlet temperature and composition of
the reagent flow, reactor volume, heat exchange, and
inlet flow composition on the parameters of steady
states was considered along with a determination of
their type.

As the inlet flow temperature increases, the steady-
state temperature also increases along with a decrease
in their productivity. This is due to the fact that, as the
temperature in the reactor increases, the reverse reaction
rate begins to increase.

A decrease in the reactor volume leads to the
realization of three steady states (when the reactor
volume is less than 0.6 m?), which can lead to unstable
operation or low productivity values.

Asthe product content in the feed stream increases due
to the composition approaching chemical equilibrium,
the reactor productivity decreases, and two more steady
states appear in the range of 0.65—0.8 molar fractions of
component A.

The analysis of the steady states demonstrates that
the realized steady states are stable nodes and saddles.
It follows that oscillatory modes for the reaction under
consideration are not realized in a CSTR.

Symbols

A, B — reaction mixture components;

C,, Cg — concentrations of components A and B,
respectively, kmol/m3;

C $ CBs — concentrations of components A and B
at steady states, respectively, kmol/m?;

C X C P heat capacity of components A and B,
respectively, kJ/(kmol-K);

C Py heat capacity of refrigerant, kJ/(kmol-K);

E, — activation energy, J/mol;

F — surface area of heat exchange, m?;

G,.p— refrigerant consumption, kmol/h;

AH [ — change in enthalpy during the reaction, kJ/kmol;
k — speed constant;

K, — heat transfer coefficient, kJ/(h-m?K);

L — reactor outlet flow, kmol/h;

nQ and n} — feed rate of raw material into the reactor,
kmol/h;

n, and ng — product flow rates, kmol/h;

P — reactor performance, kmol/h;

g — volume flow rate of the mixture, m3/h;

Q.. — heat removal from the reactor, kJ/h;

AQ — energy imbalance, kJ/h;

R — universal gas constant, 8.314 J/(mol-K);

T, — inlet flow temperature to the reactor, K;

T" — refrigerant inlet temperature, K;

T" — refrigerant outlet temperature, K;

T — reactor temperature, K;

Ty — reactor temperature at steady states, K;

V — reactor volume, m?;

v — molar volume of mixture, m3/kmol;

v, and vy — molar volumes of components A and B,
respectively, in the mixture, m3/kmol;

x, and x5 — molar fractions of components A and B
in the mixture, respectively;

W — chemical reaction rate.
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Abstract

Objectives. While the phenomenon of cavitation is of interest for treatment of hydrocarbon mixtures, in particular crude oil and petroleum
products, the literature lacks a systematic approach to conducting such research. This gap stimulates the need for a more in-depth study
of the influence of this physical effect on the characteristics and detailed hydrocarbon composition of petroleum feedstock. Thus, the
present work set out to explore the influence of the conditions leading to cavitation on the physicochemical properties and hydrocarbon
composition of crude oil and petroleum products.

Methods. The objects of the study were two crude oil samples and four straight-run fractions—gasoline, kerosene, diesel, and fuel
oil—having different characteristics and hydrocarbon compositions. Cavitation treatment was carried out in a hydrodynamic mode
using a Donor-2 apparatus within a range of pressure changes from 20 to 50 MPa. The number of treatment cycles was from 1 to 20.
The density was determined by pycnometry using the refractive index, an Abbe refractometer, and the fractional composition or fraction
yield, as well as by distillation at atmospheric or reduced pressure for light or dark petroleum products, respectively. The hydrocarbon
composition of the gasoline fraction was determined by chromatography and mass spectrometry.

Results. Changes in the densities and fractional compositions of the objects of study following their treatment under various conditions
were recorded. Particular attention was paid to the hydrocarbon composition of the gasoline fraction: an increase in the content of normal
alkanes was shown to be due to an increase in the number of structures with shorter carbon chains in comparison with the components
of raw materials not subjected to cavitation.

Conclusions. The results of the study of the effect of cavitation treatment of crude oil and its individual fractions on their physicochemical
characteristics showed that the nature of the changes depends on the treatment conditions and the initial characteristics of the sample.
It is suggested that cavitation treatment causes cracking and compaction processes. The possibility of cracking reactions was confirmed
by chromatographic determination of the group hydrocarbon composition of the samples.
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HAYYHAA CTATbA

N3meHeHue yrneBoaopoaHoOro cocraea
HedTenpoaykToB Noa BO3[EenUCTBUEM KaBUTaLuun

AW. Hukonaes, b.B. llemnes, A.H. Koposies™, JI.B. Hukumun

MUPDIA — Poccutickuti mexunonoauveckutl ynugepcumem (Mucmumym moukux xumudeckux mexuvonoauti um. M.B. Jlomonocoea),
Mocxea, 119454 Poccus

™ demop ons nepenucku, e-mail: waterpolist2000@yandex.ru

AHHOTaUuS

He.Jm. I/IHTepec K [IPUMEHCHUIO SIBJICHUS KaBUTAllUU 1JIsd O6pa6OTKI/I YIII€BOAOPOAHBIX CMeCCﬁ, B HaCTHOCTH He(bTI/I u He(bTerO}:[yKTOB,
1 OTCYTCTBUE B JINTEPATYPE CUCTEMHOTO TOAXOAA K IPOBEACHUIO HOHO6HLIX I/ICCJ'Ie,Z[OBaHI/Iﬁ OTKpPbIBACT HeO6XOZ[I/IMOCTB OoJee FJ'Iy60KO-
TO U3YUYCHUS BIIUSHUA S3TOTO (I)I/I3I/I‘JGCKOFO BOSﬂeﬁCTBHH Ha XapaKTEpUCTHUKU U JIeTaIbHBII yFJIeBOZ[OpOZ[HI;Iﬁ cocTraB HC(I)TSIHOFO ChbIpbs.
B cBsizu ¢ 9TUM, LECIIb Z[aHHOfI pa60T},1 3aKJIIOYaCTCA B U3YUCHUU BIIUSTHUSL yCHOBHﬁ, IIpH KOTOPbIX BO3HUKACT KaBUTalUsl, HA UBMCHCHUE
q)I/ISI/IKO-XI/IMI/I‘-IeCKI/IX CBOWCTB U YIII€eBOAOPOAHOI'0 COCTaBa He(i)TI/I u He(bTerO}:[yKTOB.

Metoapl. B kadecTBe 0OBEKTOB HCCIICOBAHUS OBUTH B3ATHI J[Ba 00pa3na HeTH M YETHIpe MPSIMOTOHHBIE (pakIuu — OEH3MHOBAS,
KepOCHHOBAs, IU3ENIbHASI I Ma3yT, 00JIaIafolHe pa3IMIHbIMHI XapaKTePUCTHKAMH 1 YTIIICBOJOPOAHBIM cocTaBoM. KaBuTannoHHyro 00-
paboTKy IPOBOIUIIN B THAPOANHAMUYECKOM pexXHMe Ha anmapare JloHop-2 B Auamna3oHe nepenanoB nasiuenus ot 20 go 50 MlIla. Komu-
YeCTBO IUKIOB 00paboTky cocTansiio oT 1 10 20. [IToTHOCTE onpenessui MIKHOMETPHIECKUM METO/IOM, TOKa3aTel b IPEIOMIICHUS —
Ha pedpakTomerpe THa AOGe, a (HPaKIMOHHBIA COCTAaB WM BBIXOA (paKnuili — NEperoHKON NpH aTMOC(HEPHOM WM ITOHIKEHHOM
JIaBJIIEHUU COOTBETCTBEHHO ISl CBETIIBIX MJIM TEMHBIX HE(TEIPOIYKTOB. YIIICBOJOPOIHBIN COCTaB OEH3MHOBON (hpaKIMU ONpeeIIsuIH
XPOMaTO-Macc-CIIEeKTPOMETPHIECKUM METO/IOM.

Pe3syabTarsl. B pabote moka3aHo n3MeHEHHE TNIOTHOCTH U (PPAKIIMOHHOTO COCTaBa OOBEKTOB HCCIIEIOBAHUS MTOCTE X 00pabOTKH pU
Pa3INYHbIX YCIOBHSX. YACICHO 0c000¢ BHUMAHHE YITICBOAOPOJHOMY COCTaBy OCH3MHOBOM ()pakiiu: MOKAa3aHO YBEIMYCHUE COIEp-
JKaHUS B HEHl HOPMaJIbHBIX AJIKAHOB 33 CYET yBEIMYCHUS KOIMYECTBA CTPYKTYP, OONAAIOIIMX MEHbLICH AJIMHOW YIIEPOAHOH LenH,
10 CPABHEHHIO C KOMIIOHEHTAMU ChIPbsI, HE TIOJBEPTHYTOrO KABUTALIHIOHHOMY BO3/ICHCTBHUIO.

BoiBoabl. [IpescTaBieHbl pe3yabTaThl HCCISA0BAHUS BIUSHHUSA KABUTALIMOHHOH 00paboTKH HE()TH 1 ee OTIENbHBIX (paKkuui Ha U3Me-
HeHHe (PU3MKO-XMMUYECKUX XapaKTEPUCTUK OOBEKTOB MCCIIEOBAHUS. YCTAHOBJICHO, YTO XapaKTep M3MEHEHMil 3aBUCHT OT YCJIOBHH
00pabOTKH 1 UCXOTHBIX XapaKTEPHCTUK 00pa3ia. Beicka3aHo MPEnoaokeHHe 0 TOM, UTO B Pe3ynbTaTe KaBUTAI[MOHHOTO BO3AEHCTBHSA
MOTYT IIPOTEKATh MPOLECCHl KPEKUHTa U YIUNIOTHEHHs. BO3MOKHOCTE MPOTEKaHUS PeaKlUi KPeKWHra MOATBEP)KAEHA Pe3ynbTaTaMu
Xpomarorpaduu 1 ompeeseH:s IPYIIOBOrO yIIeBOAOPOJHOIO COCTaBa 00pasIoB.

Kniouesble cnosa MocTtynuna: 16.12.2024
Aopa6oTaHa: 11.07.2025

MpuHara B neyatb: 13.02.2026

He(Th, HeTETTPOMYKTHI, KABUTAIHS, YIIIEBOAOPOIHBIH COCTAB, KIACCHI yIIIEBOAOPOIOB

Ang uMTMpoBaHns

Huxomnae A.U., [Temnes b.B., Koposes A.H., Hukummn [I.B. M3MeHeHre yIiieBOIOPOIHOTO COCTaBa HE(TEMPOTYKTOB MO BO3ACHCTBIEM
kaBuTauuu. Toukue xumuyeckue mexvonoauu. 2026;21(2):157-164. https://doi.org/10.32362/2410-6593-2026-21-2-157-164

INTRODUCTION

The alternation of high- and low-pressure regions
in a liquid medium leads to cavitation involving the
formation and collapse of gas bubbles [1, 2]. The
study of this phenomenon confirms its role not only as
a destructive factor for ship propellers and hydroelectric
turbine blades, but also as an efficient agent in processes
taking place agriculture [3], medicine [4], the food
industry [5], construction [6], and the oil industry [7-9].

In the oil production and refining industries, cavitation
isused as a means of modifying the rheological properties
of crude oil and its fractions to reduce the viscosity of

petroleum disperse systems and consequent cost of
transportation [10], as well as increasing the yield of light
fractions [11] and improving the quality of hydrocarbon
fuels [12]. The potential for using cavitation to intensify
chemical engineering processes has also been noted [13].
However, despite the wide variety of publications on
the use of cavitation in oil refining processes, they lack
a systematic approach for relating the conditions leading
to cavitation phenomena with the observed changes in
feedstock characteristics, particularly in terms of their
hydrocarbon composition.

The present study set out to explore the influence
of the conditions for the occurrence of cavitation on
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the characteristics and hydrocarbon compositions of
petroleum and petroleum products.

EXPERIMENTAL

The objects of study were samples of heavy (O1) and
light (O2) crude oils obtained from the Ilskoe field
(Krasnodar krai, Russia); straight-run fractions of
crude oil: gasoline (G), kerosene (K), and diesel (D);
and fuel oil (F) (all of Gazpromneft-MNPZ, Russia).
Table 1 presents some of their characteristics.

Cavitation  treatment  was  performed in
a Donor-2 apparatus (Russia) [14, 15]. In this apparatus,
cavitation occurs in the hydrodynamic flow of
a petroleum product through a diffuser under elevated
pressure. The pressure in the discharge cylinder was
varied from 20 to 50 MPa; the number of treatment
cycles, from 1 to 20. The treatment temperature was
determined by the viscosity of the samples. Samples G,
K, and D were treated at 20°C; Samples O1 and O2, at
50°C; Sample F, at 70°C.

The density of the samples was measured pycno-
metrically in accordance with GOST R 50.2.075-2010".

The fractional composition of light petroleum
products was characterized using an ARNP-1 apparatus
(NPP SKIF-PRIBOR, Ukraine) in accordance with

Table 1. Characteristics of objects of study

GOST 2177-992. The yields of dark fractions of crude
oil and fuel oil were determined by vacuum distillation
at a residual pressure of ~2 mm Hg [16].

The hydrocarbon composition of the gasoline fraction
was determined using an Agilent GC 7890 chromatograph
(Agilent Technologies, USA) on an HP-5SMS quartz
capillary column (30 m x 0.25 mm x 0.25 pm) with
a modified methyl silicone (5% phenylmethyl silicone)
liquid stationary phase. The chromatograph was
equipped with an MSD 5975C mass-selective detector
(Agilent Technologies, USA) having a quadrupole
mass analyzer. Mass spectra were obtained by electron
impact ionization with an ionization energy of 70 eV
and recorded in the mass range of 29-550 amu at an
evaporator temperature of 320°C and a carrier gas
(helium) flow rate of 1 mL/min.

RESULTS AND DISCUSSION

The most obvious changes in the characteristics of
petroleum products under the influence of cavitation
involve variations in the sample density (Fig. 1) and
its fractional composition. For example, the initial
boiling points of Samples O1, F, and G following five
treatment cycles at a pressure of 50 MPa decreased
by 30, 25, and 8°C, respectively. It was observed that,

Object of study
Property
O1* 02 G K D F
Density, g/cm? 0.9693 0.8810 0.7112 0.7880 0.8333 0.9684
Refractive index - - 1.4345 1.4501 1.4709 -
Initial boiling point, °C 160 56 40 144 175 290
Distillation point, °C
10 vol % 3 3 71 162 213 B
50 vol % 116 192 280
90 vol % 186 218 335
Yield of fractions, wt %
Up to 160°C - 11.9 -
160-230°C 0.5 19.2 -
230-350°C 5.2 19.5 - - - 49
350-400°C 93.4 49.4 9.3
400-480°C 93.4 49.4 27.9
Above 480°C 93.4 49.4 57.9

* 01, heavy crude oil; O2, light crude oil; G, gasoline; K, kerosene; D, diesel; and F, fuel oil.

1

GOST R 50.2.075-2010. State system for ensuring the uniformity of measurements. Crude petroleum and petroleum products. Laboratory

methods for determination of density, relative density and API gravity. Moscow: Standartinform; 2011.

2 GOST2177-99. Interstate Standard. Petroleum products. Methods for determination of distillation characteristics. Moscow: Standartinform; 2006.
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the higher the initial density of the petroleum product,
the more noticeable were the changes occurring in its
physicochemical characteristics (density, fractional
composition, etc.).

The changes occurring in the parameters of a sample
with changing treatment conditions were noted to
be significantly affected by the nature of the sample.
Increasing the pressure and the number of treatment cycles
(up to 10) for Sample F led to a decrease in the initial
boiling point and density and an increase in the yields of
fractions whose initial boiling points were up to 400°C.
Conversely, the yields of fractions boiling above 400°C
decreased. For example, after one treatment cycle at
apressure of 20 MPa, the initial boiling point of Sample F
decreased from 290 to 287°C, while the yield of fractions
boiling up to 400°C increased from 14.4 to 14.8 wt %.
Following 10 processing cycles, these parameters
amounted to 273°C and 23.4 wt %, respectively. If the
treatment was carried out at 50 MPa, then after 10 cycles,
the initial boiling point decreased to 257°C, and the yield
of fractions boiling up at 400°C increased to 29.2 wt %.
No significant changes were observed with a further
increase in the number of treatment cycles.

1.00 ¢
095t
090+
0.85}
0.80F
0.75t
0.70
0.65

Density, g/cm?3

When treating light fractions (G, K, D), their initial
boiling points also decreased with increasing pressure
and number of treatment cycles. The dependence of
the density of these samples on treatment pressure was
similar to that for Sample F: increasing pressure led to
a greater decrease in density. However, the dependence
of the density of the light products on the number of
treatment cycles differed significantly. Unlike Sample F,
the density of the light petroleum products began to
increase with repeated treatments (Fig. 2).

The number of treatment cycles after which an
increase in density was detected depended on the nature
of the sample (its initial density) and the treatment
pressure. For example, at a treatment pressure of 30 MPa,
the density of Samples G and K increased after 10 cycles.
For Sample D, no significant change in density occurred
following 10 treatment cycles at this pressure. After
10 treatment cycles, its density was 0.8293 g/cm?, while
after 20 cycles, the density was 0.8295 g/cm3. However,
when the treatment pressure for Sample D was increased
to 40 MPa, an increase in its density was detected already
after 10 treatment cycles (after 5 cycles, the density
was 0.8298 g/cm?; after 10 cycles, 0.8294 g/cm?; and

D

02 F

Sample

0O1

Fig. 1. Influence of cavitation treatment on the density of samples in five treatment cycles at 50 MPa: sample density (/) before

and (2) after treatment

0.76

Density, g/cm3
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Fig. 2. Influence of conditions of cavitation treatment of light petroleum products on their density: Samples G (/, 2), K (3, 4),
and D (5, 6) at treatment pressures of 20 (/, 3, 5) and 50 MPa (2, 4, 6)
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after 20 cycles, 0.8301 g/cm?). At a treatment pressure
of 50 MPa, an increase in the density of Sample D was
noted after the fifth cycle.

Similar behavior with increasing number of
treatment cycles was observed for the refractive
indices of light petroleum products. For Samples G
and K, increasing the number of treatment cycles
to 10 (at a pressure of 30 MPa) resulted in a decrease in
the refractive index to 1.4185 and 1.4408, respectively.
After 20 treatment cycles, the refractive indices
were 1.4205 and 1.4422, respectively. At a pressure
of 50 MPa, the refractive index of Sample G after
5 processing cycles was 1.4205, and after 10 cycles, it
increased to 1.4225.

Noteworthy is the effect of the number of treatment
cycles on the fractional composition of light petroleum
products and their distillation points. The initial boiling
points of Samples G, K, and D decreased with both
increasing pressure and increasing number of treatment
cycles. When treating these samples at a pressure of
20 MPa, the 10, 20, ..., and 95% distillation points of the
samples also decreased with increasing number of cycles.
If the treatment was carried out at higher pressures, then,
after an initial decrease (after 1-5 cycles), subsequent
treatment led to an increase in the 40%+ distillation point
of the sample (Fig. 3).

For Sample D, an increase in distillation points was
detected only at treatment pressures of 40 and 50 MPa;
moreover, the higher the treatment pressure, the earlier
this increase began. For example, if the treatment was
carried out at 40 MPa, then, after 10 cycles, an increase
in the distillation point was noted after distilling 60%
of the sample. And if the treatment was performed
at 50 MPa, then, after 10 cycles, the increase in the
distillation point was observed after distilling 40% of
the sample.

The effect of treatment conditions on the fractional
composition of Samples G and K was similar. Moreover,
an increase in the 40% distillation point was detected at
a treatment pressure of 30 MPa.

360
320
280
240

200

Temperature,’C

160

The decreases in the densities, initial boiling points,
and fractional compositions of the samples as a result
of cavitation treatment can be explained by cracking
reactions under the influence of heat released during
the collapse of cavitation bubbles [17]. In the resulting
lower-molecular-weight  hydrocarbons, all of the
above parameters are reduced. The interaction of long-
lived radicals leads to the formation of products with
a molecular weight higher than that of the feedstock. As
manifested by an increase in the distillation points, this
phenomenon is most noticeable after the treatment of
light, low-boiling fractions. Although no such changes
are observed following the treatment of dark petroleum
products, an increase in density after cavitation treatment
was noted for fractions boiling at temperatures above
480°C [14, 18].

Table 2 and Fig. 4 present data on the group
hydrocarbon composition of Sample G and the number
of carbon atoms in alkane molecules before and after
treatment (5 cycles at a pressure of 50 MPa), confirming
the occurrence of cracking reactions.

Table 2. Effect of treatment on the group hydrocarbon
composition of Sample G after 5 treatment cycles at a pressure
of 50 MPa

Group hydrocarbon composition
Hydrocarbons of Sample G, wt %
Before treatment After treatment
Total alkanes 75.0 73.9
n-Alkanes 22.6 25.8
iso-Alkanes 20.0 18.0
Cycloalkanes 324 30.1
Arenes 22.5 22.6
Not identified 2.5 3.5

120 L
0 20

40

60 80 100

Fraction of distillate loading, vol %

Fig. 3. Influence of the number of treatment cycles (pressure 50 MPa) on the fractional composition of Sample D: (/) initial sample
and the sample after (2) 10 and (3) 20 treatment cycles at a pressure of 50 MPa
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Fig. 4. Distributions of alkanes by number of carbon atoms
in Sample G (/) before and (2) after treatment in 5 cycles
at a pressure of 50 MPa

It is of particular significance that cavitation
treatment was shown to alter the ratio of normal
alkanes, isoalkanes, and naphthenes in the samples.
While the fraction of n-alkanes increased, the contents
of isoalkanes and naphthenes decreased. Following
cavitation, the content of saturated hydrocarbons with
6-8 carbon atoms in a molecule increased, while the
content of structures with 10—12 carbon atoms in
a molecule decreased. No changes in the content of
arenes were observed.
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CONCLUSIONS

The results confirm the occurrence of cracking reactions
during cavitation treatment of hydrocarbons. Depending
on the treatment conditions and the initial characteristics
of the sample, these reactions form products having
lower and higher molecular weights than the feedstock.
The results also suggest that arene hydrocarbons exhibit
the greatest stability under cavitation conditions, while
isoalkanes and naphthenes are more susceptible to
degradation.
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Abstract

Objectives. The study set out to develop a stable lyophilized formulation of the monoclonal antibody Eculizumab, comprehensively
characterize the resulting material, and assess its stability for qualifying it as a reference material. This involved developing a matching
placebo formulation, determining the optimal lyophilization conditions, and conducting a rigorous stability study.

Methods. In the development of the formulation and lyophilization conditions for Eculizumab, we tested various buffer systems and
cryoprotectants. The residual moisture content in the resulting lyophilized samples was determined by Karl Fischer titration. Peptide
mapping was performed using reversed-phase high-performance liquid chromatography (RP-HPLC) following enzymatic hydrolysis
with trypsin. The structural, physicochemical, and biological properties were analyzed using various analytical methods, including
RP-HPLC, high-performance liquid chromatography mass spectrometry, capillary sodium dodecyl sulfate electrophoresis, size-exclusion
high-performance liquid chromatography, and enzyme-linked immunosorbent assay.

Results. A placebo solution for lyophilization of Eculizumab was selected with the following composition: 20 mM sodium phosphate,
4% trehalose, 0.2% polysorbate 80, pH 7.0. The results demonstrated a high degree of similarity between the candidate reference
material and Eculizumab EU. Stability studies under storage conditions at 2-8°C demonstrated the material’s stability for one year, with
control points at 3, 6, 9, and 12 months.

Conclusions. The absence of any effect of the drying process on the primary and spatial structure, post-translational modifications,
content of related impurities, composition of isoforms, and specific activity was confirmed. Furthermore, stability studies demonstrated
no significant changes in protein quality during storage at 2-8°C for at least 12 months, which represents the entire available data period
at the time of manuscript preparation. The results indicate that the developed lyophilized material is a viable candidate for an international
reference material, although its official qualification would require additional collaborative trials and long-term stability data.
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Pa3paboTka, xapakrepusauua n oLeHKa cTabunbHOCTU
nnobunnnsnpoesaHHon popmbl IKyMaymaba onqg
MCNOJZIb30BaHNA B Ka4eCcTBe cTaHAapTHOro oopasua
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AHHOTaUuS

ean. Lenpro nanHOTO HCCIERO0BaHMS ObLIA pa3paboTKa CTAOMIBLHON JIMOMMIH3HPOBAHHON (POPMBI MOHOKIIOHAJIBHOTO aHTUTENA DKY-
nu3yMa0, XapaKTepHu3alys MOTy4YeHHOTO MaTepHala 1 OleHKa ero cTabMIBHOCTH [UIS aTTeCTallid B KayeCTBE CTAaHAApTHOIO oOpasua.
Jst TOCTIDKEHHS TOCTAaBICHHBIX Iieseil TpeOoBaIich pa3paboTka COOTBETCTBYIONIEIO COCTaBa Iaedo, onpeaeIeHne ONTHMAIbHBIX
YCIOBHH THO(GMIN3ANUH ¥ IPOBEICHUE UCCIICIOBAHNS CTA0MIBHOCTH.
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1. INTRODUCTION

A biosimilar medicinal product is defined as a biological
product that has no clinically significant differences in
purity, safety or efficacy as compared to the reference
medicinal product [1]. The scale of application of
biosimilars is increasing every year. The increasing
number of biosimilar monoclonal antibodies (mAbs)—
both registered and mAbs—currently under development

dictates the necessity for primary reference materials.
The National Institute for Biological Standards and
Control (NIBSC) is the official laboratory in the
United Kingdom approved by the World Health
Organization (WHO) for performing the control of
biological medicines. This institute is the world’s
largest manufacturer and distributor of international
reference materials (supplying more than 95% of WHO
standards worldwide). However, due to the current lack
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of an international reference material of Eculizumab,
we publish for the first time in this paper the conditions
of lyophilization technology, the results of the stability
study, as well as the methods for validation of the
authenticity of the reference material of the Eculizumab
monoclonal antibody. Both the aim and the number of
the studies involving the use of reference samples (RSs)
depend on the type of the sample and the purposes of
its use. RSs can be categorized as primary or secondary
depending on the certification procedure. In addition,
there are RSs of the following categories: international,
interstate (regional), state, pharmacopeial, industry
RSs, as well as enterprise RSs!. Each RS is limited to
a specific area of application and cannot be used for
other purposes.

Eculizumab is a recombinant humanized 1gG2/4k
monoclonal antibody in which the CH1 and hinge regions
are related to IgG2, while the CH2 and CH3 regions are
related to IgG4, and the complementarity determining
regions (CDRs) are murine [2]. Having an approximate
mass (including glycosylation) of about 148 kDa,
Eculizumab contains two light chains of 214 amino
acid residues and two heavy chains of 448 amino acid
residues with a conservative N-glycosylation site at the
Asn297 position in both heavy chains. Eculizumab,
which inhibits the terminal lytic pathway of complement
by blocking of the enzymatic cleavage of complement
factor 5 [3-5], is used to treat patients with paroxysmal
nocturnal hemoglobinuria (PNH) [6-8], atypical
hemolytic uremic syndrome (aHUS) [9-14], refractory
generalized myasthenia gravis (gMG) in patients aged
6 years and above [15-17], and neuromyelitis optical
spectrum disorder (NMOSD) [18-21]. The wide
range of biosimilar drugs of Eculizumab approved for
the use in Europe and Russia includes: EPYSQLI™
(Samsung Bioepis, South Korea) and Bekemv® (4mgen,
USA), which was approved in Europe by the European
Commission in 2023; Elizaria® (licensed by GENERIUM
in the Russian Federation in 2019 and in Turkey in 2022);
Eculizumab (licensed by PHARMAPARK in the Russian
Federation in 2024).

Both the Soliris® (the original product developed
by Alexion Pharmaceuticals, USA) and the various
biosimilar products are supplied as the concentrates
for solution for infusion. Although liquid forms of
Eculizumab demonstrate high stability during the storage
at 2-8°C for at least 2.5 years, they have a number of
limitations that make them less suitable for the use
as international reference materials. The use of liquid

1

Geneva: World Health Organization. 2007.

2 Molecular weight cut-off.

forms in international practice is significantly limited
by their sensitivity to temperature fluctuations and the
requirement of strict cold chain conditions at all stages
of transportation and storage. Here, it can be noted
that the instructions for medical use of all Eculizumab
preparations explicitly prohibit state freezing, which may
indicate potential instability of the molecule as a result of
freezing and thawing (e.g., aggregation or denaturation).
This is a particular problem in the course of developing
reference materials due to the requirement of optimal
resilience to external influences and consequent suitability
for long-term storage. Typically, WHO international
standards produced by NIBSC are supplied as lyophilized
material in hermetically sealed glass ampoules under
nitrogen. The absence of a lyophilized form of the
Eculizumab protein to date is likely due to the sensitivity
of the molecule to freezing and drying stress. However,
our data demonstrate that optimal formulation and correct
selection of the process parameters provide effective
lyophilization of Eculizumab without loss of structural
integrity and biological activity. Thus, the present study
describes for the first time the production of a lyophilized
form of the Eculizumab monoclonal antibody. In addition,
an assessment of the stability of the obtained material for
12 months at a temperature of 2-8°C and 2 months at
25°C was carried out along with a study of its structural,
physicochemical, and biological properties.

2. METHODS

2.1. Preparation of the formulation

Two of the most widely used buffer solutions [22] were
tested, namely 20 mM phosphate buffer solution, pH 6.0 and
30 mM histidine buffer solution, pH 7.0 in combination with
different cryoprotectants, such as sucrose, trehalose, and
mannose. After concentrating the samples of Eculizumab
(PHARMAPARK, Russia) (to a concentration of 12 mg/mL)
using the concentrator Vivaspin 20 with polyethersulfone
membrane (MWCO? 30000 Da; Sartorius, Germany), the
buffer solution was exchanged using Slider-A-Lyzer dialysis
cassettes (MWCO 10000 Da; Thermo Scientific, USA) for
24 h. The concentration after the dialysis was measured
using UVS Nano ultraviolet (UV) spectrophotometer
(Mettler Toledo, Switzerland) at 280 nm. The content of
Eculizumab in the samples was normalized to 10 mg/mL
and 1 mL of the solution was transferred into 2R vials
(SCHOTT Pharma AG & Co. KGaA, Germany) for
lyophilization.

World Health Organization. WHO good practices for pharmaceutical reference standards. Annex 3, WHO Technical Report Series, No. 943.
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2.2. Freeze-drying process

The samples were placed into a metal rack and pre-frozen
for 4 h at the temperature of —30°C. Then they were
transferred to a shelf of a laboratory-scale freeze-dryer
Christ Beta 1-8K (Martin Christ, Germany) at a pre-
equilibrated shelf temperature of —30°C. Primary drying
was performed at the pressure of 0.10 mbar and a shelf
temperature of —30°C for 20 h. Secondary drying was
carried out at the pressure of 0.05 mbar with a gradual
increase of the shelf temperature from —30 to 0°C for 3 h
and from 0 to 25°C for 3 h. Desorption was carried out
at the temperature of 25°C at the pressure of 0.05 mbar
for 4 h.

2.3. Estimation of residual moisture content

The residual water content was estimated using
V20 volumetric titrator (Mettler Toledo, Switzerland)
using the Karl Fischer method according to the
manufacturer’s recommendations. The results were
calculated as relative water content (w/w).

2.4. Peptide mapping by reversed-phase
high-performance liquid
chromatography (RP-HPLC)

The test samples were denatured with 6 M guanidine
hydrochloride and reduced with dithiothreitol
followed by alkylation with iodoacetic acid.
Excesses of reagents were removed and samples
were re-buffered into ammonium bicarbonate using
Vivaspin 500 microcentrifuge concentrators retaining
the particles with a MWCO 10000 Da (Sartorius,
Germany). Trypsin proteolysis was carried out at 37°C
for 16 h. Analysis of the hydrolysates was performed
using Aeris WIDEPORE XB-C18 chromatography
column (250 x 4.6 mm, 3.6 pum, purchased from
Phenomenex, USA) with Vanquish Flex system
(Thermo Fisher Scientific, USA). The flow rate
was 0.5 mL/min, mobile phase A: HPLC-grade
water containing 0.1% formic acid, mobile phase B:
acetonitrile containing 0.1% formic acid. Separation was
performed in a gradient mode (¢, min / content of mobile
phase A, %): 0/100, 4/100, 60/64, 62/50, 65/0, 66/100.
Detection was performed at wavelength of 214 nm.

2.5. Mass spectrometric studies

A Bruker Q-TOF Maxis Impact mass spectrometric
detector (Bruker Corporation, USA) with electrospray

3 Ultra-high-performance liquid chromatography.

ionization and qTOF Control data management and
processing software was used to study the protein
structure. To remove N-linked glycans, 1 pL of PNGase F
solution (NVEB, USA) was added to 100 puL of 0.5 mg/mL
sample and incubated at 37°C for 4 h. The end groups of
cysteine were protected by addition of 4 pLL of 500 mM
iodoacetamide solution to 100 puL of 0.5 mg/mL sample
followed by incubation in the dark for 30 min at 25°C.
For heavy and light chain analysis, disulfide bonds were
reduced by addition of 5 uL of 100 mM dithiothreitol to
100 pL of 0.5 mg/mL sample, followed by incubation
for 30 min at 56°C. In order to analyze the full-length
protein and the protein following removal of N-linked
glycans, heavy and light chains, the samples were
diluted with 0.1% formic acid to a concentration of
0.1 mg/mL. High-performance liquid chromatography
mass spectrometry (HPLC-MS) was performed using an
Elute liquid chromatograph (Bruker Corporation, USA)
onaBIOshell 400A Protein C4 UHPLC? chromatographic
column (100 x 2.1 mm) at a column temperature of 80°C.
The following parameters were applied: mobile phase A:
0.1% formic acid in water, mobile phase B: acetonitrile,
mobile phase flow rate: 0.3 mL/mL. Separation was
performed in a gradient mode (¢, min / content of mobile
phase A, %): 0/80, 1/80, 2/50, 3/10, 4/80, 7/80. Mass
spectrometric detector settings for full-length protein
analysis were: desiccant gas flow rate, 8 L/min; gas
pressure in the nebulizer, 26.1 psi; conductive capillary
temperature, 220°C; capillary voltage, 4500 V. Detection
in full ion current scanning mode with ion registration
was carried out in the m/z range from 400 to 5000 21amu
with positive ionization.

In order to determine the position of disulfide
bonds, enzymatic hydrolysis in the presence of
trypsin was performed using the SMART Digest
Trypsin Kit (Thermo Scientific, USA). Separation of
peptide fragments was performed on a Chromolith®
Performance RP-18 end-capped chromatographic
column (100 x 2.0 mm). The column temperature was
40°C. Mobile phase A: 0.1% formic acid in water,
mobile phase B: acetonitrile, mobile phase flow rate
0.3 mL/mL. Separation was performed in a gradient
mode (¢, min / content of mobile phase A, %): 0/95,
1/95, 24/30, 25/10, 27/10, 28/95. Settings for peptide
analysis were as follows: desiccant gas flow, 6 L/min;
gas pressure in the nebulizer, 29.0 psi; temperature
of the conducting capillary, 220°C; voltage on the
capillary, 4500 V. Detection in AutoMS mode with
registration of precursor ions and fragment ions was
carried out in the m/z range from 150 to 2200 amu with
positive ionization.
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2.6. Size-exclusion high-performance
liquid chromatography (SEC-HPLC)

The analysis was performed using TSKgel G3000SWxI
at 300 x 7.8 mm with a 5 pum chromatography
column (7osoh, Japan) with the Vanquish Flex system
(Thermo Fisher Scientific, USA) in isocratic mode. The
flow rate was 0.5 mL/min, mobile phase: 20 mM solution
of sodium hydrogen phosphate, 150 mM solution of
sodium chloride, pH 7.0. Elution time was 35 min.
Detection was performed at wavelength of 214 nm.

2.7. Capillary electrophoresis sodium dodecyl
sulfate (CE-SDS) in non-reduced form

CE-SDS in non-reduced form was performed using
PA 800 Plus Pharmaceutical Analysis System (SCIEX,
USA). Bare-fused silica capillaries, SDS-MW gel buffer,
acidic and basic wash solutions, Tris/SDS sample buffer
(pH 9.0) were purchased from SCIEX (USA). Separation
was performed using a capillary with a total length of
30 cm (effective length 10 cm). Samples were injected
from the short end of the capillary for 20 s at 5 kV
(normal polarity). Separation was performed at 15 kV
(normal polarity) for 25 min. Detection was performed
using a UV detector at 214 nm. The capillary temperature
was 25°C.

2.8. Capillary isoelectric focusing (clEF)

cIEF was performed using PA 800 Plus Pharmaceutical
Analysis System (SC/EX, USA). Pharmalyte 5-8 carrier
ampholytes were purchased from Cytiva (USA); neutral
capillary, pl marker set and ready-made gel for cIEF
were obtained from SCIEX (USA). Phosphoric acid,
sodium hydroxide, iminodiacetic acid, acetic acid,
L-arginine, and urea for electrophoresis were purchased
from Sigma-Aldrich (USA). Separation was performed
using the capillary with a total length of 30 cm (effective
length 20 c¢cm). 200 mM phosphoric acid solution was
used as anolyte, 300 mM sodium hydroxide solution
was used as catholyte, 350 mM acetic acid solution was
used as chemical mobilizer. The sample focusing stage
was carried out at 25 kV for 13 min, while chemical
mobilization was carried out at 30 kV for 25 min.
Detection was performed using UV detector at 280 nm.
The capillary temperature was 20°C.

2.9. Cation-exchange high-performance
liquid chromatography (CEX-HPLC)

Analysis of Eculizumab charged forms distribution
was performed using a YMC BioPro SP-F
chromatography column (100 X 4.6 mm, 5 pm,

purchased from YMC, Japan) with the Vanquish Flex
system (Thermo Fisher Scientific, USA). At a flow
rate of 0.5 mL/min, the following parameters were
applied; mobile phase A: 20 mM MES, 0.02%
isopropanol, pH 5.7; mobile phase B: 20 mM solution
of sodium hydrogen phosphate, 100 mM solution of
sodium tetraborate decahydrate, 0.05% isopropanol,
pH 9.0. Separation was performed in a gradient mode
(¢, min / content of mobile phase A, %): 0/100, 5/85,
35/50, 40/50, 41/0, 43/0, 50/100. Detection was
performed at wavelength of 280 nm.

2.10. C5-binding specific activity
by ELISA (C5-ELISA)

In order to analyze the specific activity of Eculizumab,
an enzyme-linked immunosorbent assay (ELISA) was
used. Eculizumab specifically forms a complex of
C5-Eculizumab, for the detection of which secondary
antibodies to the Fc fragment of human IgG4 are
subsequently  introduced. = Detection  of  the
formed complex C5-Eculizumab-IgG4 HRP was
performed by introducing a ready-made solution of
3,3’,5,5 -tetramethylbenzidine  containing hydrogen
peroxide (Sigma-Aldrich, USA). The reaction was
stopped with 0.5 M sulfuric acid. Data were read
using an Infiniti M200 Pro plate spectrophotometer
(Tecan Austria GmbH, Austria) at a main wavelength
of 450 nm and a reference wavelength of 650 nm. The
dependence of Eculizumab concentration on the obtained
optical density was approximated using a 4-parameter
logistic curve in GraphPad Prism 6.0 software
(GraphPad Software, Inc., San Diego, CA, USA).
A detailed description of the method was previously
published along with the validation results in [23].

3. RESULTS AND DISCUSSION

Lyophilization is widely used to increase the stability
and shelf life of biopharmaceutical products. In the
freeze-drying process, a protein solution is successively
subjected to freezing, primary drying (mainly to remove
ice by sublimation) and secondary drying (to remove
the retained water) [24, 25]. It is evident that protein
molecules undergo significant environmental effects
during both the freezing and the drying processes.
Typically, even minor changes in the compositional
characteristics of a drug solution, such as pH, buffer
capacity, and drug or excipient concentration, lead to
striking differences in the behavior of molecules during
the freezing and freeze-drying.

The main object of the study was Eculizumab,
a recombinant humanized monoclonal antibody
of IgG2/4k subclass that specifically binds the
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Table 1. Characteristics of the studied formulations
Abbreviations PhT PhS HisT HisS PhSN PhSM

Buffer solution 20 mM NaPh | 20 mM NaPh 30 mM His 30 mM His 20 mM NaPh | 20 mM NaPh
Trehalose + - + - - -
Sucrose - + - + + +
Mannose - - - - - +

NacCl, 0.9% w/v — - - _ + _
Polysorbate 80, % w/v 0.2

pH 7.0

Eculizumab, mg 10.0

Note: PhT—phosphate buffer with trehalose; PhS—phosphate buffer with sucrose; HisT—histidine buffer with trehalose; HisS—histidine
buffer with sucrose; PhSN—phosphate buffer with sucrose and NaCl; NaPh—phosphate buffer; PhSM—phosphate buffer with a mixture

of sucrose and mannose; His—histidine.

protein C5 of the complement to inhibit its cleavage.
The initial preparation of Eculizumab produced by
PHARMAPARK (Russia) as part of the development of
a biosimilar drug (hereinafter referred to as Eculizumab
Lyo) was subsequently lyophilized. The stock solution
(bulk drug substance) at a concentration of 12 mg/mL
and pH 7.0 contained 20 mM sodium phosphate and
0.2% (w/v) polysorbate 80. Prior to lyophilization, the
sample was dialyzed to change the buffer solution and
brought to a concentration of 10 mg/mL. The resulting
solution was poured into 2R vials and lyophilized.
All physicochemical and biological studies within
the framework of the work were carried out using the
samples obtained from the same batch. This sample is
not certified as an RS, but is considered in this study as
a preparation potentially suitable for the use as a national
or international RS after passing of the appropriate
qualification procedures.

The preparation was supplied as a concentrate for
obtaining an infusion solution (300 mg/30 mL) and
stored according to the manufacturer’s instructions.
It is should be noted that, unlike classical studies on
the biosimilarity of drugs, for example [26], the main
emphasis was placed in this study on the development
of a lyophilized form of Eculizumab for possible use
as a national or international standard sample.

To assess the structural and physicochemical
comparability, the original drug Soliris® (Eculizumab,
Alexion Pharmaceuticals, approved for use in the
European Union (EU), hereinafter referred to as
Eculizumab EU) was used. The substance was supplied
as a concentrate for the preparation of an infusion
solution (300 mg/30 mL) and stored in accordance with
the manufacturer’s instructions.

3.1. Determination of the optimal
composition of the formulation buffer
solution

In order to select the composition of the formulation
buffer solution for lyophilization, we applied two widely
used buffer systems based on phosphate and histidine.
Selection of the appropriate composition was carried out
at pH value of 7.0. This value was chosen taking into
account our previous study of the stability of Eculizumab
protein under various stress conditions [26], as well as
the results of a study of the long-term stability of the
protein in solution carried out as part of the development
of the drug Eculizumab (licensed by PHARMAPARK
in the Russian Federation in 2024). Trehalose and
sucrose or mixture of sucrose and mannose were used
as cryoprotectants. Mannose was included in one of
the formulations during the screening phase due to its
use for stabilizing of glycoproteins as it was described
earlier [27-29]. Furthermore, an effect of sodium chloride
adding to the formulation buffer solution was studied.
As reported in [27], the addition of sodium chloride
ensured a decrease in the residual water content and the
formation of an optimal cake shape. The formulations
shown in Table 1 were considered in the primary
screening stage, whose purpose was to quickly identify
the acceptable options in terms of moisture content and
physical characteristics.

In the first experiment, combinations of phosphate (Ph)
and histidine (His) buffer solutions with trehalose (T),
sucrose (S), and a mixture of sucrose and mannose (SM)
without the addition of sodium chloride were compared.
Cryoprotectant/protein ratio was 5 : 1 in all cases. With the
exception of the formulation with the addition of sucrose
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Table 2. Compositions of the studied variants of the formulation buffer solution in the experiment with variation of the cryoprotectant content

Abbreviations T2 T3 T4 S2 S3 S4 T4N S4N

Buffer solution 20 mM NaPh

Trehalose, % w/v 2 3 4 - - - 4 _
Sucrose, % w/v - - - 2 3 4 - 4
NacCl, 0.9% w/v - - - — - — + +
Polysorbate 80, % w/v 0.2

pH 7.0

Eculizumab, mg 10.0

Note: T2—phosphate buffer with 2% trehalose; T3—phosphate buffer with 3% trehalose; T4—phosphate buffer with 4% trehalose;
S2—phosphate buffer with 2% sucrose; S3—phosphate buffer with 3% sucrose; S4—phosphate buffer with 4% sucrose; T4AN—phosphate
buffer with 4% trehalose and NaCl; S4N—phosphate buffer with 4% sucrose and NaCl.

and mannose (PhSM), where the value was 3.7%, the
residual water content in the samples after freeze-drying
varied from 1 to 3%. Due to the high residual water
content, this formulation was excluded from the further
studies. Changes in the protein activity and increase in the
number of aggregates were not detected in all of the studied
formulations. According to WHO recommendations®,
satisfactory long-term stability is demonstrated by the
preparations with a residual water content of less than
1% wi/v, although higher values are acceptable in some
cases. Inanumber of studies, the authors predictably pointed
out the detrimental influence of low moisture content (less
than 1% residual water) on the protein stability [28].

The next experiment was carried out to optimize the
cryoprotectant/protein ratio and to evaluate the effect of
addition of sodium chloride to the formulation. The content
of cryoprotectant was varied only in the phosphate buffer
solution. The use of this buffer solution was determined
by the absence of significant differences between the used
buffer systems in the first experiment, the relatively low
cost, as well as the obtained data relating to the stability
of Eculizumab during the development of the Eculizumab
drug (licensed by PHARMAPARK in the Russian Federation
in 2024). The compositions of the studied variants of
the formulation buffer solution in the experiment with
variation of the cryoprotectant content are given in Table 2.

The obtained (with varying cryoprotectant content)
lyophilizates were evaluated for cake appearance,
residual water content, pH shift, and changes in the
protein purity and activity (using SEC-HPLC and
CS-ELISA).

4

The samples containing sucrose demonstrated higher
levels of residual water (2.0-2.7%) in comparison
with the trehalose-containing formulation (1.0-1.5%).
The addition of 0.9% w/v sodium chloride resulted
in a number of cake defects as compared to other
formulations. No pH shift or changes in the protein
purity or activity were detected.

A scaled-up series of the samples of Eculizumab Lyo
was prepared using the formulation buffer containing
20 mM sodium phosphate, 4% trehalose, 0.2%
polysorbate 80, pH 7.0 (Fig. 1).

(a)

(b)

Fig. 1. An appearance of the cakes after drying of the samples.
(a) 4% trehalose with NaCl; (b) 4% trehalose without NaCl

World Health Organization, Recommendations for the preparation, characterization and establishment of international and other biological

reference standards (Revised 2004), WHO Tech. Rep. Ser., no. 932, Geneva: WHO, 2006.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):165-178

171



Development, characterization, and stability assessment

of a lyophilized Eculizumab formulation for use as a reference material

Dmitry . Zybin,
etal.

The scaling up process presupposed use of the
maximal number of available vials in the laboratory’s
equipment. Thus, to evaluate the stability and impact
of the lyophilization process on the physicochemical
and biological properties of Eculizumab, more than
400 vials filled with the same bulk solution were
prepared. Analysis of the resulting samples confirmed
the absence of pH shift, as well as the retention of the
protein purity and activity. To analyze the residual water
content, the samples were taken into vials from both the
central part and the edges of the lyophilizer shelf. This
approach ensured the data representativeness insofar as
the distribution of temperature and heat transfer might
differ between the center and the periphery of the shelf.
The residual water content in the selected samples did
not exceed 1.1 = 0.2% (& standard deviation (SD),
n = 5). Although the scalability of the process was
limited in our case by the capabilities of the laboratory
freeze drying plant, the used process can be directly
transferred to a pilot plant providing the required drying
parameters.

3.2. Study of physicochemical
and biological properties

The study of the effect of lyophilization on the
physicochemical and biological properties of
Eculizumab Lyo was performed using various
complementary analytical methods. The corresponding
methods and the results of analysis of the structural,
physicochemical, and biological properties are as
presented in Table 3.

The intact protein mass before and after N-glycan
removal, as well as the mass of the light and
heavy chains of the antibody after disulfide bond
reduction, were estimated using reversed-phase liquid
chromatography with mass spectrometric detection.
The average isotopic molecular mass of the main
glycoform (GOF) of the studied protein was shown
to be 147875 Da. The intact and subunit molecular
mass, amino acid sequence, disulfide bonds positions,
and glycosylation site corresponded to theoretical
expectations.

Table 3. Methods used to assess the structure, physicochemical and biological properties of Eculizumab Lyo

Characteristic

Parameter and research method Results

Intact molecular weight (HPLC-MS)*

GOF/GOF: 147875 + 1 Da
GOF/G1F: 148037 = 1 Da
G1F/G1F: 148199 + 1 Da

(HPLC-MS)*

Intact molecular weight of deglycosylated molecule

144987 £ 1 Da

GOF: 50817 + 1 Da

Primary structure

Molecular weight of the heavy chain (HPLC-MS)*

G1F: 50979 + 1 Da

Molecular weight of the light chain (HPLC-MS)* 23130+ 1 Da
Free thiols content (HPLC-MS) 0.2%
Glycosylation site (HPLC-MS/MS) Asn298

Isoelectric point (cIEF)

Main form: 6.1

Product-related substances
and impurities

Size variants (SEC-HPLC)

HMW: 0.3%
Monomer: 99.6%
LMW: 0.1%

Non-reduced CE-SDS

Monomer: 98.5%

Charge variants (CEX-HPLC)

Acidic form: 12.2%
Main form: 82.7%
Basic form: 5.1%

Biological activities

C5-component binding by ELISA

1053321 U/mg

*Data were expressed as mean + SD, n = 3. HMW—high molecular weight, LMW-—low molecular weight.
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Peptide mapping of the protein after deglycosylation
was performed by RP-HPLC with UV detection (Fig. 2).
The query cover of amino acid sequence (obtained using
mass spectrometric identification of peptides) was 100%.
The chromatographic profile of the studied sample
completely coincided with the RSs. The content of
oxidized formsin Eculizumab Lyo, which was comparable
to that of the reference product (Eculizumab EU), did not
exceed 2% in either sample. Oxidation is presented as
the most illustrative and representative post-translational
modification (PTM), while the full range of PTMs was
assessed during the studies.

The monomer of Eculizumab (recombinant
IgG2/4k antibody) consists of two heavy and two light
chains linked by disulfide bonds. As such, protein
fragmentation and aggregation may occur during the
production and storage. CE-SDS is typically used to
assess the protein fragmentation, while size exclusion
chromatography is used to determine the relative content
of various aggregated forms. The profiles of high- and
low-molecular impurities were obtained as a result of
analysis of the sample after freeze-drying using such
methods as SEC-HPLC and CE-SDS in non-reduced
form in comparison with the RSs (these are shown
in Figs. 3 and 4). The results demonstrated a high
degree of similarity between the Eculizumab Lyo and
Eculizumab EU, not only in the chromatographic profiles
of the peptide map, but also in the relative content of
aggregates and fragments. No statistically significant
differences were observed between the two materials,
thus confirming the compossibility of the candidate
material with the reference product.

Charge heterogeneity is a consequence of post-
translational modifications of a protein. As a rule,
monoclonal antibodies have three groups of isoforms:
the main isoform, as well as acidic and alkaline forms.
Acidic isoforms have a different nature; the most
common mechanism of their formation is deamidation

of asparagine or glutamine residues, oxidation, and
sialylation. Alkaline forms are mainly formed due to
incomplete hydrolysis of C-terminal lysine residues by
the action of carboxypeptidases. During the biosynthesis
of heavy chains of antibodies, each chain has one lysine
residue at the end, some of which are subsequently
removed by the action of carboxypeptidases during the
secretion and incubation in culture fluid. As a result,
the purified antibody contains three forms having O,
1, and 2 lysine residues [29]. In our studies, we used
a cation exchange chromatography (CEX-HPLC)
method to assess the charge heterogeneity in the sample.
The obtained data confirmed the comparability of the
profile of charged forms between Eculizumab Lyo and
Eculizumab EU.

A comprehensive study of Eculizumab Lyo was
carried out using complementary analytical methods
(HPLC-MS, cIEF, SEC-HPLC, CE-SDS, CEX-HPLC,
CS5-ELISA, and RP-HPLC with UV detection).
Figures 3 and 4 represent the quality attributes that are
most relevant for assessing the lyophilization process
and formulation, while the results from additional
complementary methods are summarized in Table 3.
The study demonstrated a high degree of comparability
between Eculizumab Lyo and the reference product
(Eculizumab EU). No statistically significant differences
were observed in high molecular weight impurities,
fragments, charge variant profiles, or specific activity.
These results confirm that the lyophilization process does
not affect the physicochemical or functional properties
of Eculizumab Lyo.

3.3. Study of stability

The stability of medicinal products depends on many
factors, such as storage temperature, illumination,
composition of the surrounding atmosphere, technology
of manufacturing of the dosage form, presence of

400 1
2 200 1
£
5
S 200 1 2
£
<
~400 1
668 ++ . : : . : : . : : :
9.5 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0

Time, min

Fig. 2. Peptide mapping of Eculizumab samples. (/) Scaled up series of Eculizumab Lyo, (2) Eculizumab EU
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excipients, type of dosage form, and especially their
aggregate state, nature of material and method of
packaging, etc. Classical programs for studying of the
stability of biological medicinal products envisage long-
term-, accelerated-, and stress tests, including assessment
of photostability. Thus, the stability of a drug is
a characteristic of a biologically active substance, which
describes the degree of preserving of physicochemical
properties and pharmacological activity during the
established shelf life.

When determining the storage temperature, we
wanted to avoid the necessity of the use of low and ultra-
low temperatures (from —18 to —30 or —80°C), as this
significantly complicates the transportation of the RS.
Both the original Soliris® preparation and biosimilar drugs
are supplied as a concentrate for solution for infusion at
a storage temperature of 2—8°C. Based on the instructions
for Eculizumab preparations, which were approved for
the use in Europe and Russia, the storage temperature
of 5 £ 3°C was identical for all manufacturers. The
data regarding obtained by us regarding the stability of
Eculizumab during the development of the Eculizumab
drug (licensed by PHARMAPARK in the Russian
Federation in 2024) confirm the absence of significant
changes in protein quality over 3 years of storage. In
view of this, additional stability studies at low and ultra-
low temperatures were not performed.

Long-term stability of the scaled-up series was
studied at the temperature of 2—8°C, protected from light,
with checkpoints every 3 months during the first year
and every 6 months thereafter. At the time of submission
of the publication, the study had been carried out at four
checkpoints: 3, 6,9, and 12 months. Accelerated stability
was studied at a temperature of 25 + 2°C and humidity of
65 + 5%, quality control of parameters was performed at

Table 4. Results of the stability study

checkpoints of 3 and 6 months. Stress stability tests were
not performed due to the well-described degradation
profile of Eculizumab in the scientific literature [26]. The
results of stability assessment are presented in Table 4.

The data on stability at 25°C confirm that the sample
retains its physicochemical properties and activity for at
least 6 months. It suggests that short-term transportation
and storage outside the cold chain is acceptable, for
example, when moving between laboratories or under
conditions of temporary lack of temperature control.
The observed slight increase in the proportion of acidic
isoforms (about 1%) is consistent with the expected
degradation processes [26, 30] and is not accompanied by
a decrease in biological activity. At the same time, when
the preparations are stored at 2—-8°C, all the monitored
parameters remained stable for 12 months, confirming
the suitability of this form for long-term storage under
standard refrigeration conditions. Despite the advantages
of lyophilization for long-term storage, the process
carries inherent risks, such as protein denaturation
during freezing and the potential possibility of oxidation
or aggregation upon removal of the hydration shell.
Although our data (e.g., SEC-HPLC, ELISA) confirm
the structural and functional integrity of the protein
after lyophilization and throughout the studied period,
continuous monitoring of these quality attributes is
essential to mitigate potential long-term risks associated
with the mentioned degradation pathways.

CONCLUSIONS

The development of biosimilar medical preparations
based on monoclonal antibodies represents a complex
multi-stage process. The critical parameters of quality,
such as primary and spatial structure, post-translational

Long-term stability, months Acceleratedhstablhty,
Quality parameter Zero point D
3 6 9 12 3 6
Residual moisture, % 1.1 1.2 1.2 1.2 1.2 1.2 1.2
SEC-HPLC
. 99.5 99.5 99.5 99.5 99.5 99.2 98.9
(Eculizumab monomer), %
Non-reduced CE-SDS
. 98.5 98.5 98.4 98.4 98.4 98.1 97.8
(Eculizumab monomer), %
Acidic form, % 12.3 12.3 12.4 12.5 12.5 12.6 13.5
CEX-HPLC Main form, % 82.6 82.6 82.5 82.4 82.4 82.4 81.5
Basic form, % 5.1 5.1 5.1 5.1 5.1 5.1 5.0
CS5-ELISA, U/mg 1052213 1 046 524 1053314 1052 781 1053 256 1042 249 1 041 994
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modifications, product isoforms, and biological activity,
must be studied in detail at each step of this process.
When considering several products supplied by different
manufacturers, there is always a risk of discrepancies in
the results of determination of quality indicators between
the biosimilar drugs and following their comparison
with the reference preparation. The availability of an
international reference material permits independent
assessments of the quality of biosimilar preparations
worldwide. The use of certified international reference
materials thus facilitates the introduction of uniform
quality standards for the production and registration of
biosimilar preparations.

Currently, although a wide range of biosimilar
Eculizumab drugs are approved for use worldwide, no
international standard sample of Eculizumab has yet
been released. In our study we obtained a lyophilized
form of the monoclonal antibody Eculizumab, which was
characterized by the following formulation buffer solution
composition: 20 mM sodium phosphate, 4% trehalose,
0.2% polysorbate 80, pH 7.0. The absence of any effect
of the drying process on the primary and spatial structure,
post-translational modifications, content of related
impurities, product isoforms and biological activity was
rigorously demonstrated. Furthermore, stability studies
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Abstract

Objectives. Soy protein hydrolysates are now widely used in the food industry, fish farming, poultry farming, livestock farming, as well as in
medical preparations. The most effective method for their production is enzymatic hydrolysis. However, even with optimal proteolysis parameters,
it is not always possible to achieve the required degree of hydrolysis. For this reason, various technological approaches are used to more
intensively break down soy proteins, including the addition of enzyme preparations and pretreatment of the protein substrate. f-Conglycinin,
one of the main soy proteins, is a glycoprotein whose carbohydrate portion consists primarily of mannose residues. We hypothesize that
deglycosylation of B-conglycinin by an enzyme preparation with mannanase activity as a pretreatment of the soy substrate will lead to change
in the structure of its protein portion due to the destruction of the carbohydrate component to increase the accessibility of peptide bonds
to proteolytic enzymes. Thus, the work sets out to study the effect of enzymatic deglycosylation on the efficiency of soy protein hydrolysis.

Methods. Deglycosylation of -conglycinin, hydrolysis of polysaccharides and lipids were performed by the Complex-concentrate
enzyme preparation (Ferment, Republic of Belarus). Protein hydrolysis was carried out by the Protozyme C330 enzyme preparation
(Ferment, Republic of Belarus). The formation of reducing sugars was confirmed by the Miller method. The degree of protein hydrolysis
was determined by the pH-stat method. The molecular weight distribution of peptide fractions was analyzed by low-pressure liquid
gel chromatography on a column with Sephadex® G-50 Medium. Computer processing of the elution profile of peptide fractions was
performed in the OriginPro 8.5.1 program using the Gauss function.

Results. It is established that the treatment of soy flour by the Complex-concentrate enzyme preparation (enzyme-substrate ratio
1 : 40, hydromodule 1 : 10) promotes the breakdown of both free oligo- and polysaccharides, as well as the carbohydrate component
B-conglycinin. Proteolysis by the Protozyme C330 enzyme preparation (enzyme-substrate ratio 1:20, pH 7.5, 50°C, 3.5 h) carried
out following 20 h of deglycosylation results in a product with a degree of hydrolysis of 56.3%. The content of low-molecular-weight
peptides in soy hydrolysate is 83.9%. Proteolysis without enzymatic destruction of the carbohydrate part of f-conglycinin is shown to be
characterized by a degree of hydrolysis of 9.2%.

Conclusions. A pretreatment approach involving deglycosylation of enzymatic B-conglycinin can be used to significantly increase the
degree of hydrolysis of soy proteins.
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HAYYHAA CTATbA

DepMeHTATUBHOE JETIMKO3UJINPOBAHME COEBbIX 0€JIKOB
KaK Ccroco0 moBbiieHus 3QPeKTUBHOCTH UX T'HIPOJIH3A

B.H. Jleontnes™, O.U. JlazoBckas
benopyccruii cocyoapemeennviii mexnonosuueckuil ynueepcumem, Munck, 220006 Pecnybnuxa benapyce

™ demop ons nepenucku, e-mail: leontiev@belstu.by

AHHOTaUuS

Henn. B HacTosiee Bpemst THIPOIA3AThI COCBBIX OCJIIKOB HAXOJST MIMPOKOE IPUMEHECHHUE B MTUIIEBOM MPOMBIIIIICHHOCTH, MCIUIIHHE,
PpBHIOOBOJICTBE, MTUIICBOACTBE U JKUBOTHOBOJCTBE. Hanbomnee 3 peKTHBHBIM CIIOCOOOM MX MOJIYYCHHUs SBISICTCS (DEPMEHTATUBHBIM
ruaponu3. OHAKO JaXke P ONTUMANIBHBIX ITapaMeTpax MPOTEeoIr3a He BCeria BO3MOKHO JOCTHYb TPEOyeMOil CTEIICHH THPOIIU3a,
MO3TOMY JJIs1 00JIee MHTCHCHUBHOTO PACHICIICHHS COCBBIX OCITKOB HCIIOB3YIOT PA3IMUHBIC TEXHOJIOTHICCKHE MTOIXO/bI: BHCCCHHE HE-
CKOJIbKUX (DEPMEHTHBIX TPEHapaToB U MPEABAPUTEIbHYI0 00paboTKy OenkoBoro cyocTpara. 3-KOHIIMIMHIH — OJMH U3 OCHOBHBIX
OCIIKOB COM — MPEJCTABISET COOOHN NIMKOIPOTECHH, YINICBOAHAS YaCTh KOTOPOTO COCTOUT MPEHMYIIECTBEHHO U3 MAHHO3HBIX OCTAT-
koB. [Ipenmonaraem, 4To NETIMKO3HINPOBAHUC [J-KOHDIMIUHIHA (DEPMEHTHBIM MPEIapaToM ¢ MaHHAHA3HON aKTUBHOCTBIO B Kade-
CTBE MPEIBAPUTEIIBHOI 00pabOTKH COEBOTO CyOCTpaTa MPUBEACT K K3MCHEHUIO CTPYKTYPBI €ro OCIKOBOI YaCTH 3a CUET pa3pyIICHUs
YIJIEBOJHOTO KOMITOHCHTA U TIO3BOJIUT MOBBICUTH JIOCTYITHOCTh MENTUIHBIX CBSA3CH K JACHCTBUIO POTEONUTHYCCKUX pepmeHToB. Ta-
KHM 00pa3oM, [ENbI0 pabOThI SBISICTCS U3yYCHHUE BIUSHUS (EPMEHTATUBHOTO JICTIIMKO3UIMPOBAHUS HA YPPEKTHBHOCTH TUIAPOIU3A
COEBBIX OEJIKOB.

Mertoasbl. JIerHKO3HIMPOBaHUE [-KOHDIMIHUHMAHA, THIPOJIM3 IMONUCAXAPUIOB M JIMIKIOB HPOBOAWIN (EPMEHTHBIM Ipernapa-
toM «Kommekc-xonnenrpary (OO0 «Depmenm», Pecnybmmka bemapycs). I'mapomms GenxoB ocymecTBIsuM  (pepMEHTHBIM
npenaparom «IIporozum C330» (OO0 «®epmenmy, Pecrybmuka bemapycs). OOpazoBanue penynupylomuX caxapoB ITOATBEp-
xaanmu MetonoM Mmutepa. CreneHb rupoinsa OenkoB onpenensiy pH-ctarnaeckuM MeTogoM. MoneKylIsipHO-MaccoBO€ pacipe-
JIeJICHHE TENTHIHBIX QpaKiuii aHATM3UPOBAIN METOOM JKHJIKOCTHOII rejib-XpomMaTorpaduy HU3KOTO JaBJICHHs Ha KOJOHKE C TelieM
Sephadex® G-50 Medium. KommeroTepryio 06paGoTKy TIpoGWIIs SMIOMPOBAHHS TIENTHAHBIX (QPAKIHi BEITIONHSIH B TPOTPAMME
OriginPro 8.5.1 ¢ momompio ¢yHkmu ["aycca.

PesyabTaTbl. YcTaHOBIEHO, 4To 00paboTka coeBoil Myku QepMeHTHBIM mpenaparoM «Komrmuiekc-koHueHTpaT» (hepmMeHT-
cyOcTparHoe cootHomeHue 1 : 40, runpomonyins 1 : 10) cmocoOCTBYeT pacierIeHHIO KaK CBOOOTHBIX OJIMTO- U MOJTUCaXapHI0B, TAK
U yTJIEBOJHOTO KOMIIOHEHTa B-koHrMUIUHUHA. [IpoTeonnus gpepmentaeM npenapatom «IIpotosum C330» (hepmeHT-cyOcTpaTHOE
cootHomenwue 1 : 20, pH 7.5, 50°C, 3.5 4) nocne 20-4acoBOro AETIMKO3WINPOBAHUS MPUBOAUT K MOTYYCHHUIO MPOIYKTA CO CTEIe-
HbI0 ruaponu3a 56.3%. Ilpu sToM comep:kaHre HU3KOMOIECKYISPHBIX HENTHAOB B COEBOM Tuaponu3ate coctasisieT 83.9%. Iloka-
3aHO, YTO MPOTEO0IN3 6e3 PepPMEHTATUBHOTO paspyIICHUs YITIEBOAHON YacTH B-KOHIIMIMHUHA XapaKTEePU3YETCs CTENEHbIO THAPO-
nu3a 9.2%.

BoiBoabl. [IpuMeHeHre (epMEHTaTHBHOTO ISIIMKO3WINPOBAHUS B-KOHIIMIMHIHA B Ka4eCTBE MPEIBAPUTENBHON 00paOOTKH MO3BOJISET
CYIIECTBEHHO TTOBBICUTH CTENEHb TUAPOIIN3a COEBBIX OENKOB.

KnioueBble cnosa Moctynuna: 22.05.2025
coeBast MyKa, pepMEHTHBIH MMpenapar ¢ MAaHHAHA3HOW aKTHBHOCTBIO, [Aopa6oTtaHa: 03.12.2025
JETINKO3MINPOBAHIE B-KOHITHIMHIHA, TPOTE0IIN3, CTEIIEHb THAPOIIN3a, MpuHaTa B neyats: 13.02.2026

HHU3KOMOJIEKYIISIPHBIE TIENTH/IBI, T€Tb-XPOMaTOTpadus

Ansa uMTupoBaHus

JleontseB B.H., JlazoBckas O.J. ®epMeHTaTUBHOE ACMIMKO3MINPOBAHUE COEBBIX OCNKOB Kak CHOCOO MOBBIMEHUS 3(P(HEKTUBHOCTH
ux runaposusa. Touxue xumuueckue mexronoeuu. 2026;21(2):179-187. https://doi.org/10.32362/2410-6593-2026-21-2-179-187
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Enzymatic deglycosylation of soy proteins as a method to increase
the efficiency of their hydrolysis

Viktor N. Leontiev,
Olesya I. Lazovskaya

INTRODUCTION

At present, soy protein hydrolysates possessing
antioxidant, hypotensive, immunomodulatory,
antimicrobial, anti-inflammatory, and other properties
are widely used in the food industry [1], medicine [2],
fish farming [3], poultry farming [4], and livestock
farming [5]. Soy proteins, which are comparable in
biological value to meat and milk proteins, are rich
in essential amino acids, especially lysine, which is
often limited in other plant proteins. About 70% of
soy proteins are represented by the storage proteins
glycinin and p-conglycinin. Glycinin consists of
a basic polypeptide B having a molecular mass of
about 20 kDa along with an acidic polypeptide A whose
molecular mass is about 38 kDa, which are linked by
a disulfide bond to form an individual AB subunit.
The quaternary structure of glycinin depends on
pH and ionic strength of the solutions. At moderate
temperatures and neutral pH values, glycinin forms
hexameric complexes having a molecular mass ranging
from 320 to 375 kDa, composed of heterogeneous
subunits. Each hexamer contains about 2 free
SH groups and 18-20 disulfide bonds. B-Conglycinin,
having a molecular mass of 150—180 kDa, is a trimeric
glycoprotein consisting of 3 subunits: a (72—76 kDa),
o' (68-72 kDa), and B (52—53 kDa), which form seven
isomers. The subunits, which are linked mainly by
hydrophobic interactions or hydrogen bonds, contain
no free SH groups [6]. The carbohydrate moiety of one
B-conglycinin molecule consists of 38 mannose and
12 glucosamine residues [7].

The most effective method for obtaining protein
hydrolysates is enzymatic hydrolysis, which allows

Table 1. Parameters of enzymatic hydrolysis of soy proteins

for selective cleavage of peptide bonds due to the
specificity of proteolytic enzymes. Table 1 presents
the parameters of soy protein hydrolysis using some
enzyme preparations [8—13]. To achieve more intensive
protein breakdown, a two-stage hydrolysis process is
employed. For instance, the study [9] demonstrated
that sequential application of alcalase and flavourzyme
to effect a twofold increase in the degree of hydrolysis
of soy protein isolate as compared to a single-stage
proteolysis process using alcalase alone. Furthermore,
preliminary treatment of the protein substrate
significantly enhances the efficiency of enzymatic
hydrolysis [14—16] (Table 2).

The authors of the study [17] demonstrated that
the carbohydrate component of B-conglycinin, which
exhibits pronounced IgE reactivity, is responsible for
the allergenic properties of soy proteins. At the same
time, it has been established [18] that deglycosylation
of B-conglycinin by peptide-N-glycosidase F not
only reduces its antigenicity compared to the native
glycoprotein but also leads to significant changes in
the secondary and tertiary structure of the protein
moiety. Based on this, we hypothesize that the use of
enzymatic deglycosylation as a pretreatment of the
soy substrate will destroy the carbohydrate part of
B-conglycinin to increase the susceptibility of peptide
bonds to the action of proteolytic enzymes. It should
be noted that the proposed approach of preliminary
deglycosylation of soy proteins to increase the yield of
low-molecular-weight peptides has not been described
in the literature.

Thus, the aim of the present work is to investigate the
influence of enzymatic deglycosylation on the efficiency
of soy protein hydrolysis.

Hydrolysis conditions Degree of hydrolysis 3
Enzyme 5
Substrate . 5
preparation . . 4
E : S ratio** pH t,°C 7, h % Method for determining ~
One-step process
S e Pepsin 1:20 1.6 39 5 60.5
A Formol titration method [8]
Trypsin 1:30 7.8 39 5 55.7
Alcalase 4% 8.0 55 3 14.5
Sov protein pH-stat method and
yp « Papain 4% 8.0 50 1.5 14.5 2,4,6-trinitrobenzenesulfonic [9]
concentrate .
acid method
Neutrase 4% 7.0 45 1.25 7.2
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Table 1. Continued

Hydrolysis conditions Degree of hydrolysis 3
Enzyme 5
Substrate . 5
preparation ) o 5|
E : S ratio** pH t,°C T, h % Method for determining ~
S e Alcalase 1% 8.0 50 3 8.0
is‘(’)-‘{alt’z" em o-Phthalaldehyde method | [10]
Flavourzyme 1% 7.0 50 3 10.0
Soy protein Flavourzyme 8% 7.0 55 4 57.0 Biuret method [11]
isolate
Alcalase - 8.0 40 8 35.1
Soy flour* Flavourzyme - 8.0 40 8 39.5 Ninhydrin method [12]
Novozym - 8.0 40 8 333
Two-step process
S i Pepsin 1:20 1.6
is(;}l]alt) ;0 em 39 8 88.2 Formol titration method [8]
Trypsin 1:20 7.8
Alcalase 4%
7.0 50 2.5 30.0
Soy protein Flavourzyme 4% pH-stat method and
cor}llcle)m trate 2,4,6-trinitrobenzenesulfonic [9]
Neutrase 4% acid method
7.0 50 2.75 14.0
Flavourzyme 4%

* Soy flour contains 50% protein on a dry matter basis, soy protein concentrate contains more than 65% protein, soy protein isolate contains
more than 90% protein [13].
** E : S ratio is the enzyme-to-substrate ratio.

Table 2. Effect of pretreatment of soy protein isolate on the degree of hydrolysis

Hydrolysis conditions Degree of hydrolysis 3
Enzyme 5
Pretreatment . 5
preparation . . 5]
E : S ratio pH t,°C T, h % Method for determining ~
- 0.9
Papain 0.5% 7.0 55 3 pH-stat method [14]
Ultrasound pretreatment 600 W 1.86
- 9.6
Pancreatin 2% 7.0 55 3 pH-stat method [15]
Extrusion pretreatment 16.4
_ 13.7
o .
Thermal pretreatment 90°C, 10min | p - pin | 1220 | 70 | 55 3| 109 | Formol titration method | [16]
High-pressure homogenization 235
30 MPa '
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MATERIALS AND METHODS

The following materials were used in this work:
defatted soy flour (protein content, 48%; fat, 1%;
carbohydrates, 35%; [rkutsk Maslozhirkombinat,
Russia); the Protozyme C330 enzyme preparation based
on a neutral protease (>250 units/g, 30-50°C, pH 6.0-7.5;
Ferment, Republic of Belarus); an enzyme preparation
based on an alkaline protease (204324 units/g,
40-50°C, pH 9.0-11.0; Beijing Donghua Qiangsheng
Biotechnology Co., China); the Complex-concentrate
enzyme preparation, possessing cellulase (1452 units/g),
xylanase (21256 units/g), B-glucanase (16415 units/g),
pectinase (2152 units/g), phytase (1550 units/g),
mannanase (10586 units/g), and lipase (1080 units/g)
activity (Ferment, Republic of Belarus).

Deglycosylation of B-conglycinin, hydrolysis of
polysaccharides and lipids were carried out using the
Complex-concentrate enzyme preparation at an enzyme-
to-substrate (E : S) ratio of 1 : 40 and a hydromodule
of soy flour : purified water (1 : 10) for 20 h. Protein
hydrolysis was performed using a proteolytic enzyme
preparation at an E : S of 1 : 20 and pH 7.5. Upon
completion of proteolysis, the enzyme was inactivated at
a temperature of 100°C for 10 min.

The degree of protein hydrolysis was determined
by the pH-stat method [19]. The pH value of the
reaction medium was controlled using an HI 83141
pH meter (Hanna, Germany). The constancy of pH
was maintained by adding a 1 M sodium hydroxide
solution.

The degree of hydrolysis (DH, %) of proteins was
calculated using the formula:

DH = N:—:——:100, (1)

where V' is the volume of sodium hydroxide solution
added during hydrolysis, mL; Nis the molar concentration
of sodium hydroxide, mol/L; m is the mass of protein, g;
h is the number of peptide bonds in 1 g of soy proteins,
h="7.8 mmol/g; a is the degree of dissociation of a-amino
groups at the hydrolysis pH:

B 10(PH-pK)
T T 10eHK)

)

Here, the pK of the formed a-amino groups depends
on the hydrolysis temperature 7, in Kelvin, as follows:

(298 -T)

pK=7.8+
(298-T)

-2400. 3)

Reducing sugars were determined according to
the Miller method [20] with some modifications. The
essence of the method is that upon interaction of reducing
sugars with 3,5-dinitrosalicylic acid, the latter is reduced

to 3-amino-5-nitrosalicylic acid, which has a yellow-
orange color.

To 0.5 mL of the carbohydrate hydrolysate in a test
tube, 1.5 mL of dinitrosalicylic acid reagent and 1.0 mL
of distilled water were added. After closing the test tube
with a cotton plug and placing it in a boiling water bath
for 15 min, the tube was cooled to 20°C and 0.5 mL of
a 40% solution of potassium sodium tartrate (Rochelle
salt) was added to stabilize the color. The optical
density of the solution was measured at 582 nm using
a Specord 200 Plus spectrophotometer (Analytik Jena,
Germany) against a control sample. According to
the Beer—Lambert—Bouguer law, the optical density
is proportional to the concentration of reducing
sugars. To prepare the dinitrosalicylic reagent, 1 g of
3,5-dinitrosalicylic acid, 1 g of sodium hydroxide, 0.05 g
of sodium sulfate, and 0.2 g of phenol were weighed and
dissolved in distilled water with continuous stirring,
bringing the solution volume to 100 mL.

The molecular weight distribution of peptide
fractions was analyzed by low-pressure liquid gel
chromatography in a 1.8 x 35 cm glass column
packed with Sephadex® G-50 Medium gel (separation
range 1.5-30 kDa; Pharmacia Fine Chemicals,
Sweden) and pre-calibrated using standard substances
(Fig. 1): trypsin (24 kDa; Sigma-Aldrich, USA),
cytochrome C (12.3 kDa; Serva Fein Biochemica,
Germany), vitamin B, (1.36 kDa; Sigma-Aldrich,
USA). The void volume of the column was determined
at 32.5 £ 0.1 mL by the elution volume of blue
dextran 2000 (2000 kDa; Sigma-Aldrich, USA).
Prior to loading onto the column, the hydrolysate
solution was filtered through a membrane filter (pore
size 0.2 um; Agilent Technologies, USA). A 0.025 M
Tris-HCI buffer solution (pH 8.0) was used as the
eluent. Detection was performed at 280 nm.

Graphs were plotted using Microsoft Office
Excel 2010 software. Computer processing of the
elution profile of peptide fractions was performed in
OriginPro 8.5.1 software using the Gaussian function.

6 -
51 y=-0.0304x + 5.6568
R2=0.9994
ED .l \\
3
2 T T . . . ‘
30 40 50 60 70 80 90

Elution volume, mL

Fig. 1. Calibration curve for a column
with Sephadex® G-50 Medium. M is molecular weight
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RESULTS AND DISCUSSION

Selection of a proteolytic enzyme preparation.
Protein hydrolysis was carried out with a proteolytic
enzyme preparation at 40°C following preliminary
deglycosylation of B-conglycinin at the same temperature.
As seen from Fig. 2, when using the Protozyme C330
enzyme preparation, significant formation of proteolysis
products (DH = 55.5%) occurs within 5.5 h, while
the maximum degree of hydrolysis (DH = 43.3%) is
achieved in 5 h with the addition of the alkaline protease-
based enzyme preparation. For further research, the
Protozyme C330 enzyme preparation was selected.

Influence of temperature. Protein hydrolysis was
carried out using the Protozyme C330 enzyme preparation
at temperatures of 40 and 50°C (the temperature range
of highest catalytic activity for the neutral protease)
following preliminary cleavage of the carbohydrate
component of the glycoprotein at the same temperatures.
As can be seen from Fig. 3, proteolysis at 40°C yields
a product having a degree of hydrolysis of 55.5% over
5.5 h, while proteolysis at 50°C yields a product with the
same degree of hydrolysis (DH = 56.3%) in 3.5 h. The
results obtained indicate that the preferred temperature
for protein hydrolysis is 50°C.

Influence of preliminary cleavage of the carbohydrate
component of the glycoprotein. Enzymatic deglycosyl-
ation of B-conglycinin and hydrolysis of polysaccharides

70 -
60
50
40 |
30
20 |

Degree of hydrolysis, %

were carried out at 50°C. The kinetic curve of
reducing sugar formation is presented in Fig. 4. Since
soy flour initially contains reducing sugars (glucose,
fructose) [21], their concentration on the kinetic curve is
non-zero at the initial time point. The 2.5-fold increase
in the concentration of reducing sugars observed
15 min after the addition of the Complex-concentrate
enzyme preparation to the soy flour suspension is due to
the hydrolysis of free oligo- and polysaccharides. The
subsequent increase in the concentration of reducing
sugars can be attributed to the slow cleavage of the
carbohydrate part of the glycoprotein.

Protein hydrolysis was carried out using the
Protozyme C330 enzyme preparation at 50°C both
with and without preliminary deglycosylation of
B-conglycinin at the same temperature. The destruction
of the carbohydrate component of the glycoprotein was
found to contribute to a 6-fold increase in the degree of
protein hydrolysis (DH = 56.3% in 3.5 h) as compared
to proteolysis without pretreatment (DH = 9.2% in
3.5h) (Fig. 5).

Analysis of the molecular weight distribution of
peptide fractions after proteolysis with preliminary
deglycosylation of PB-conglycinin. Analysis of the
elution profile of peptide fractions (Fig. 6) showed
that the soy hydrolysate contains 83.9% of peptides
with a molecular weight <6 kDa, which potentially
possess biological activity [22, 23]. Furthermore, the

—e— Protozyme C330
—o— Alkaline protease

Time, h

Fig. 2. Effect of proteolytic enzymes on the degree of protein hydrolysis

70 4
60
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404
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20+

Degree of hydrolysis, %
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0
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—a—50°C

0 1 2 3

Time, h

Fig. 3. Effect of temperature on the degree of protein hydrolysis by the Protozyme C330 enzyme preparation
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Fig. 4. Kinetic curve of reducing sugars formation
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Time, h

Fig. 5. Effect of preliminary cleavage of the carbohydrate part of B-conglycinin on the degree of protein hydrolysis

by the Protozyme C330 enzyme preparation

peptide fraction with a molecular weight <1.0 kDa
is predominant (58.6%), which is consistent
with the degree of hydrolysis (DH = 56.3%).
Polypeptides with a molecular weight >32 kDa and
unhydrolyzed proteins elute in the void volume of the
column (Table 3).

0.7 4 =B
Void volume F@t Peak 1
0.6 4 of the column — g}t Peak 2
' / it Peak 3
1 N A Fit Peak 4
0.5 | Fit Peak 5

—— Cumulative
Fit Peak

20 140
Elution volume, mL

Fig. 6. Decomposition of peaks by Gaussian curves
in the elution profile of peptide fractions

Table 3. Characterization of fractions in soy hydrolysate

Elution Mole?cular Fraction
Name Peak weight
volume, . content,
of peak area of fraction,
mL %
kDa
Void
volume
of the 2.7 325 >32.0 13.6
column
1 0.5 38.0 31.7 2.5
2 1.9 61.5 6.1 9.6
3 3.1 75.6 2.3 15.7
4 7.1 87.5 1.0 359
5 4.5 98.8 0.5 22.7
CONCLUSIONS

The conducted research established that the application
of enzymatic deglycosylation as a pretreatment of soy
flour can be used to significantly increase the degree of
protein hydrolysis. It is likely that the cleavage of the
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carbohydrate moiety of B-conglycinin leads to a loss
of conformational stability in the protein molecule to
increase the accessibility of peptide bonds to the action
of the proteolytic enzyme. Optimal conditions for the
hydrolysis of soy proteins using a neutral protease-
based enzyme preparation were determined. The
developed approach of preliminary deglycosylation
of B-conglycinin can be used to increase the yield of
low-molecular-weight peptides in the production of soy
hydrolysates.
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Abstract

Objectives. The work set out to develop a chromatographic purification technology for drugs based on modified single-domain antibodies
specific to the SARS-CoV-2 virus, as well as to select the optimal parameters for the purification process and scale up this technology
for production.

Methods. The study was conducted on a culture of Chinese hamster ovary (CHO) cells GAMP2CS clone 78, CHO BS clone 4, and
CHO BI10 clone 4, which were used to produce modified single-domain antibodies GAMP2C5, GAMBS, and GAMBI10, respectively.
Chromatographic purification was performed using AKTA pure 25 and AKTA Pilot 600s chromatographs. Quality control of the obtained
drugs was carried out using high-performance liquid chromatography, capillary gel electrophoresis, dynamic light scattering, enzyme-
linked immunosorbent assay, and polymerase chain reaction.

Results. Multimodal chromatography using CA**Pure-HA (TOSOH, Japan) resin based on type 1 ceramic hydroxyapatite can
be effectively used for the removal of aggregated antibody forms. The drugs obtained after chromatography using CA*"Pure-HA resin
based on type 1 ceramic hydroxyapatite have a purity of more than 97%. The developed purification technology was scaled up to purify
200 L of culture fluid after cultivation in an STR 200 bioreactor.

Conclusions. The described technology developed for purifying modified mono-domain antibodies using the CA*"Pure-HA multimodal
resin based on type 1 ceramic hydroxyapatite allows for the effective removal of low-molecular-weight impurities and aggregated forms
of the antibody. The antibodies obtained using the developed technology are characterized by a high degree of purity and the absence
of various impurities (residual protein of the producer strain, residual protein A, and residual DNA of the producer strain), as well
as offering a hydrodynamic molecular radius corresponding to the theoretical value of monomeric forms of antibodies.
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AHHOTaUuus

ean. Pazpaborarh TEXHOIOTHIO XPOMATOrpayUueCKOl OUMCTKH IS IIPErapaToB Ha OCHOBE MOAU(UINPOBAHHBIX OHOOMEHHBIX aH-
TUTelN, creupHIHEIX K BUpycy SARS-CoV-2. [TonoOpars onTuManbHbIC TApaMETpPhI MPOLEcca OYUCTKU U MaCIITaOUPOBaTh JAHHYIO
TEXHOJIOTUIO Ha IIPOU3BOJCTBE.

MeToasl. MccnenoBanue mpoBOAUIOCH Ha KYJBTYPE KIETOK SMYHUKOB KuTaiickoro xomsaka CHO GAMP2CS xnon 78, CHO BS5 xioH 4,
CHO B10 xon 4, npoxynupyronmx MoauduipoBaHaeie ogaHoqoMeHHbIe anTuTena GAMP2CS5, GAMBS, GAMB10 cooTBeTCTBEHHO.
Xpomarorpadudeckas O4nCTKa MpoBoaMIach ¢ mpuMmeHerneM xpomarorpapos AKTA Pure 25 u AKTA Pilot 600s. KonTposs kauecTBa
TMOJTyYCHHBIX MPEnapaTtoB ObLI OCYIIECTBICH TIPU MTOMOIIN BBICOKOA()(MEKTHBHON KUAKOCTHOH Xpomarorpaduu, KanuusIpHOTO rejlb-
anekTpodopesa, AMHAMHYECKOTO PACCESIHHS CBETa, MMMYHO(DEPMEHTHOTO aHaAIIN3a, TOJIMMEPA3HON LIETTHON PeaKInH.

Pesynbrarsl. MyastuMonanbsHas xpomarorpadus ¢ npumenenuem copbenta Ca*tPure-HA (TOSOH, Slnouus) Ha OCHOBE KepaMM-
YEeCKOro THApoKcHanaTuTa 1 Tuma mo3BosisieT 3QQeKTUBHO M30aBIATHCS OT arperupoBaHHBIX GopMm anTHTena. [Ipenaparsl, momy4eH-
HbIE NOCNIe XpoMaTorpaguu ¢ npumenenueM copbenta Ca'"Pure-HA Ha 0CHOBE KepaMMYECKOTO MMAPOKCHANATUTA |, MMEIOT YMCTOTY
6onee 97%. PazpaboTraHHast TEXHONOTHS OUYMCTKH ObLIa MacIITabOMpOBaHa 10 OUHCTKH 00BbeMoM 200 J1 KyIbTypaabHOH KUAKOCTH MOCTE
KyapTHBHpOBaHus B Onopeaktope STR 200.

BbiBoabl. Pa3paborana TEXHOIOTHS OYMCTKA MOAU(UIIMPOBAHHBIX OTHOZOMEHHBIX aHTUTEIN C IPUMEHEHHEM MYJIBTHMOJIAJIBHOTO COp-
Genra Ca**Pure-HA Ha 0CHOBe KepaMUYECKOTO TMAPOKCHATIaTHTa | THMa, Mo3Bonsiomas 3G(EKTHBHO N30aBIATHCS OT HU3KOMOJIEKY-
JISIPHBIX IPUMeceil u arpernpoBaHHbIX GopMm aHTHUTeNa. [TosrydeHHbIe ¢ TTOMOIIBIO Pa3pabOTaHHOI TEXHOIOTMH AHTUTENA XapaKTepH-
3YIOTCSl BBICOKOW CTENEHBIO YMCTOTBI, OTCYTCTBUEM Da3IMYHBIX MpUMeEced (OCTaTOYHOro Oelika MTaMMa IPOAYLEHTA, OCTATOYHOTO
Genka A u octarounoro JIHK mramma nponynenra), a Takxke 00/1a1at0T T'HAPOANHAMHUYECKUM PaJIHYCOM MOJIEKYJI, COOTBETCTBYIOLIUM
TEOPETHYECKOMY 3HAYCHUIO MOHOMEPHOU (hOpM aHTHTEI.

KnioueBble cnoBa MocTtynuna: 15.01.2026
xpomarorpaduueckas O4HCTKa, KAPMHUUIESCKU THApOKcHanarur 1 tuma, HOopa6oTaHa: 11.02.2026
MYJIBTUMOZAIIbHASE XpoMaTorpadus, pa3padoTka TEXHOJIOTHH OYHCTKH, MpuHsaTa B neyats: 16.03.2026
MacIITaOupOBaHKE

Anga uuTnpoBaHusa

[Monstackwmii 11.C., IIpoxodrer B.B., Camopykosa A.B., lIumkonaxos ®.A., Bacuibes [1.B., Psoosa E.U., [lepkaes A.A., ['ocynapes A.l.,
E¢dumona 10.A., Ilebnskos [I.B., Kapno A.Il., Ecmaram6eroB 1.b. Pa3paboTka 1 MacmtabupoBaHue TEXHOIOTHH Xpomarorpadude-
CKOM OYMCTKH OTHOJOMEHHBIX aHTHTel, CIUThIX ¢ Fe-dpparmentom IgG1 uenoseka. Touxue xumuueckue mexnonoeuu. 2026;21(2):188-211.
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for single-domain antibodies fused to the Fc fragment of human IgG1

Dmitry S. Polyansky,
etal.

INTRODUCTION

Currently, many pharmaceutical companies have
a number of monoclonal antibodies in their development
portfolios, which are widely used in the treatment
and prevention of various diseases. In addition to
100 registered antibody-based drugs, about 250 are in
various stages of clinical trials [1-11]. Due to the current
high demand for therapeutic antibodies in clinical practice
and constantly expanding range of their application, it is
advisable to optimize and improve the technologies used
for their production. The main technology currently used
for producing monoclonal antibodies includes two main
stages: cell cultivation and chromatographic purification.
An example of the development of cell cultivation
technology was described earlier [12]. The antibody
purification process begins with filtration of the culture
fluid using depth and membrane filters to separate the
medium containing monoclonal antibodies from the host
cells [13].

The standard first stage of the classic three-stage
chromatography purification technology consists in
the purification of monoclonal antibodies by carrying
out affinity chromatography on protein A (or, less
commonly, protein G) to remove most impurities
by means of the high selectivity of the resin. The
principle of the method is based on the interaction
of the Fc fragment of the antibody with protein A
with high selectivity. Thus, monoclonal antibodies
in the culture fluid bind to protein A and remain on
the resin to allow unbound impurities to be washed
out during column elution. One of the possible
intermediate stages of antibody purification is anion
exchange chromatography. This stage is necessary
for highly efficient purification of the drugs from
DNA, viruses, endotoxins, as well as acidic host
cell proteins. The process is carried out due to the
interaction of the charges of the molecules of the
separated substances and the opposite charges of the
active groups of the resin, which are covalently bound
to the chromatographic matrix [14].

In order to carry out the final stage of polishing from
closely related impurities (aggregates, proteolytic cleaved
antibody fragments, charged forms of the target antibody),
size exclusion or multimodal chromatography is usually
used. This method, which separates antibodies according
to their size, permits the isolation of a monomeric
fraction separated from aggregates and cleaved antibody
fragments. However, this type of chromatography (size
exclusion chromatography) is difficult to scale up in
production. When scaling up purification technology,
multimodal resins are typically used. For example,
ceramic hydroxyapatite-based Ca™*Pure-HA (TOSOH,
Japan) resins can be conveniently used to separate

aggregates from monomers based on their charge and
van der Waals forces.

At the N.F. Gamaleya National Research Center
for Epidemiology and Microbiology of the Ministry of
Health of the Russian Federation (Gamaleya Institute),
various single-domain antibodies fused with the
Fc fragment of human immunoglobulin class G1, having
a broad spectrum of virus-neutralizing activity against
various viruses, were obtained [15-23]. The present
article describes the development of a chromatographic
purification technology for antibodies specific to
the SARS-CoV-2 virus. After determining optimal
conditions for separating the target antibody fraction
from impurities, a system for verifying the purity of
the obtained drugs was developed. The developed
chromatographic purification technology can be applied
to different single-domain antibodies containing variable
domains with different specificities. Three different
drugs against the SARS-CoV-2 virus developed thanks
to the developed purification technology, which showed
a purity of more than 98%, are at various stages of
clinical trials.

MATERIALS AND METHODS
Cell line

The following cell lines were used in the study:

e Chinese hamster ovary (CHO) cells
GAMP2CS5 (clone 78) producing a single-domain
antibody fused to the human IgG1 Fc fragment P2C5;

e CHO cell culture GAMBS (clone 04),
producing a single-domain antibody fused to the
human IgG1 Fc fragment BS;

e CHO cell culture GAMBIO (clone 12),
producing a single-domain antibody fused to the
human IgG1 Fc fragment B10.

All three cell lines were obtained in the
immunobiotechnology laboratory of the Gamaleya
Institute based on CHO-K1 cells (Culture and Tissue
Collection of the Gamaleya Institute).

Chromatography

The following substances were used for buffers: sodium
chloride, calcium chloride, glycine, Tris, and Tris-HCI
(Neofroxx, Germany); sodium monophosphate, sodium
dihydrogen phosphate, polysorbate 80 (PanReac, Spain).
Buffers for various types of chromatography are listed
in Table 1.

Affinity chromatography: an AKTA Pure 25
chromatograph (Cytiva, Sweden) was used for
chromatography in laboratory conditions. After clarifying
one liter of culture fluid by centrifugation at 200g for
10 min, further centrifugation was carried out at 5000g
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Table 1. Buffers for different stages of chromatographic purification

Designation pH Compound Types of chromatography Functions
72 Sodium chloride 150 mM Affinity
' Monosodium phosphate 15 mM Size exclusion Binding
Sodium dihydrogen phosphate 5 mM Elution
5.0 Polysorbate 80 0.01% Cation exchange
Buffer A
Sodium chloride 1000 mM
Monosodium phosphate 15 mM . . Binding
72 Sodium dihydrogen phosphate 5 mM Hydrophobic interaction Elution
Polysorbate 80 0.01%
Glycine 200 mM
Buffer B 3.0 Sodium chloride 150 mM Affinity Elution
Polysorbate 80 0.01%
Buffer C 8.5 Tris-HC1 1 M Affinity Adjusting pH
Tris 20 mM Anion exchange Equilibration
Buffer D 6.8 Sodium chloride 150 mM Multimodal Flushing
Monosodium phosphate 75 mM Molecule charee
Buffer E 7.5 Sodium dihydrogen phosphate 25 mM Multimodal . £
. . Elution
Calcium chloride 4 ppm

for 20 min. The supernatant was then passed through
syringe filters with a pore diameter of 0.8 pm. Prior to
application, the pH of the clarified culture fluid was 7.1.
The sample was applied to an XK 16/20 column (Cytiva,
Sweden) with 20 mL of RUselect-P resin (Greenvan,
Russia). Before applying the sample, the column was
equilibrated with 5 column volumes (hereinafter referred
to as CV) of buffer A. Chromatography was performed
in the apply-remove mode at a rate of 2 mL/min. After
applying the sample, the column was washed with 5 CV
of buffer A. The sample was then eluted using buffer B
with an acidic pH. Following elution, the intermediate
product of affinity chromatography was inactivated by
incubation for 30 min at a low pH (pH 3.0), then the pH
was adjusted to 6.8—6.9 using buffer B.

When scaling up the technology, the culture fluid
was pre-filtered using depth and clarification filtration.
The volume of culture fluid prior to filtration was 200 L.
For chromatography under production conditions, an
AKTA Pilot 600s chromatograph (Cytiva, Sweden)
using an AxiChrom 100/300 chromatography column
(Cytiva, Sweden) was used with 1 L of RUselect-P resin
(Greenvan, Russia). The volume of clarified culture
fluid after filtration and washing of the filters with buffer
solution to displace the residual volume of material
was approximately 230 L. After dividing the resulting
material into two equal parts, affinity chromatography
was performed sequentially. Chromatography was

performed as under laboratory conditions other than in
terms of the volume and application rate (Table 2). The
maximum permissible load on the resin as calculated
based on experimental data (not presented in this article)
was 30 g/L. Following affinity chromatography, viral
inactivation was performed (pH 3, 30 min). Then, after
combining both batches of the intermediate product, the
next stage of purification was performed.

Anion exchange chromatography: the
process was carried out at laboratory scale
on an AKTA Pure 25 chromatograph (Cytiva,
Sweden). Cytiva XK16/20 columns with 5 mL of
Q Sepharose™ Fast Flow resin (Cytiva, Sweden)
were used for this chromatography. The column was
equilibrated with 5 CV of buffer G. Chromatography
was performed in flow-through mode. The sample was
applied at a rate of 0.5 mL/min. Fraction collection began
at an optical absorption value of 20 mAU at 280 nm.
After applying the sample, the column was rinsed again
with buffer G until the optical absorption peak dropped
to 20 mAU.

For chromatography under production conditions,
an AKTA Pilot 600s chromatograph (Cytiva, Sweden)
and AxiChrom 70/300 columns (Cytiva, Sweden) were
used, with 1 L of Q Sepharose™ Fast Flow resin (Cytiva,
Sweden). Chromatography was performed under
conditions similar to laboratory with the exception of the
volume and application rate (Table 2).
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Table 2. Parameters for different stages of chromatographic purification (CF — culture fluid)

of chrojrzl;zgraphy Volume of CF, L Column Speed, mL/min Resin volume, mL Contact time, min
Laboratory scale

Affinity XK 16/20 8 20 2.5

Anion exchange 1 XK 16/20 0.5 5 10

Multimodal XK 16/20 2 5 2.5
Production scale

Affinity Axichrom 100/300 400 1 2.5

Anion exchange 200 Axichrom 100/300 100 1 10

Multimodal Axichrom 100/300 400 1 2.5

Size exclusion chromatography: the process
was carried out in laboratory conditions using an
AKTA Pure 25 chromatograph (Cytiva, Sweden)
with an XK26/100 column (Cytiva, Sweden) filled with
Superdex™ 200 resin (Cytiva, Sweden). Chromatography
was performed in flow-through mode. The sample was
applied at a rate of 5 mL/min. Buffer A was used as
the main buffer.

Hydrophobic interaction chromatography: the
process was carried out under laboratory conditions
on the AKTA Pure 25 system (Cytiva, Sweden) using
an XK 16/20 column (Cytiva, Sweden) and 5 mL of
Phenyl Sepharose™ resin (Cytiva, Sweden). Sodium
chloride was added to samples of 30, 34, and 35 mL
of GAMP2C5, GAMBS5, and GAMBI10 antibodies,
respectively, which had previously undergone anion
exchange chromatography, to a concentration of 1 M
to ensure better binding to the resin. Chromatography
was performed in apply-remove mode at a flow rate
of 1 mL/min. The column was equilibrated with
5 CV of buffer A at a sodium chloride concentration
of 1 M. Next, the sample was applied and the column
was washed again with buffer A with a sodium
chloride concentration of 1 M until the optical
density dropped to 10 mAU. After that, elution was
performed in a linear gradient to 100% concentration
of buffer A without sodium chloride for 10 min. The
target protein (monomeric form) was obtained in the
first fractions, followed by oligomeric and aggregate
forms of antibodies as the concentration of buffer A
increased. The volumes of the target fractions were
17.0, 27.5, and 19.8 mL for GAMP2CS5, GAMBS, and
GAMBI10 antibodies, respectively.

Cation exchange chromatography: the process was
carried out on an AKTA Pure 25 chromatography system
(Cytiva, Sweden) using an XK 16/20 column (Cytiva,
Sweden) with 5 mL of SP Sepharose™ resin (Cytiva,
Sweden). Chromatography was performed in flow-
through mode at a rate of 1 mL/min. The column was
equilibrated with 5 CV of buffer A with a reduced pH
(pH 5). After that, samples of GAMP2C5, GAMBS, and
GAMBI10 antibodies transferred from anion exchange
chromatography were applied to the column, 40 mL
each; the pH of the samples was also reduced to 5. The
target fraction contained monomeric forms of antibodies.
Next, buffer A with a pH of 5 and a sodium chloride
concentration of 1 M was used to remove aggregate
forms of antibodies. The volumes of the target fractions
were 18.0, 35.5, and 23.0 mL for GAMP2C5, GAMBS,
and GAMB10 antibodies, respectively.

Multimodal chromatography: chromatography was
performed on an AKTA Pure 25 chromatograph (Cytiva,
Sweden) using a Cytiva XK16/20 column packed
with 5 mL of Ca*"Pure-HA resin (TOSOH, Japan) on
a laboratory scale. The optimal load for purification
on a laboratory scale is the amount of anion exchange
chromatography intermediate corresponding to 100 mL
of culture fluid per 1 mL of resin. The column was
equilibrated with buffer D, then washed with buffer G.
Having adjusted the pH of the sample to 6.8, the sample
was applied to the column in apply-remove mode at a rate
of 2 mL/min. After applying the sample, the column was
washed with buffer G, then buffer A was used to elute the
monomeric form of antibodies.

At an industrial scale, chromatography was performed
using an AKTA Pilot 600s chromatograph (Cytiva,
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Sweden) and an AxiChrom 140/300 column (Cyftiva,
Sweden) packed with Ca™ Pure-HA resin (TOSOH, Japan).
Chromatography was performed under similar conditions
except for the volume and application rate. The parameters
of the chromatography processes are shown in Table 2.

Scaling

Depth filtration was performed usinga 3M™ Zeta Plus™
Encapsulated System EZP (3M, USA) depth filtration
unit with 3M™ Zeta Plus™ Encapsulated System
Capsule 1.6 m? filters (3M, USA).

Clarification filtration was performed using
an ASF-006 steel filtration apparatus (Vladisart, Russia)
with Sartoguard PES 0.2 pm (1.6 m?) clarification
capsule filters (Sartorius, Germany).

Concentration and diafiltration: the obtained
filtrate was concentrated using tangential flow filtration.
Filtration was performed on an AKTA Flux 6 (Cytiva,
Sweden) system with a SARTOCON Slice Cassette
30 kDa ultrafiltration cartridge (Sartorius, Germany).

Antiviral filtration: a Virosart HF 200 cm? antiviral
filter (Sartorius, Germany) was used for the process.

Analytical methods

The concentration of antibodies in the culture fluid and
intermediate products was determined by biosensor
interferometry as described previously [12].

High-performance liquid chromatography (HPLC):
the authenticity of the test sample was determined by
size exclusion HPLC. An Agilent 1260 Infinity Capillary
LC System (Agilent Technologies, USA) was used
with a Phenomenex SEC-s3000 column (particle size
5 pm, pore size 290 A, geometry 300 x 7.8 mM) for
analysis. Chromatography was performed under isocratic
conditions. At a sample injection volume of 20 pL, the
analysis duration was 35 min. The sample was applied
at a rate of 0.5 mL/min. The UV detector was set to
a wavelength of 214 nm.

Residual protein A: to determine the amount
of residual protein A, the Immunoenzymetric
Assay for the Measurement of Protein A F400 kit
(Cygnus Technologies, USA) was used according to the
manufacturer’s protocol.

Residual DNA of the producer strain: to determine
the amount of residual DNA of the producer strain, the
PrepSEQ™ Residual DNA Sample Preparation Kit
(Thermo Fisher Scientific, USA) and resDNASEQ™
Quantitative CHO DNA Kit (Thermo Fisher Scientific,
USA) were used, as well as DNA extraction Kits
according to the manufacturers’ protocols.

Residual protein of the producer strain: to
determine the amount of residual protein of the

producer strain, the Immunoenzymetric Assay for the
Measurement of Chinese Hamster Ovary Host Cell
Proteins F550 (Cygnus, USA) kits were used according
to the manufacturer’s protocol.

Particle size: particle size in solution was measured
using dynamic light scattering with a Zetasizer Nano ZS
(Malvern, United Kingdom) in accordance with the
manufacturer’s instructions [24].

Capillary gel electrophoresis: this analysis was
performed using a Beckman/PA8O0 plus capillary
electrophoresis system (Beckman, USA). The test
and standard samples were diluted with purified water
to a concentration corresponding to the antibody
concentration. For this purpose, 12 puL of the sample and
a volume of purified water calculated using the formula
V'=1.5 x C— 12 were placed in a 0.5 mL microcentrifuge
tube, where C is the protein concentration in the sample
(mg/mL). The capillary was cut such that the total length
was 30.2 cm, with an effective length of approximately
20.2 cm. The capillary was installed in the cartridge in
accordance with the device operating instructions, with
an aperture of 100 x 200 pum.

RESULTS AND DISCUSSION

The Gamaleya Institute has developed GamCoVimab,
a drug based on humanized monoclonal antibodies for the
carly etiotropic treatment of coronavirus infection caused
by the SARS-CoV-2 virus. The active ingredient of the
drug is the heavy-chain monoclonal antibody GAMP2CS,
which is a single-domain antibody P2C5 fused with the
Fc fragment of human IgG1 [20, 21]. Subsequently, due to
the emergence of new variants of the SARS-CoV-2 virus,
two new heavy-chain monoclonal antibodies
(GAMBS and GAMBI10) were developed [12] (Fig. 1).

Single domain antibodies
P2C5 BS B10

Fc fragment of IgG1

Fig. 1. Schematic representation of single-domain antibodies
fused with the Fc fragment of human IgG1

In this study, a technology for purifying heavy chain
antibodies using a multimodal resin based on ceramic
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hydroxyapatite was developed and scaled up. The culture
fluid for chromatographic purification was obtained by
culturing CHO cells that stably produce GAMP2CS,
GAMBS, and GAMBI10 antibodies. These cell lines were
cultivated using a technology developed earlier [12].
Initially, the laboratory technology for chromatographic
purification consisted of three stages (Fig. 2).

Protein A chromatography

v

Anion exchange chromatography

v

Size exclusion chromatography

A

Fig. 2. Laboratory scheme for chromatographic purification
of antibodies fused with the Fc fragment of human IgG1

Affinity chromatography

The classic first step in purifying monoclonal antibodies
is based on affinity chromatography. Elution of the
target fraction containing monoclonal antibodies is
achieved by lowering the pH of the elution buffer
to 3.0-4.0, which breaks the interaction between the
Fc fragment and protein A. Since the antibodies under
study, GAMP2C5, GAMBS, and GAMBI10 contain the
human IgG1 Fc fragment, affinity chromatography on
protein A can also be used for their purification. Affinity
chromatography allows obtaining a drug with 95-99%

purity; however, residual DNA from producer cells
may be present in the drug, as well as protein A, which
may enter the eluate during the elution of monoclonal
antibodies.

The total amounts of antibodies from intermediate
products transferred from the affinity chromatography
stage are shown in Table 3.

The intermediate products were then transferred to
the anion exchange chromatography stage.

Anion exchange chromatography

The process was carried out in a skip mode. Due to
the interaction between the charges of the separated
impurities and the opposite charges of the active groups
covalently linked to the resin matrix or membrane, the
impurities remained bound to the active groups, while
the target proteins passed through the column.

The total amounts of antibodies with intermediate
products transferred from the anion exchange
chromatography stage are shown in Table 4.

The intermediate products were then transferred to
the size exclusion chromatography stage.

Size exclusion chromatography

As a reference stage for separating the target fraction
from aggregates, as well as various non-full-size forms,
the laboratory uses size exclusion chromatography
based on Superdex™ 200 resin. The molecules of the
chromatographic mixture are separated according to

Table 3. Total amounts of antibodies after the affinity chromatography stage

puiilisdy Total gmount of antibody Total gmount of antibody
before affinity chromatography, mg after affinity chromatography, mg
GAMP2C5 350.0+£10.0 320.0+£10.0
GAMBS 400.0 £10.0 360.0 +10.0
GAMBI10 480.0 £10.0 415.0£10.0

Table 4. Total amounts of antibodies after the anion exchange chromatography stage

Aetilssy Total gmount of antibody .Total amount of antibody
after affinity chromatography, mg after anion exchange chromatography, mg
GAMP2C5 320.0 £ 10.0 302.0+10.0
GAMBS5 360.0 +10.0 340.0 £ 10.0
GAMBI10 415.0+10.0 390.0 £ 10.0
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Table 5. Total amounts of antibodies after the size exclusion chromatography stage

Antibod Total amount of antibody Total amount of antibody
Y after anion exchange chromatography, mg after size exclusion chromatography, mg
GAMP2C5 302.0+10.0 264.0 +10.0
GAMBS5 340.0 +10.0 300.0 +10.0
GAMBI10 390.0 +10.0 340.0 +10.0
Capture
[ Protein A chromatography J
Intermediate ;
[ Q Sepharose™ Fast Flow ]
Polishing

E—Iydrophobic interactin chromatograph}} [ Cation exchange chromatography J [ Multimodal chromatography ]

Fig. 3. Scheme for selecting a resin for the polishing final stage

their size due to differences in their ability to penetrate
the pores of the resin. The aggregate forms are released
in the first fractions, followed by the dimeric forms
to ultimately release the target monomeric forms.
To obtain sufficient resolution during size exclusion
chromatography, the sample is preconcentrated on
centrifugal filters with a cut-off diameter of 30 kDa prior
to application to ensure an optimal sample volume of no
more than 10% of the column volume.

The total amounts of antibodies with intermediate
products transferred from the size exclusion
chromatography stage are presented in Table 5.

Since laboratory technology using an exclusive
resin is difficult to scale up for production volumes,
a technology using various resins was developed. The
research scheme is presented in Fig. 3.

One of the first resins studied was the hydrophobic
resin Phenyl Sepharose™, whose principle of action
is based on the reversible interaction of proteins
with hydrophobic ligands immobilized on the resin
surface. Here, target antibodies interact through
hydrophobic amino acids. To increase the interaction
force (hydrophobic effect), the concentration of sodium
chloride in buffer A was increased to 1 M. Then the
column was equilibrated with 3 CV of buffer A. In the
test sample, the concentration of sodium chloride was

also brought to 1 M and then applied to the column.
After applying the sample, the resin was again washed
with buffer A containing 1 M sodium chloride. Next,
elution was performed in a linear gradient up to 100%
concentration of buffer A without sodium chloride
for 10 min. The target protein (monomeric form) was
obtained in the first fractions, followed by the aggregate
form as the salt concentration decreased.

The total amounts of antibodies from the
intermediate products transferred from the hydrophobic
chromatography stage using Phenyl Sepharose™ resin
are presented in Table 6.

Cation exchange chromatography was also used
to separate the monomer fraction from the aggregates.
This type of chromatography is characterized by the
interaction between the charges of the molecules of the
substances being separated and the opposite charges
of the active groups of the resin. In this study, we used
the cation exchange resin SP Sepharose™. The active
group of this resin is sulfopropyl, which is negatively
charged. Since aggregates usually have a higher total
positive charge, they should bind to the resin more
strongly than the monomeric form. Chromatography was
performed in flow-through mode. After lowering the pH
of the solution to 5.0, the column was equilibrated with
buffer A. Then, before applying the sample, the pH of the
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Table 6. Total amounts of antibodies after the hydrophobic chromatography stage using Phenyl Sepharose™ resin

Avitiliedly .Total amount of antibody Total am(?unt of antibody
after anion exchange chromatography, mg after hydrophobic chromatography, mg
GAMP2C5 302.0+10.0 150.0 £ 10.0
GAMBS5 340.0 £ 10.0 198.0 +10.0
GAMBI10 390.0+£10.0 220.0 +10.0

Table 7. Total amounts of antibodies after the cation exchange chromatography stage using SP Sepharose™ resin

Aeritley .Total amount of antibody .Total amount of antibody
after anion exchange chromatography, mg after cation exchange chromatography, mg
GAMP2C5 302.0+10.0 170.0 = 10.0
GAMBS 340.0 +10.0 214.0 £10.0
GAMBI10 390.0 £ 10.0 268.0+10.0

Table 8. Total amounts of antibodies after the multimodal chromatography stage using Ca**Pure-HA resin

Antibody .Total amount of antibody Tota}l amount of antibody
after anion exchange chromatography, mg after multimodal chromatography, mg
GAMP2C5 302.0 +10.0 260.0 + 10.0
GAMBS 340.0 +10.0 301.0 +10.0
GAMBI10 390.0 +10.0 344.4 +£10.0

antibody solution was lowered to 5.0. The target fraction
contained monomeric forms of antibodies; the aggregate
forms of antibodies were subsequently removed using
a high-salt buffer (1 M NaCl). The total amounts of
antibodies from the intermediate products transferred
from the cation exchange chromatography stage using
SP Sepharose™ resin are presented in Table 7.

Furthermore, for the final stage, we used a multimodal
Ca™"Pure-HA resin based on type 1 ceramic
hydroxyapatite.

Type 1 hydroxyapatite has three interaction groups:
1) Ca*;

2) phosphate groups PO3~;
3) hydroxide groups OH .

The sugar phosphate backbone of nucleic acids reacts
with calcium and hydroxyl groups, while antibodies
interact with calcium via the carboxyl group —OOC and
with phosphate groups via amino groups "H;N. First,
chromatography was performed on a laboratory scale
using a Cytiva XK16/20 column packed with 5 mL of

type 1 hydroxyapatite. Before applying the sample,
the column was sequentially washed with buffer D and
buffer G. After adjusting the pH to 6.8, the sample was
applied to the column. Chromatography was performed
in the apply-remove mode at a flow rate of 10 mL/min.
Then, applying the sample, the column was washed with
buffer G. Next, buffer A was used to elute the monomeric
form of antibodies. The total amounts of antibodies
from the intermediate products transferred from the
multimodal chromatography stage using Ca*"Pure-HA
resin are presented in Table 8.

Purity assessment

In order to select the final resin for the final purification
stage, it was necessary to determine the authenticity and
purity of the obtained drugs. Analytical methods were
used to confirm the purity of the drugs, including analysis
for residual protein of the producer strain, residual DNA
of the producer strain, and residual amount of protein A.
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To confirm the authenticity of the drug, the mobility of
molecules was analyzed using gel filtration by HPLC and
capillary gel electrophoresis of protein, while particle
size was determined by dynamic light scattering (Fig. 4).

HPLC
(Purity)

Ao

CGE ELISA
(Purity) (Residual protein)

DLS \ PCR

(Hydrodynamic radius) (Residual DNA)

< S

Fig. 4. Methods for assessing the purity of purified antibodies.
HPLC—high-performance liquid chromatography; ELISA—
enzyme-linked immunosorbent assay; PCR—polymerase chain
reaction; DNA—deoxyribonucleic acid; CGE—capillary gel
electrophoresis; DLS—dynamic light scattering

As a result of analyzing the presence of residual
DNA from the CHO cell-producing strain using real-
time polymerase chain reaction in samples of purified
GAMP2CS5, GAMBS, and GAMB10 antibodies on the three
resins studied, it was established that the amount of residual
DNA does not exceed the permissible limits at no more
than 10 pg/mg of protein'. Immunoenzymetric analysis
of purified GAMP2C5, GAMBS, and GAMBI10 on three
test resins showed that residual proteins from the producer
strain are within acceptable concentrations, amounting
to no more than 1 pg/mg of protein, while the residual
protein A content is no more than 25 ng/mg of protein.

To study the authenticity of the drugs, gel filtration
was performed using HPLC. The results obtained
were exported to Chromeleon version 7.0 software
(Thermo Fisher Scientific, USA) for data processing. As
a result, it was found that, following chromatographic
purification on Ca™"Pure-HA resin, the antibodies under
study have a purity of 99% for all three samples. This
is in contrast to the antibodies submitted for analysis
after Phenyl Sepharose resins: 80% for GAMBS,
94% for GAMBI10, and 60% for GAMP2CS. The
purity after chromatography using SP Sepharose™
resin was 95% for GAMBS5, 98% for GAMBIO,
and 79% for GAMP2CS. In the drug obtained after
purification on Ca**Pure-HA resin, there was mainly one
peak and no significant impurities (Fig. 5).

Note for Guidance on Production and Quality Control of Medicinal Products Derived by Recombinant DNA Technology, 3AB1A. Production

and Quality Control of Medicinal Products Derived by Recombinant DNA Technology. 1995. P. 214.
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Fig. 5. Evaluation of the degree of purity by gel filtration after the final stage of purification

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):188-211



Development and scaling of a chromatographic purification technology
for single-domain antibodies fused to the Fc fragment of human IgG1

Dmitry S. Polyansky,

etal.

6004 DADID, Sig =230.4 Ref=360.100

500 { GAMBS

400 - SP Sepharose™

300

200 ~

100 1
0-

DADID, Sig=230.4 Ref=360.100
1400

12004 GAMB10

+ |
1000 Ca""Pure-HA

800
600
400
200+

6004 DADID, Sig=230.4 Ref =360.100

50041 GAMBI10

4004 Phenyl Sepharose™

300

200

100 4
0

T T T T T T T T T T T T

22591DADID, Sig =230.4 Ref=360.100

2009 GAMB10

1757 SP Sepharose™
1504

1251

1001
751 q}nﬂ“
501 S\
254\

0 :ﬂﬂl T T T T T — T T T T

Absorption intensity, mAU

1600 1DADID, Sig=230.4 Ref=360.100 o

14007 GAMP2C i\“’q 4
1200 1 5 5%

DY
Ca**Pure-HA iy
1000

800
600 A
400
200 4

0

3000 - -
DADID, Sig=230.4 Ref=360.100 olo w0l

25007GAMP2C5
2000 -Phenyl Sepharose™

1500

10001

5004

0

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
Time, min

Fig. 5. Evaluation of the degree of purity by gel filtration after the final stage of purification (continued)

40 42 44

46 48

50

198 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):188-211



Development and scaling of a chromatographic purification technology
for single-domain antibodies fused to the Fc fragment of human IgG1

Dmitry S. Polyansky,
etal.

60 TDADID, Sig - 230.4 Ref=360.100
50 {GAMP2C5
™
40 1 SP Sepharose (
\B\\
30 1 &
20 1
10— =
0- T i 5 K T T T T T T T T T T T T T T T T T T T T T
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 33 40 42 44 46 48 50
Bpewms, mun
Time, min

‘ Fig. 5. Evaluation of the degree of purity by gel filtration after the final stage of purification (continued)

In addition to the gel filtration method, capillary
electrophoresis was used to determine the purity of the antibodies
under study. This method is based on the separation of mixture
components in a quartz capillary under the influence of an
electric field. The resulting electropherograms were exported
to Chromeleon version 7.0 software for data processing.
For the obtained antibodies, it was shown that, after using

0.0584

the Phenyl Sepharose™ resin, the purity of the samples was
83% for GAMBS, 83% for GAMBI10, and 90% for GAMP2CS.
Conversely, the purity of the samples obtained after using the
SP Sepharose™ resin was 82% for GAMBS, 81% for GAMBI10,
and 86% for GAMP2CS. Meanwhile, the sample purity
after using the Ca""Pure-HA resin was 97% for GAMBS,
97% for GAMBI10, and 99% for GAMP2CS (Fig. 6).
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Fig. 6. Evaluation of purity by capillary gel electrophoresis after the final stage of purification
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Fig. 6. Evaluation of purity by capillary gel electrophoresis after the final stage of purification (continued)

After  purification using  various  resins,
type 1 hydroxyapatite was selected as the most
promising resin for the final purification stage. This
decision was due to the impossibility of finding
conditions for separating the target fraction from
residual aggregates and non-target antibody forms
using other resins.

Furthermore, to evaluate the quality of the antibodies
obtained, we used the dynamic light scattering method,
which allows us to determine the size of molecules and
the presence of large agglomerates of particles that
cannot be determined by electrophoresis and HPLC. It
was shown that after purification of all three antibodies,
GAMP2C5, GAMBS, and GAMBI10, on the multimodal
resin Ca™"Pure-HA, the presence of one main peak
corresponding to molecules with an average diameter of
7.6-7.8 nm was detected (Fig. 7).

Scaling

After conducting laboratory-scale experiments and
confirming the authenticity and purity of the drug, this
technology was scaled up for production under good
manufacturing practice conditions. The purification
scheme for scaling up is shown in Fig. 8.

After scaling up the cultivation and purification
process, the total amount of the target product remained
virtually unchanged. The difference in the amount of
intermediate product obtained using laboratory and

scaled-up production technology was no more than 10%.
The data are presented in Table 9.

During scaling, an analysis was also conducted for
the content of residual proteins of the producer strain (the
content was no more than 1 pg/mg of protein), residual
DNA of the producer strain (no more than 10 pg/mg of
protein), and residual protein A content (no more than
25 ng/mg of protein). The impurity content depending on
the scale of production is shown in Table 10.

To confirm the purity of the drugs during technology
scaling, gel filtration was performed using HPLC. The
impurity content was no more than 5%. The degree of
purity is shown in Table 11. Chromatograms for each
antibody are shown in Fig. 9.

In order to study changes in the size and structure
of molecules during scaling, capillary electrophoresis
was also performed. The percentage of target protein
content in the intermediate product is shown in Table 12.
Chromatograms for each antibody are shown in Fig. 10.

To further confirm the successful scaling of the
chromatographic purification technology for modified
single-domain antibodies, the dynamic light scattering
method was used. After purification of all three
antibodies, GAMBS5, GAMP2CS5, and GAMB10, on the
multimodal resin Ca™"Pure-HA at the production facility
in accordance with GMP (Good Manufacturing Practice)
principles, values were detected that correspond to those
previously obtained during purification on a laboratory
scale (Fig. 11).
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Fig. 7. Particle size evaluation after the final stage of cleaning using dynamic light scattering at the laboratory scale: (a) GAMBS,
(b) GAMP2CS, and (c) GAMB10
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Table 9. Total amount of target protein after 3 stages of chromatographic purification

Laboratory scale

Production scale

T s | | | e
GAMP2C5 260.0 46.0
GAMBS 1.0 301.0 200.0 58.0
GAMBI10 344.0 64.0
Table 10. Impurity content at scaling
Laboratory scale Production scale
Antibody Residual protein Residual Residual DNA, Residual protein Resifiual Residual DNA,
of the producer . of the producer protein A,
strain, pg/mg protein A, ng/mg pg/mg strain, pug/mg ng/mg pg/mg
GAMP2C5 0.111 2.85 Not defined 0.241 3.29 Not defined
GAMBS 0.029 4.62 3.2 0.107 2.85 Not defined
GAMBI10 0.036 Not defined Not defined 0.022 2.0 4.0

Table 11. Target protein content in the intermediate product (HPLC)

Intermediate product

Target protein content, %

GAMP2C5 96.1
GAMBS5 98.9
GAMBI10 99.89

Table 12. Percentage of target protein content in the intermediate product (capillary electrophoresis)

Intermediate product

Target protein content, %

GAMP2C5 92.3
GAMBS 94.0
GAMBI10 95.8
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Fig. 9. Chromatograms of semifinished products obtained by gel filtration after the final stage of purification; the target protein content:
(a) GAMP2CS, 96.1%; (b) GAMBS, 99.8%; (c) GAMBI10, 99.89%
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Fig. 10. Chromatograms of semifinished products obtained by capillary electrophoresis after the final stage of purification; the target
protein content: (a) GAMP2CS5, 92.3%; (b) GAMBS, 94.0%; (¢) GAMBI10, 95.8%

CONCLUSIONS

As a result of the study, a laboratory purification
technology was developed for single-domain antibodies
modified with the human IgG1 Fc fragment specific to the
SARS-CoV-2 virus. In the first stage of chromatographic
purification, a protein A-based resin was used. For
the intermediate stage, a quaternary amine-based
anion exchange resin was employed. Type 1 ceramic
hydroxyapatite was selected as the resin for the final
chromatographic purification stage. The latter is
optimally suited for various single-domain antibodies
modified with the human IgGl Fc fragment since it
allows the target antibody fraction to be separated from
residual impurities of aggregates and non-target antibody
forms. After purification of three different antibodies,

it was possible to obtain a drug with a high degree of
purity. Quality control of the obtained drugs by HPLC,
capillary gel electrophoresis, dynamic light scattering,
enzyme-linked immunosorbent assay, and polymerase
chain reaction confirmed the purity of more than 95% of
the obtained drug.

The developed technology for chromatographic
purification of CHO-GAMP2C5, CHO-GAMBS, and
CHO-GAMBI10 antibodies was transferred to production.
This technology can be used to obtain intermediate
products from 200 L of culture fluid. Quality control
was performed on the obtained intermediate products in
accordance with regulatory documentation. These drugs
had quality and purity characteristics comparable to
those of drugs obtained in the laboratory. It is concluded
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Fig. 11. Evaluation of particle size after the final stage of cleaning using dynamic light scattering at the industry scale:

(a) GAMBS, (b) GAMP2CS5, and (c) GAMB10

that the Ca™ Pure-HA resin (TOSOH, Japan) based on
type 1 ceramic hydroxyapatite is the optimal resin for the
final stage of purification of single-domain antibodies
modified with the human IgG1 Fc fragment specific to
the SARS-CoV-2 virus.
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Structure, properties, and photodegradation
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filled with A-Len® thermoplastic compound
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Abstract

Objectives. The work set out to investigate the influence of the compounding and technological parameters of polymer biocomposite
materials based on polylactide (PLA) filled with the A-Len® thermoplastic compound (Alen) on their structural, thermophysical, and
mechanical properties, as well as to determine the mechanism of their destruction under the impact of ultraviolet radiation.

Methods. Films of PLA and Alen, as well as polymer composites based on them (PLA/Alen), were obtained using a flat die extruder
(MashPlast, Russia). The structural and morphological properties of the films were determined with a JCM-6000 PLUS scanning
electron microscope (JEOL, Akishima, Tokyo, Japan); their thermal properties were obtained using a DSC 204 F1 calorimeter
(NETZSCH, Germany). The chemical composition and degradation mechanism were analyzed by infrared spectroscopy with
an FSM-1201 spectrometer (Russia) fitted with an attenuated total internal reflection attachment. The mechanical properties were
examined using a Z010 ZwickRoell tensile testing machine (Zwick Roell Group, Germany). The effect of ultraviolet radiation was
assessed using an ultraviolet chamber.

Results. It was shown that the presence of Alen in mixtures with PLA affects the formation of a heterogeneous structure due to the presence
of polyethylene in the Alen composition. This mediated a reduction in Young’s modulus by 34% (to 1050 MPa) in comparison with the
initial value for PLA (1600 MPa). In the polymer composites, the PLA phase recrystallizes to yield a denser-ordered supramolecular
structure, while in the polyethylene phase, the segmental mobility of macromolecules decreases and crystallization process is hindered
by their different polarities to form an interface between the components under study.

Conclusions. The photodegradation mechanism in PLA/Alen polymer composites is shown to be primarily due to the presence of a pro-
oxidant additive in Alen, which initiates the oxidation process to degrade and subsequently fragment the low-molecular fraction
of polyethylene. In addition, the PLA matrix photodegrades through the Norrish Type II mechanism, which describes the oxidation
of polymer chains by a radical mechanism to produce C=C bonds. The developed polymer composites are promising for the fabrication
of certain polymer products due to their optimal performance characteristics and accelerated photochemical degradation kinetics.
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HAYYHAA CTATb4

CtpykTypa, cBonctBa n oToAeCTPYKLUNS NOJSIMMEPHbIX
OMOKOMMNO3ULMOHHbIX MaTepnasioB Ha OCHOBe
nonnnakTunpga, HanoJIHEHHOro TePMOMNIacCTUYHbIM
komnayHaom A-Len®

N.IO. Bacuaibes!™, B.C. Ierpenko!, B.A. Pox!, JI.A. T'os1060K082
! Mockoscxuii nonumexnuvecxkuii ynusepcumem (Mocnonumex), Mockea, 107023 Poccus
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AHHOTaUuus

Hean. M3yunTs BInsHAE PeLeNTYPHO-TEXHOJIOTHISCKHUX MTapaMeTPOB ITOJMMEPHEIX OHOKOMITIO3MIMOHHBIX MaTepHaIoB Ha OCHOBE I10-
munaxtua (ITA), HalOTHEHHOTO TePMOTUIACTIYHEIM KoMTiayHioM A-Len® (Alen), Ha cTpyKTypHBIE, TeITOMDH3HIECKUE H e(opMAIIy-
OHHO-IIPOYHOCTHBIE CBOWCTBA, a TAKXKE OIPEICIIUTh MEXaHU3M JICCTPYKIUH HOJ ICHCTBUEM YIBTPA(QHOIETOBOTO M3y ICHHUSI.

MeTonbl. B padote nccienoBanu mienkn Ha ocHoBe [1JIA u Alen, a Takke monmumepHbie komro3unun Ha ocHoBe [1TJIA u Alen (TTJIA/Alen),
KOTOpBIE MOJTy4alIn Ha II0CKOLIENeBOM dKCTpyaepe bupmsl «MawlInacmy (Poccus). J{is BbIeyKa3aHHBIX 00BEKTOB ONMPE/IEIISIIH CTPYK-
TypHO-MOP(OIOTHIECKHEe CBOWCTBA Ha CKAHUPYIOIIEM dIEKTpoHHOM MuKpockonie JCM-6000 PLUS (JEOL, Axkucuma, Tokuno, SImonns),
Temnodusnueckue cBoiicTa Ha kanopumeTpe DSC 204 F1 (NETZSCH, I'epmanust). XMMUYECKHI COCTaB, a TAK)KE ONPEICIICHIE MEXaHH3-
Ma JIECTPYKIIMH OCYIIECTBIIIA METOIOM HH(ppaKpacHOi criekTpockonin Ha mpruoope PCM-1201 (Poccust) ¢ mprcTaBKoil HAPYILICHHOTO
MOJTHOTO BHYTPEHHETO OTpakeHUs. JlehopMaimoHHO-TIPOYHOCTHBIE CBOIMCTBA MCCIEAOBaIH Ha pa3pbiBHOM Mammae Z010 ZwickRoell
(I'epmanmust). BosneiicTBre ynsTpadHOIETOBOTO H3TYIESHHS OMPEACISUIN C IOMOIIBIO YABTPAPHOIETOBOM KaMEPHL.

PesyabTartsl. [lokazano, uto Alen B cmecsax ¢ [1JIA Biusier Ha 00pa3oBaHHE T'€TEPOTCHHON CTPYKTYPbI BCICACTBUE HAJIHYHS B €TO
cocrase nonmyTunena (I19). Otum onocpenoBano cHmkenne Moxyns ynpyrocta Ha 34% (1050 MIa) B cpaBHeHNM ¢ HCXOTHOH BesH-
ynoi [IJIA — 1600 MIla. IIpu stom st daser [IVIA B moauMepHBIX KOMITO3UIHUSAX OCYHIECTBIISCTCSA MEPEKPUCTAIIM3aLUs ¢ Oomee
IUIOTHBIM YHOPSAOYMBAHUEM HAIMOJIEKYISIPHOH CTPYKTYpHI, a A (a3sl 11D MponcXoanuT CHMKEHNE CerMEHTATbHON MOABMKHOCTH
MaKpOMOJIEKYN M 3aTpyIHEHHE MPOIecca KPUCTAUIN3AlUH BCICACTBUE UX PA3HON MONAPHOCTH C (POPMHUPOBAHHEM TPAHHIBI pa3jena
(a3 MexIy HCCIeTyeMbIMA KOMIOHEHTAMH.

BoiBoabl. Mexanusm (hOTONECTPYKIMH NMONMMEpHBIX kommosuimii TIJTA/Alen ocymectsisiercs 3a CHeT HAIMYUSA B COCTaBE TEPMOILIA-
CTUYHOTO KOMITayH/1a IPOOKCH/IAaHTHON 100aBKH, MHULIMMPYIOIIEH MPOLECC OKUCIICHHS, TTOCIIE Yero MPOUCXOUT pa3pyIeHne HU3KOMOJIe-
KyssipHOH (pakimu 19 ¢ nocnenyromeit ee pparmenranueid. Hapsiay ¢ atum, poronectpykims marpuis [TJIA npoTekaer no MexaHu3My
Hoppuma 11, 3axsmrodaroiiemMcst B OKMCIEHHHU TTOTUMEPHBIX LETeH Mo pajuKkaabHOMY THITY ¢ obpazoBanneM C=C-cBs3u. Takum obpazom,
pazpaboTaHHble OMOKOMITO3HIIOHHBIE TTOJIMMEPHbIE MAaTEpPUaIbl SBIISIIOTCS TIEPCHEKTHBHBIMU JUIs M3TOTOBICHHUS TIOJTUMEPHBIX H3/ISIHIl
3 HUX, XapaKTEePHU3YIOTCS ONTHUMAJIbHBIMU SKCILTYaTallHOHHBIMU CBOWCTBAMH M YCKOPEHHOH KMHETHKOH (DOTOXMMHYECKON eCTPYKIINH.

KnioueBble cnoBa MocTtynuna: 11.08.2025
nonunaktuz, A-Len®, kommaymn, 6uokoMno3utsl, YO-u3nyuenue, GoToaecTpyKIus HAopa6GoTaHa: 20.11.2025

MpuHaTa B neyaTtb: 13.02.2026
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INTRODUCTION

The growing relevance of wusing biodegradable
polymers is driven by the possibility of creating
promising, environmentally friendly materials to reduce
environmental impacts for use in the packaging, medical,
and agricultural industries [1]. The leading position of
synthetic thermoplastics in the packaging industry is
accompanied by an uncontrolled amount of polymer
waste, most of which accumulates in landfills to pollute
the environment. However, in many cases, polymers
synthesized from petrochemical feedstocks [2—4] can
be made biodegradable by modifying them with natural
fillers.

The modification of synthetic polyolefins with natural
polymers accelerates the fragmentation of the polymer
matrix due to the rapid biodegradation of the filler.
Such modifying additives include starch [5], chitin [6],
chitosan [7], and other natural polymers [8-10].
However, the formation of such composites can be
complicated by insufficient adhesion of the synthetic
matrix to the natural filler. An additional complicating
factor is the limited filler concentration (typically up to
30 wt %), which is due to the technological complexity
of producing dispersed filled systems. Increasing
the natural polymer content in the synthetic polymer
matrix above 30 wt % gives rise to a large number
of agglomerates, which may lead to defects in the
production of such composites [11-13].

A promising direction in recent years involves the
creation of biodegradable materials based on polymers
synthesized from renewable raw materials, in particular
polylactide (PLA), which reduces the dependence on
petroleum-derived polymers [14—-16]. PLA is a synthetic
polymer made from the lactide monomer, which can exist
in two optically active isomeric forms, L- and D-lactide, as
well as in the optically inactive form of meso-lactide. PLA
is a strong and rigid polymer comparable in performance
properties to polyethylene terephthalate and, following
appropriate plasticization, to polyethylene (PE) and
polyvinyl chloride [17]. PLA can be processed both by
extrusion to produce flexible films and by thermoforming
to produce rigid containers [18]. Although PLA is a
biodegradable polymer, it is important to note that its
biodegradation only occurs under certain conditions
(high temperature, pH, and humidity). Therefore,
PLA, like other polymers, is typically modified with
additives of various origins [19-21], although the desired
properties are not always achievable due to of their low
technological compatibility [22].

Another method for modifying synthetic
thermoplastics is the use of pro-oxidant additives, e.g.,
transition metal (Mn, Fe, Mg) stearates, which initiate
the decomposition of the polymer matrix and promote

accelerated oxidative degradation [23]. The main
advantage of using transition metal stearates consists
in their ability to modify a wide range of thermoplastic
polymers, including PLA, as well as their processing on
existing equipment designed for thermoplastics, their low
toxicity, and—unlike natural fillers—the short oxidative
degradation time of polymer materials produced at a low
mass fraction within the synthetic polymer [24].

Therefore, it is of scientific and practical interest to
analyze the properties of ternary composites based on PLA
filled with the thermoplastic compound A-Len® (Alen)
and determine their degradation mechanism, which is
currently insufficiently understood.

EXPERIMENTAL
Materials

The polymer matrix for the production of polymer
composites was made of the aliphatic polyester PLA
grade 524 (China). The additive used to initiate the
degradation of the polymer matrix was the thermoplastic
compound A-Len® TECH BDOOTY (India) with an
active (organic) substance content of 10 wt %. Table 1
presents the characteristics of the initial components.

Research methods

The components were mixed, plasticized, and
subsequently cast using a flat die extruder (MashPlast,
Russia) at a varying Alen content in mixtures with PLA
from 5 to 20 wt %. The resulting polymer composites
were films having a thickness of 60 £ 3 pum. Table 2
presents the temperature conditions to produce the initial
PLA and Alen films, as well as the polymer composites
based on them. Table 3 shows the compositions of the
polymer composites.

The effect of ultraviolet (UV) radiation on the
samples was determined using an UV chamber
containing two PRK-4 quartz (mercury) lamps
producing radiation with a wavelength of A = 254 nm.
150 x 150 mm film samples were placed 30 cm from
the UV lamps, isolated from any external radiation
source, and exposed for 150 h with collection of
control samples every 25 h.

The thermophysical properties of the samples were
determined using differential scanning calorimetry on
a DSC 204 F1 calorimeter (NVETZSCH, Germany) in a
temperature range from 20 to 200°C at a scanning rate of
10°C/min and a sample weight of 10 + 1 mg under a flow
of inert argon gas. When studying the thermophysical
properties, the enthalpy of melting AH_ (J/g), melting
point 7 (°C), and glass transition temperature 7, . (°C)
were determined. The degrees of crystallinity a (%) of
Alen and PLA, as well as polymer composites based on
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Table 1. Characteristics of the initial components

Component Melt flow index, g/10 min Young’s modulus, MPa | Elongation at break, % Density, g/cm?
PLA 8.7 1600 4.2 1.24
Alen 17 600 3.2 0.97
Table 2. Temperature conditions to produce polymer composites
Temperature conditions of flat die extruder zones, °C
Polymer composites
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
PLA 165 168 170 173 175
Alen 120 125 130 135 140
PLA/Alen 165 168 170 173 175
Table 3. Compositions of polymer composites
Concentration, wt %
Polymer composites
PLA Alen
PLA 100 -
Alen - 100
PLA/Alen5 95 5
PLA/Alenl0 90 10
PLA/Alenl5 85 15
PLA/Alen20 80 20

them, were found using the enthalpies of melting of fully
crystalline PE (293 J/g) and for PLA (93.7 J/g) according
to ISO 11357-1:2023 “Plastics. Differential scanning
calorimetry (DSC). General principles”!.

The chemical composition and photodegradation
mechanism were determined by FTIR spectroscopy with
an attenuated total internal reflection (ATR) attachment
using an FSM-1201 spectrometer (Russia) with a
resolution of 1.0 cm™! (spectral wavenumber range of
4000-375 cm™!) at a temperature of 23 £ 2°C according
to GOST 57939-2017>.

Performance properties were measured in accordance
with [SO 527-3:2018 “Plastics. Determination of tensile

properties™. Tests were conducted on a ZwickRoell Z010
tensile testing machine (ZwickRoell Group, Germany).
Specimens for testing strength and deformation
properties were obtained using a type 1B punch
(EN ISO 527-3:2018) with dimensions of 50 x 10 mm.
The maximum permissible error of load measurements
did not exceed 1%. The maximum deviation in specimen
width was 0.1 mm. The average value was determined
from 10 measurements. Tests were carried out at a sample
deformation rate of 50 mm/min. The strength properties
were measured as Young’s modulus (£) and tensile stress
at break (o), while the deformation properties were
determined as elongation at break (g).

1" ISO 11357-1:2023. Plastics — Differential scanning calorimetry (DSC). Part 1: General principles. https://www.iso.org/standard/83904.html.

Accessed January 22, 2026.

2 GOST 57939-2017. National Standard of the Russian Federation. Polymer composites. Infrared spectroscopy. General principles. Moscow:

Standartinform; 2019.

3 ISO 527-3:2018. Plastics — Determination of tensile properties. Part 3: Test conditions for films and sheets. https://www.iso.org/stan-

dard/70307.html. Accessed January 22, 2026.
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The structural and morphological properties of gold-
sputtered samples were examined using scanning electron
microscopy with a JCM-6000 PLUS microscope (JEOL,
Akishima, Tokyo, Japan) with a secondary electron
detector at accelerating voltages of 10 and 15 kV.

RESULTS AND DISCUSSION
Thermophysical characteristics

The thermal analysis curve of PLA (Fig. 1a) contains two
peaks: the first at 65°C corresponds to the glass transition
temperature, while the second identifies the presence of a
crystalline phase at a melting point of 157°C. Figure 1b
depicts a characteristic endothermic melting peak at
125°C corresponding to the melting point of PE, which is
part of the thermoplastic compound. The thermal analysis
curve of the PLA/Alen polymer composite containing
20 wt % Alen (Fig. 1c) contains two endothermic peaks
corresponding to the melting points of PE at 118°C and
PLA at 153°C.

The addition of Alen to PLA at a content of 20 wt %
causes an increase in the enthalpy of melting and degree
of crystallinity of the PLA phase (Table 4). This occurs
as a result of recrystallization, which causes a denser
ordering of the PLA supramolecular structure due to

the presence of the crystalline PE phase in the polymer
composite. The shift of the endothermic peak of PE
melting to a lower temperature of 118°C indicates the
formation of more defective small crystals, which is
caused by a decrease in the segmental mobility of PE
macromolecules which hinders the crystallization
process.

Following 150 h of exposure to UV radiation, the
thermophysical properties of films based on the initial
PLA and Alen components, as well as the PLA/Alen
polymer composites, are observed to change (Fig. 2).
For the irradiated PLA-based film, in comparison with
the initial, the enthalpy of melting increases by more
than 3.5 times and a cold crystallization peak appears
on the thermal analysis curve at 105°C. At the same
time, the melting point decreases by 5.2°C. The increase
in the enthalpy of melting under UV irradiation is due
to the partial degradation of the amorphous phase of
PLA, which leads to a change in the supramolecular
structure of the crystalline phase, namely, the formation
of denser and larger crystals. Another explanation is
that the presence of a metastable crystalline structure of
PLA under UV irradiation is likely to promote continued
crystallization by breaking stressed tie molecules,
thereby increasing its degree of crystallinity [25].
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-0.1 05 "’////////////////////////////////
s -0.2 2 /
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~0.4 -3
-0.5 2.0
50 100 150 200 20 40 60 80 100 120 140 160
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(@) (b)
N exoT
-0.2
203
% 0.4
-0.5
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(©)
Fig. 1. Thermal analysis curves of melting of (a) PLA, (b) Alen, and (c) PLA/Alen20
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Fig. 2. Thermal analysis curves of melting of (a) PLA, (b) Alen, and (c¢) PLA/Alen20 following 150 h of UV irradiation

Table 4. Thermophysical properties of polymer composites

Exposure, h Sample w C AH_,)/g o, %
PLA 157 8.7 9.3
0 Alen 125 176 60.0
PLA/Alen20 153/118 14.5/5.9 15.5/2.0
PLA 152 30 32
150 Alen 125 155 529
PLA/Alen20 151/121 23.9/12.0 25.5/4.1

For the Alen-based film (Fig. 2b), the enthalpy of
melting decreases by 12%. The difference in the melting
point before and after UV irradiation does not exceed
1°C. The specific energy of the endothermic process
of the PLA/Alen20 polymer composite (Fig. 2c) also
increases in comparison with the initial (Table 4). For
example, for PE, the enthalpy of melting doubles, while
for PLA it increases by 1.7 times. Furthermore, the
melting point for the PE phase increases by 3°C, while
for the PLA phase it decreases by 1.6°C.

IR spectrum characteristics

The presence of intense absorption bands in the
IR spectrum of PLA (Fig. 3a) in the range of
1180-1077 cm™! indicates the presence of rocking
vibrations of the methyl CH; group, which identifies
high-molecular-weight PLA obtained by ring-opening
polymerization. Thus, PLA is an optically active
poly(D,L-lactide). The IR spectrum of Alen (Fig. 3b)
contains absorption bands at 2914 and 2847 cm!,
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indicating the presence of an asymmetric CH, group and
a symmetric CH, group, as well as an absorption band at
1462 cm™! characteristic of a scissoring CH, group. The
IR spectrum also includes a pronounced absorption band
near 1740 cm™; this band is not characteristic of PE, but
indicates that Alen includes a second component, which
contains a functional carbonyl C=0 group.

Wavenumber, cm™!
4000 3500 3000 2500 2000 1500 1000 600

Transmission —»

(a)
Wavenumber, cm™!
4000 3500 3000 2500 2000 1500 1000 500

Transmission —»

(b)
| Fig. 3. IR spectra of (a) PLA and (b) Alen

The presence of PE and the carbonyl C=0O group
constitutes an additive—a masterbatch, which also
contains active transition metal elements (Mn, Fe, Mg)
initiating the decomposition of the polymer matrix
through oxidative degradation [26]. Thus, Alen is a PE
composite with a pro-oxidant additive in the form of
transition metal stearates.

Apparently, the photodegradation mechanism of
PLA/Alen polymer composites is mediated by the
pro-oxidant additive in Alen, which then decomposes
and fragments the low-molecular-weight PE fraction.
The PLA matrix photodegrades by the Norrish Type 11
mechanism [27], a radical oxidation to form a C=C bond,
which appears as an absorption band in the IR spectrum
at 1654 cm ™! (Fig. 4). The IR spectrum also demonstrates
a change in the intensity of the characteristic absorption
bands of the PLA/Alen polymer composite, which also
confirms the process of photodegradation.

Scanning electron microscopy

The surface of the extruded PLA film (Fig. 5) is
characterized by a minimum number of defects,
which are presumably related to the manufacturing

Wavenumber, cm™!

4000 3500 3000 2500 2000 1500 1000 600

Transmission —»

Fig. 4. IR spectra of the PLA/Alen20 polymer composite:
(7) initial and (2) after 150 h of UV irradiation

50 pm

High-vac. | SED PC-std. 10kV . x500 3/5/2025' 1 000987

50/ pm:

5/29/20251 000972

High-vac. SED PC-high 15kV. X500
(W]

Fig. 5. Morphology of the surface of the PLA film: (a) initial,
(b) after 150 h of UV irradiation

process. After 150 h of UV irradiation, the surface
remained unchanged, indicating no visible signs of
photodegradation throughout the entire experiment.

The surface of the Alen film (Fig. 6a) shows scratches,
presumably formed during the extrusion process, and
spherulites (Fig. 6b) (average size in the image is ~7 um).
As the result of photodegradation following 150 h of
UV exposure, wide through cracks (Fig. 6¢) formed on
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the film surface, the number of defects increased, and the
spherulitic structure became less visible (Fig. 6d).

Figure 7 presents the surface morphology of the
PLA/Alen polymer composite. When this composite
is produced by extrusion, a structurally heterogeneous
film forms (Fig. 7a). Higher magnification reveals
domains formed by phase separation of PLA and Alen
(Fig. 7b). Following 150 h of exposure in a UV chamber,
microcracks form on the surface (Figs. 7c¢ and 7d),
indicating photodegradation, most likely of the Alen
phase.

Mechanical properties

For the initial PLA and Alen films, the tensile stress at
break is 67.2 and 19.2 MPa, respectively, and the Young’s
modulus is 1600 and 600 MPa. Increasing the Alen
content in PLA blends to 20 wt % decreases the tensile
stress at break by 53% (to 31.5 MPa), elongation at break
by 29% (to 3.0%), and the Young’s modulus by 34% (to
1050 MPa) (Fig. 8). This is due to the formation of a

—_ 20 um
High-vac. SED PC-high 15kV x 1000

(b)

5/29/2025 000962

20/ pm
5/29/2025 000942

High-vacs ﬁED PC-std. 10kV x 1000
(d)
| Fig. 6. Surface morphology of the Alen film: (a) and (b) initial, (c) and (d) after 150 h of UV radiation

heterogeneous structure because of low intermolecular
interactions for the reason of the different polarities of the
initial components. The elongation at break for the initial
PLA film is 4.2%, while for the Alen film it is 3.2%.

Following 150 h of exposure to UV radiation, the
tensile stress at break for the PLA film decreases by 67%,
the elongation at break by 33%, and the elastic modulus by
50% (to 800 MPa) (Table 5). The mechanical properties
of the Alen film cannot be determined because of the
presence of a large number of through holes, which also
act as stress concentrators. For the PLA/Alen20 polymer
composite, the tensile stress at break, like the Young’s
modulus, decreases by 82% of the initial value, primarily
failing at the PLA/PE interface. The elongation at break,
which remains virtually unchanged in comparison with
the initial value of the PLA/Alen20 polymer composite,
amounts to 2.8%.

Thus, the developed polymer biocomposite materials
are promising for the manufacture of polymer products
due to their optimal performance properties and
accelerated photochemical degradation kinetics.
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Fig. 8. Effect of the Alen concentration on the Young’s
modulus of the PLA/Alen polymer composite

CONCLUSIONS

The photochemical degradation of polymer composites
based on PLA filled with A-Len® thermoplastic
compound was studied. During extrusion of the
polymer composites, the PLA phase mixed with A-Len®

20/ im ;
%1000 512012025 000982

(b)

(d)
| Fig. 7. Surface morphology of the PLA/Alen20 film: (a) and (b) initial, (c) and (d) after 150 h of UV radiation

undergoes a change in its supramolecular structure,
which manifests itself as an increase in crystallinity.
This is caused by the presence of the PE phase. For
this phase, the segmental mobility of macromolecules
is reduced, which causes the formation of more
defective and smaller crystals, resulting in decreased
crystallinity. The identified structural features of the
polymer composites contribute to a decrease in their
performance properties due to the different polarities of
the initial components.

Exposure of Alen and PLA/Alen to UV radiation
leads to the formation of structural defects along with
a reduction in deformation and strength properties.
The most likely explanation for photodegradation is
the presence of a pro-oxidant additive in Alen. In this
case, the low-molecular-weight fraction of PE undergoes
primary degradation, followed by fragmentation of the
PE matrix. PLA undergoes photochemical degradation
via the Norrish II mechanism, an oxidative degradation
by a radical mechanism to form a C=C bond.
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Table 5. Deformation and strength properties of polymer composites

Deformation and strength properties
Composites
Tensile stress at break, MPa Elongation at break, % Young’s modulus, MPa
0 h of exposure
PLA 67.2 42 1600
Alen 19.2 32 600
PLA/Alen5 55.1 3.8 1451
PLA/Alen10 44.0 34 1292
PLA/Alenl5 37.8 32 1181
PLA/Alen20 315 3.0 1050
150 h of exposure
PLA 22.4 2.8 800
Alen - _
PLA/Alen5 19.8 3.0 660
PLA/Alenl0 12.6 2.9 421
PLA/Alenl5 7.2 2.9 239
PLA/Alen20 5.7 2.8 189

The determined characteristics are of utility for
the development of biocomposite materials having
accelerated photochemical degradation kinetics.

Acknowledgments

Scanning electron microscopy of the materials used in
this work was performed using equipment at the Polymer
Research Center, a shared-use facility of the Enikolopov
Institute of Synthetic Polymer Materials, Russian
Academy of Sciences.

Authors’ contributions

L.Yu. Vasilyev—experiment planning, writing and editing the text
of the article.

V.S. Petrenko—conducting the study.
V.A. Rod—conducting the study.

D.A. Golobokov—conducting the study, writing and editing the
text of the article.

The authors declare no conflicts of interest.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):212-225 221



Structure, properties, and photodegradation of polymer biocomposites

based on polylactide filled with A-Len® thermoplastic compound

llya Yu. Vasilyev,

REFERENCES

1.

Povernov PA., Shibryaeva L.S., Anshin S.M. Influence of
modifying additives on the structure and properties of biodegradable
mixtures based on poly-3-hydroxybutyrate and nitrile butadiene
rubber. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2024;19(6):
517-527. https://doi.org/10.32362/2410-6593-2024-19-6-517-527

etal.

CMUCOK JINTEPATYPbI
1. IToepnoB  IL.A., Ilubpsesa JI.C., Anmmua C.M.
Brnusane wmommpuuupyromux A00aBOK  HA  CTPYKTYpY

U CBOICTBa OMOpa3naraeMbelX CMeceil Ha OCHOBE IIOJIH-
3-rugpokcudyTupara W OyTaaueH-HUTPHIBHOTO Kaydy-
ka. Touxue xumuueckue mexuonoeuu. 2024;19(6):517-527.

2. Studenikina L.N., Protasov A.V., Melnikov A.A., https://doi.org/10.32362/2410-6593-2024-19-6-517-527
Povalyayeva T.R., Leonova A.A. Composite materials 2. Crynenukuna JL.H., IlporacoB A.B., MensHukoB A.A.,
based on polysaccharide-filled polyethylene: production, IloBanseBa T.P., JleonoBa A.A. KoMmo3uTHble MaTepuanbl
application, disposal. Inzhenernye Tekhnologii = Engineering Ha OCHOBE HAIOJHEHHOIO MOJHCaXapuAaMH IOJHITHIICHA:
Technologies. 2025;1(9):126—133 (in Russ.). MOJTy4eHHe, IPUMEHEHNUE, YTHIAN3auus. MHoicenepHole mexHo-

3. Abushakhmanova Z.R., Mastalygina E.E., Pantyukhov P.V, aoeuu. 2025;1(9):126-133.
et al. Structure Formation and Interaction of Polyethylene and 3. AbymaxmanoBa 3.P., Macransiruna E.E., [lanTtioxos I1.B.,
Polycaprolactone in Blends. Russ. J. Phys. Chem. 2024;98(7): OnbxoB A.A., bposuna C.JI., I'yiiean M.IO., IlonoB A.A.
1363—1371.  https://doi.org/10.1134/S0036024424700353, HWccnenosanne 3aKOHOMEPHOCTEH (hopmupoBanus
https://www.elibrary.ru/qyhchh CTPYKTYpPBl M XapakTepa B3aUMOICHCTBHUS IOIMITHIIC-
[Original ~ Russian ~ Text:  Abushakhmanova  Z.R., Ha M MOJHMKAIpOJAKTOHA B cMecsX. JKypH. us. xumuu.
Mastalygina E.E., Pantyukhov P.V., Olkhov A.A., 2024;98(7):3—12. https://doi.org/10.31857/S0044453724070012,
Brovina S.D., Guyvan M.Yu., Popov A.A. Structure Formation https://www.elibrary.ru/pwvunn
and Interaction of Polyethylene and Polycaprolactone in 4. Pekhtasheva E., Mastalygina E., Leonova I, Palanisamy S.,
Blends. Zhurnal Fizicheskoi Khimii. 2024;98(7):3—-12 Alagarsamy A., Ayrilmis N., Sillanpdd M., Al-Farraj S.A.
(in  Russ.). https://doi.org/10.31857/S0044453724070012, Investigation of toxicity in textile materials from natural and synthetic-
https://www.elibrary.ru/pwvunn ] based polymers utilizing bioassay performances. BioResources.

4. Pekhtasheva E., Mastalygina E., Leonova I, Palanisamy S., 2024;20(1):765-789. https://doi.org/10.15376/biores.20.1.765-789
Alagarsamy A., Ayrilmis N., Sillanpdd M., Al-Farraj S.A. 5. El-Taweel S.H., Al-Hamdi A. Starch as a successful
Investigation of toxicity in textile materials from natural and synthetic- biodegradable nucleating agent in biodegradable PHBV/PHO
based polymers utilizing bioassay performances. BioResources. blends. J. Therm. Anal. Calorim. 2024;149(4):1351-1364.
2024;20(1):765-789. https://doi.org/10.15376/biores.20.1.765-789 https://doi.org/10.1007/s10973-023-12791-0

5. El-Taweel S.H., Al-Hamdi A. Starch as a successful 6. SI3nakoBa 3., AManrenauea M., Amanosa ., Pemxenona C.
biodegradable nucleating agent in biodegradable PHBV/PHO XUTHHOBBIC TJICHKM U UX HCIOJIB30BaHHE B COBPEMEHHBIX
blends. J. Therm. Anal. Calorim. 2024;149(4):1351-1364. texnonorusix. Ceteris Paribus. 2025;4:33-35.
https://doi.org/10.1007/s10973-023-12791-0 7. dyropsiackas A.M., Kygeiukua B.O. Monuduxamus Hus-

6. Yazlakowa Z., Amangeldyewa M., Amanowa G., Rejepowa S. KOMOJIEKYJIIPHOTO ~ TOMMATHJICHA MAaJCHHOBBIM  aHTUAPH-
Chitin films and their applications in modern technologies. JIOM U XUTO3aHOM. [Inacmuueckue maccol. 2024;6:40-42.
Ceteris Paribus. 2025;4:33-35 (in Russ.). https://doi.org/10.35164/0554-2901-2024-06-40-42

7. Futoryanskaya A.M., Kudyshkin V.O. Modification of low 8. Gul-E-Nayyab, Zakaria M.R.Sh.B., Abid M.B., Shamim A.,
molecular weight polyethylene with maleic anhydride and Suradi S.S., Marsi N.B., Kormin F.Bt. Areview on biodegradable
chitosan. Plasticheskie Massy. 2024;6:40-42 (in Russ.). composite films containing organic material as a natural filler.
https://doi.org/10.35164/0554-2901-2024-06-40-42 J. Inorgan. Organomet. Polym. Materials. 2024;35:2126-2161.

8. Gul-E-Nayyab, Zakaria M.R.Sh.B., Abid M.B., Shamim A., https://doi.org/10.1007/s10904-024-03217-x
Suradi S.S., Marsi N.B., Kormin F.Bt. Areview on biodegradable 9. Monina A.P., Apryatina K.V., Zaitsev S.D., Smirnova O.N.,
composite films containing organic material as a natural filler. Yunin P.A., Smirnova L.A. Biodegradable material
J. Inorgan. Organomet. Polym. Materials. 2024;35:2126-2161. based on starch-g-polyvinyl acetate copolymer with
https://doi.org/10.1007/s10904-024-03217-x bactericidal properties. Polym. Bull. 2024;81:10609-10630.

9. Monina A.P., Apryatina K.V., Zaitsev S.D., Smirnova O.N., https://doi.org/10.1007/s00289-024-05205-0
Yunin P.A., Smirnova L.A. Biodegradable material 10. Liu Sh., Tang Sh., Lu Yu., Su T., Wang Zh. Preparation
based on starch-g-polyvinyl acetate copolymer with of esterified starches with different amylose content and
bactericidal properties. Polym. Bull. 2024;81:10609-10630. their blending with polybutylene succinate. /nt. J Mol. Sci.
https://doi.org/10.1007/s00289-024-05205-0 2024;25(12):6301. https://doi.org/10.3390/ijms25126301

10. Liu Sh., Tang Sh., Lu Yu., Su T., Wang Zh. Preparation 11. OnpxoB  A.A., IlantioxoB II.B., Macransiruna E.E.,
of esterified starches with different amylose content and AbymaxmanoBa 3.P., Opunnnukos B.A., Kynuuckuit H.I",
their blending with polybutylene succinate. /nt. J Mol. Sci. ITonos A.A. TexHomorn4yeckue BBI3OBBI IPU MPOU3BOJCTBE
2024;25(12):6301. https://doi.org/10.3390/ijms25126301 U3JeNUN U3 TUCTIEPCHO-HATIOJTHEHHBIX OJTMMEPHBIX KOMIIO-

11. Olkhov A.A., Pantyukhov PV, Mastalygina E.E., 3ULMOHHBIX MaTepuanoB. [liexanosckuii HayuHblil OoJ1e-
Abushakhmanova Z.R., Ovchinnikov V.A., Kupinsky N.G., mens. 2024;1(25):132—-138. https://www.elibrary.ru/tyzgcb
Popov A.A. Technological challenges in the production of 12. KuzminA.M.,AyrilmisN., Ozdemir F., Kanat G. Effect of content
goods from dispersed-filled polymer composite materials. and particle size of used beverage carton pieces on the properties
Plekhanovskii  Nauchnyi Byulleten’. 2024;1(25):132-138 of HDPE composites. BioResources. 2023;18(2):2815-2825.
(in Russ.). https://www.elibrary.ru/tyzgcb https://doi.org/10.15376/biores.18.2.2815-2825

12. KuzminA .M., AyrilmisN., Ozdemir F.,Kanat G. Effect of content 13. Brovina S.D., Mastalygina E.E., Trofimchuk E.S.,
and particle size of used beverage carton pieces on the properties Popov A.A. Development of materials based on
of HDPE composites. BioResources. 2023;18(2):2815-2825. poly(lactic acid) and copper(ll) sulfate impregnated
https://doi.org/10.15376/biores.18.2.2815-2825 by the crazing method. Colloid J. 2024;86(1):4-13.

https://doi.org/10.1134/S1061933X23601178

222 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):212-225


https://doi.org/10.32362/2410-6593-2024-19-6-517-527
https://doi.org/10.1134/S0036024424700353
https://www.elibrary.ru/qyhchh
https://doi.org/10.31857/S0044453724070012
https://www.elibrary.ru/pwvunn
https://doi.org/10.15376/biores.20.1.765-789
https://doi.org/10.1007/s10973-023-12791-0
https://doi.org/10.35164/0554-2901-2024-06-40-42
https://doi.org/10.1007/s10904-024-03217-x
https://doi.org/10.1007/s00289-024-05205-0
https://doi.org/10.3390/ijms25126301
https://www.elibrary.ru/tyzgcb
https://doi.org/10.15376/biores.18.2.2815-2825
https://doi.org/10.32362/2410-6593-2024-19-6-517-527
https://doi.org/10.31857/S0044453724070012
https://www.elibrary.ru/pwvunn
https://doi.org/10.15376/biores.20.1.765-789
https://doi.org/10.1007/s10973-023-12791-0
https://doi.org/10.35164/0554-2901-2024-06-40-42
https://doi.org/10.1007/s10904-024-03217-x
https://doi.org/10.1007/s00289-024-05205-0
https://doi.org/10.3390/ijms25126301
https://www.elibrary.ru/tyzgcb
https://doi.org/10.15376/biores.18.2.2815-2825
https://doi.org/10.1134/S1061933X23601178

Structure, properties, and photodegradation of polymer biocomposites

based on polylactide filled with A-Len® thermoplastic compound

llya Yu. Vasilyev,
etal.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Brovina S.D., Mastalygina E.E., Trofimchuk E.S., Popov A.A.
Development of materials based on poly(lactic acid) and
copper(1]) sulfate impregnated by the crazing method. Colloid J.
2024;86(1):4—13. https://doi.org/10.1134/S1061933X23601178

Sirazetdinov ~ A.V., Nikiforov A.A., Volfson S.L
Polymer composites based on polylactide.
Kauchuk i Rezina. 2021;80(6):326-336 (in Russ).

https://doi.org/10.47664/0022-9466-2021-80-6-326-336
Shapovalov V.M., Vinidiktova N.S., Kovalenko M.A.,
Konakova O.V. Biodegradable plastics based on plant
raw  materials:  varieties,  properties,  applications.
Polimernye  Materialy i  Tekhnologii =  Polymer
Materials and Technologies. 2024;10(2):6-19 (in Russ.).
https://doi.org/10.32864/polymmattech-2024-10-2-6-19
Poddenezhny E.N., Drobysheskaya N.E., Boiko A.A.,
Shapovalov V.M. The use of flax fiber for forming
biodegradable composites with a polylactide matrix.
Vestnik  Gomel skogo  gosudarstvennogo  tekhnicheskogo
universiteta imeni P.O. Sukhogo. 2023;4(95):22-29 (in Russ.).
https://www.elibrary.ru/eelvwg

Michurov D.M., Shkuro A.E., Glukhikh V.V. Study of
the physical and mechanical properties of composites
with a polymer phase of polylactide and hemp shives.
Vestnik Tekhnologicheskogo Universiteta = Herald of
Technological  University. 2024;27(1):59-63 (in Russ.).
https://doi.org/10.55421/1998-7072_2024 27 1 59

Tertyshnaya Y.V., Podzorova M.V., Karpova S.G.,

et al. Structural Features of Polylactide and Natural
Rubber  Films Produced by Solution Casting.
Russ. J.  Phys. Chem. B. 2024;18(2):592-598.

https://doi.org/10.1134/S1990793124020313

[Original Russian Text: Tertyshnaya Yu.V., Podzorova M.V.,
Karpova S.G., Krivandin A.V. Structural Features of
Polylactide and Natural Rubber Films Produced by Solution
Casting.  Khimicheskaya  Fizika.  2024;43(4):110-118
(in Russ.). https://doi.org/10.31857/S0207401X24040133 ]
Poddenezhny E.N., Boiko A.A., Drobysheskaya N.E.,
Shapovalov V.M. Biodegradable polymer composites filled
with corn starch (Review). Polimernye materialy i tekhnologii =
Polymer Materials and Technologies. 2024;10(3):6—19 (in Russ.).
https://doi.org/10.32864/polymmattech-2024-10-3-6-19
Bazhenov N.S., Gubanova M.I., Kirsh I.A., Bannikova O.A.,
Dymytsky V.A. Current state and use of biodegradable
materials. Health, Food & Biotechnology. 2024;6(3):42-56
(in Russ.). https://doi.org/10.36107/hfb.2023.i3.5232
LytkinaD.N., ShalyginaK.D., GigilevA.S., KorotchenkoN.M.,
Kurzina I[.A., Kozik V.V. Physicochemical properties of
biocompatible composites based on hydroxyapatite and
copolymer of lactide and glycolide. Vestnik Tomskogo
gosudarstvennogo universiteta. Khimiya = Tomsk State
University Journal of Chemistry. 2023;29:116—139 (in Russ.).
https://doi.org/10.17223/24135542/29/11

Mironov V.V, Trofimchuk E.S., Zagustina N.A. et al
Solid-Phase Biodegradation of Polylactides (Review).
Appl. Biochem. Microbiol. 2022;58(6):665-676.
https://doi.org/10.1134/s0003683822060102

[Original Russian Text: Mironov V.V., Trofimchuk E.S.,
Zagustina N.A., Ivanova O.A., Vanteeiva A.V,
Bochkova E.A., Ostrikova V.V., Zhang Sh. Solid-Phase
Biodegradation of Polylactides (Review). Prikladnaya
Biokhimiya i Mikrobiologiya. 2022;58(6):537-550 (in Russ.).
https://doi.org/10.31857/S0555109922060101 ]

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

CupazernuHoB A.B., Hukxudopo A.A., Bomsdcon C.H.
[MommmepHble  KOMIIO3WIIMOHHBIE MaTepHalbl Ha  OCHO-
Be momwnaktuna. Kayuyk u pesuna. 2021;80(6):326-336.
https://doi.org/10.47664/0022-9466-2021-80-6-326-336
[llarmoBamos B.M., Bunuamkroa H.C., Kosamenko M.A.,
Konaxosa O.B. buopasnaraemple mIacTHKA Ha OCHOBE PacTH-
TEIBHOTO CBHIPBSI: PA3HOBUIHOCTH, CBOMCTBA, OOIACTH MPUMe-
HeHus. [lonumeprvle mamepuanvt u mexvonozuu. 2024;10(2):
6-19. https://doi.org/10.32864/polymmattech-2024-10-2-6-19
Honnenexnsrit E.H., [poo6simesckas H.E., Boiiko A.A.,
lamoBanoB B.M. [IpumeHeHHE THHOKOCTPHI ST (POPMHUPO-
BaHMS OMOpa3IaraeMbIX KOMIIO3UTOB C TTOMMIAKTHIHOW Ma-
Tpuneit. Becmuukx [omenvckoeo cocyoapcmeennozo mexHu-
yeckozo yHugepcumema um. 11.0. Cyxoeo. 2023;4(95):22-29.
https://www.elibrary.ru/eelvwg

Muuypos .M., lllkypo A.E., I'myxux B.B. HccnenoBanue
(M3UKO-MEXaHNIECKUX CBOHCTB KOMIIO3UTOB C MOJIUMEp-
HOW (ha30oi TNONMITAKTHIA W KOCTPOH KOHOIUIH. Becmuux
Texnonoeuueckoeo  yHusepcumemd. 2024;27(1):59-63.
https://doi.org/10.55421/1998-7072_2024 27 1 59
Tepremmras  10.B., IlomsopoBa M.B., Kapmnosa C.I,
KpuBangua A.B. CTpykTypHBIE OCOOCHHOCTH IUICHOK IIO-
JWTAaKTHAA W HAaTypalbHOTO Kaydyka, IIOTyUCHHBIX U3
pactBopa.  Xumuuecxkas — @usuxa. 2024;43(4):110-118.
https://doi.org/10.31857/S0207401X24040133
Honnenexusrit E.H., Boiiko A.A., [Ipo6smmesckas H.E.,
[HanoBanoB B.M. buopa3znaraemble NOJUMEpPHbIE KOMIIO-
3UTHI, HANOJHEHHBIC KyKypy3HBIM KpaxmaioM (0030p).
Honumepnvie mamepuanvt u mexnonocuu. 2024;10(3):6-19.
https://doi.org/10.32864/polymmattech-2024-10-3-6-19
baxenos  H.C., TIybamoa M.MU., Kupm U.A,
bannmkoBa O.A., [emunkuii B.A. CoBpemeHHOE co-
CTOSHHE W WCIIONB30BAaHME OMOpa3lTaraeMelXx MaTepHha-
noB. Health, Food & Biotechnology. 2024;6(3):42-56.
https://doi.org/10.36107/hfb.2023.i3.5232

JIitkuna  JIH.,, Ilamemrmaa  KJI.,, Turmnes A.C.,
Koporuenko H.M., Kypsuna U.A., Kosuk B.B. ®wuswnko-
XMMHYECKHE CBOICTBA OMOCOBMECTHMBIX KOMITO3UTOB HA OC-
HOBE THIPOKCHAIATHTA M COTIOJIMMepa JaKTHAa U TIIUKOIU/IA.
Becmnux Tomckozeo eocyoapcmeentozo ynusepcumema. Xumust.
2023;29:116-139. https://doi.org/10.17223/24135542/29/11
Muponos B.B., Tpopumuyk E.C., 3aryctuma H.A.,
MBanosa O.A., Banreera A.B., boukosa E.A., Octpukosa B.B.,
Wxan 1. Teepmodasznas Owuomerpamanys —TOMMIAKTHIA
(0030p). [Ipuxnaonaa ouoxumus u muxpoouonoeus. 2022;58(6):
537-550. https://doi.org/10.31857/S0555109922060101
Kymuackuit H.I., IlanTtioxoB I1.B., AOymaxmanoBa 3.P.,
OnbxoB A.A., Macraneruna E.E., [lonoB A.A. M3yuenue
BO3MOKHOCTH HCIIONB30BAHMSI CTEAPATOB IEPEXOIHBIX Me-
TaJIIOB B KAYECTBE OCHOBBI IIPOOKCHIAHTHOM J00aBKu. B ¢6.:
Hogvie mamepuanvt u mexnonocuu 0as ycmouuugo2o paseu-
mus: Mamepuanetr 111 MexcOynapoOoHoti HayuHOU KOH@epeH-
yuu. M.; 2024. C. 110-113. https://www.elibrary.ru/xfngwe
Kymuuckuit  H.I., AOymaxmanoBa 3.P., I[lanTtroxoB ILB.,
Macraneruaa  E.E., OBumanmkoB B.A., OmsxoB A.A.,
ITomoB A.A. Creapatsl mepeXoJHbIX METAIIOB KaK OKCO00aB-
Ku 1 ionuonepuHoB. B ¢0.: Dxonoeuueckue acnexmol 6 Hay-
Ke u obpaszosanuu: Mamepuansl MexHcgy306CKOU HAYUHOU KOH-
epenyuu. M.; 2023. C. 34-35. https://www.elibrary.ru/wejqrx
Iomsopoa M.B., Tepremunas FO.B., Mockosckuii M.H.
doTonerpaganysl KOMIIO3HIMOHHBIX MAaTepHaIoB TOMIIAKTAT] —
HaTypaJIbHBIA  KaydykK. HMzeecmus Kabapouro-barkapckoeo
eocyoapcmeennozo  yHusepcumema. — 2022;12(4):118-123.
https://www.elibrary.ru/bkzwgo

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):212-225

223


https://doi.org/10.1134/S1061933X23601178
https://doi.org/10.47664/0022-9466-2021-80-6-326-336
https://doi.org/10.32864/polymmattech-2024-10-2-6-19
https://www.elibrary.ru/eelvwg
https://doi.org/10.55421/1998-7072_2024_27_1_59
https://doi.org/10.1134/S1990793124020313
https://doi.org/10.31857/S0207401X24040133
https://doi.org/10.32864/polymmattech-2024-10-3-6-19
https://doi.org/10.36107/hfb.2023.i3.s232
https://doi.org/10.17223/24135542/29/11
https://doi.org/10.1134/s0003683822060102
https://doi.org/10.31857/S0555109922060101
https://doi.org/10.47664/0022-9466-2021-80-6-326-336
https://doi.org/10.32864/polymmattech-2024-10-2-6-19
https://www.elibrary.ru/eelvwg
https://doi.org/10.55421/1998-7072_2024_27_1_59
https://doi.org/10.31857/S0207401X24040133
https://doi.org/10.32864/polymmattech-2024-10-3-6-19
https://doi.org/10.36107/hfb.2023.i3.s232
https://doi.org/10.17223/24135542/29/11
https://doi.org/10.31857/S0555109922060101
https://www.elibrary.ru/xfngwe
https://www.elibrary.ru/wejqrx
https://www.elibrary.ru/bkzwgo

Structure, properties, and photodegradation of polymer biocomposites
based on polylactide filled with A-Len® thermoplastic compound

llya Yu. Vasilyev,
etal.

23. Kupinskii N.G., Pantyukhov P.V., Abushakhmanova Z.R., 26. OBunHHEKOB B.A., AGymaxmanoBa 3.P., Macransiruna E.E.,

Olkhov A.A., Mastalygina E.E., Popov A.A. Study of the
potential use of transition metal stearates as a basis for a
pro-oxidant additive. In: New Materials and Technologies
for Sustainable Development: Proceedings of the Third

IanTroxos I1.B., Mamun D.A., Kymunacknit H.I., [TomoB A.A.
Kunernueckne 0COOEHHOCTH OKUCIUTENHHON IECTPYKIMH MO-
JUAITHIICHA TPH JO00ABICHUH CTEApaToOB Pa3IMYHBIX MEPEXO/I-
HBIX METaJUIOB. Bce mamepuansl. Dnyukioneduyeckuti cnpa-

International  Scientific ~ Conference. Moscow; 2024. sounuk. 2024;1:31-36. https://www.elibrary.ru/yuokwo
P. 110-113 (in Russ.). https://www.elibrary.ru/xfngwe 27. Muxees 10.A., Jlomakun C.M., Ycaues C.B., Kosepzanora E.B.,
24. Kupinskii N.G., Abushakhmanova Z.R., Pantyukhov P.V., Aptc M., CrosroB O.B. ®@otozmerpananms noryKpUCTaIId-
Mastalygina E.E., Ovchinnikov V.A., Olkhov A.A., YECKOTO TTONMMIAKTH A TI07L ierictBrueM Y®-pamumarmn. I1. Cragun
Popov A.A. Transition metal stearates as oxo-additives MaTpruaHOH Tpanchopmaryu 1o qaHHbM Metona JCK. Becmuux
for polyolefins. In: Environmental Aspects in Science Texnonoeuueckoeo  yHugepcumema. 2024;27(10):16-22.
and  Education: Proceedings of the Interuniversity https://doi.org/10.55421/1998-7072_2024 27 10 16
Scientific Conference. Moscow; 2023. P. 34-35 (in Russ.).
https://www.elibrary.ru/wejqrx
25. Podzorova M.V., Tertyshnaya Yu.V., Moskovskiy M.N.
Photodegradation of composite materials polylactide — natural
rubber. Izvestiva Kabardino-Balkarskogo Gosudarstvennogo
Universiteta = Proceedings of the Kabardino-Balkarian
State  University.  2022;12(4):118-123  (in  Russ.).
https://www.elibrary.ru/bkzwgo
26. Ovchinnikov V.A., Abushakhmanova Z.R., Mastalygina E.E.,
Pantyukhov P.V., Mamin E.A., Kupinskiy N.G., Popov A.A.
Kinetic features of oxidative degradation of polyethylene
with addition of stearates of various transition metals. Vse
Materialy. Ehntsiklopedicheskii Spravochnik. 2024;1:31-36
(in Russ.). https://www.elibrary.ru/yuokwo
27. Mikheev  Yu.A., Lomakin S.M., Usachev S.V.,
KoverzanovaE.V.,ArtsisM.1., Stoyanov O.V.Photodegradation
of semi-crystalline polylactide under UV radiation. II. Stages
of matrix transformation according to the DSC method.
Vestnik Tekhnologicheskogo Universiteta = Herald of
Technological University. 2024;27(10):16-22 (in Russ.).
https://doi.org/10.55421/1998-7072_2024 27 10_16

About the Authors

Ilya Yu. Vasilyev, Cand. Sci. (Eng.), Associate Professor, Moscow Polytechnic University (38, Bolshaya Semyonovskaya ul., Moscow,
107023, Russia). E-mail: iljanaras@ya.ru. Scopus Author ID 57195569317, ResearcherID ABW-6525-2022, RSCI SPIN-code
2038-4156, https://orcid.org/0000-0001-8488-5907

Victoria S. Petrenko, Student, Moscow Polytechnic University (38, Bolshaya Semyonovskaya ul., Moscow, 107023, Russia). E-mail:
petrenkoviktoria480@gmail.com. https://orcid.org/0009-0006-4131-8623

Viktor A. Rod, Student, Moscow Polytechnic University (38, Bolshaya Semyonovskaya ul., Moscow, 107023, Russia). E-mail:
vikdor.andreevich@mail.ru. RSCI SPIN- code 5509-7202, https://orcid.org/0009-0008-8333-4749

Dmitrii A. Golobokov, Junior Researcher, Enikolopov Institute of Synthetic Polymeric Materials of the Russian Academy of Sciences
(70, Profsoyuznaya ul., Moscow, 117393, Russia). E-mail: d.golobokov@ispm.ru. ResearcherID MBG-4040-2025, RSCI SPIN-code
7346-6740, https://orcid.org/0000-0002-4678-9866

224 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):212-225


https://www.elibrary.ru/xfngwe
https://www.elibrary.ru/wejqrx
https://www.elibrary.ru/bkzwgo
https://www.elibrary.ru/yuokwo
https://doi.org/10.55421/1998-7072_2024_27_10_16
https://www.elibrary.ru/yuokwo
https://doi.org/10.55421/1998-7072_2024_27_10_16
mailto:iljanaras@ya.ru
https://orcid.org/0000-0001-8488-5907
mailto:petrenkoviktoria480@gmail.com
https://orcid.org/0009-0006-4131-8623
mailto:vikdor.andreevich@mail.ru
https://orcid.org/0009-0008-8333-4749
mailto:d.golobokov@ispm.ru
https://orcid.org/0000-0002-4678-9866

Structure, properties, and photodegradation of polymer biocomposites llya Yu. Vasilyev,
based on polylactide filled with A-Len® thermoplastic compound etal.

06 aBTOpax

Bacunbe Miubsa KOpbeBuy, K.T.H., goueHT, PI'AOY BO MockoBckuii nonutexuudeckuid yHusepcureT (Mocnomutex) (107023,
Poccusi, Mocksa, yin. Bonburass CemenoBckast, 1. 38). E-mail: iljanaras@ya.ru. Scopus Author ID 57195569317, ResearcherID
ABW-6525-2022, SPIN-kox PUHIT 2038-4156, https://orcid.org/0000-0001-8488-5907

Ilerpenko Buxropusi CepreeBna, crynent, PI'AOY BO MockoBckuii nmonurexHudeckuid yHusepcuteT (Mocnonurex) (107023,
Poccusi, Mocksa, yi. bospiras Cemenosckas, 1. 38). E-mail: petrenkoviktoria480@gmail.com. https://orcid.org/0009-0006-4131-8623

Pox Buktop AmapeeBuu, crynent, ®IAOY BO MockoBckuii nonurexunueckuii yausepcurer (Mocnomurex) (107023, Poccwus,
Mockaa, yi. bonbmias CemeHoBckast, 1. 38). E-mail: vikdor.andreevich@mail.ru. SPIN-kox PUHII 5509-7202, https://orcid.org/0009-
0008-8333-4749

I'ono6oxoB JImutpuii AjiekcanapoBuy, Miaaunii Hayuslid corpyaHuk, @I'BYH MHCTUTYT cHHTETHYECKUX MMOIMMEPHBIX MaTepUaaoB
M. H.C. ExnkononoBa Poccuiickoii akagemun Hayk, (117393, Poccusi, Mocksa, yii. [Ipodcorosnas, a. 70). E-mail: d.golobokov@ispm.ru.
Researcher]D MBG-4040-2025, SPIN-xox PUHI] 7346-6740, https://orcid.org/0000-0002-4678-9866

Translated from Russian into English by V. Glyanchenko
Edited for English language and spelling by Thomas A. Beavitt

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):212-225 225


mailto:iljanaras@ya.ru
https://orcid.org/0000-0001-8488-5907
mailto:petrenkoviktoria480@gmail.com
https://orcid.org/0009-0006-4131-8623
mailto:vikdor.andreevich@mail.ru
https://orcid.org/0009-0008-8333-4749
https://orcid.org/0009-0008-8333-4749
mailto:d.golobokov@ispm.ru
https://orcid.org/0000-0002-4678-9866

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies.
2026;21(2):226-236 ISSN 2686-7575 (Online)

Synthesis and processing of polymers and polymeric composites

CuHTes 1 nepepaboTka NOAMMEPOB U KOMMO3UTOB Ha UX OCHOBE

UDC 691.175.2

https://doi.org/10.32362/2410-6593-2026-21-2-226-236 S)sy |
EDN DQUAQT
RESEARCH ARTICLE

Features of changes in the electrical resistance
of mixtures of crystallizing polymers with carbon black
upon heating

Anatoly V. Markov!, Alexander E. Zverev!"™~, Elena V. Kalugina'-2, Vasily A. Markov3

U MIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies), Moscow,
119454 Russia

2 POLYPLASTIC Group, Moscow, 119530 Russia
3 BELL INNOVATION INTEGRATOR, Moscow, 115088 Russia

™ Corresponding author, e-mail: azmonst@gmail.com

Abstract

Objectives. The effects of positive and negative temperature coefficients (PTC and NTC, respectively) in carbon black-filled conductive
polymer composites based on high-density polyethylene grade 277-73 and polypropylene grade 01050 were investigated. Carbon black
electrically conducting grade OMCARB C-140 (UM-76) was used as the filler.

Methods. To study the electrical characteristics of the compositions, plates were pressed with brass contact electrodes at the plate ends
to simulate polymer heaters. The electrical resistance of the samples was evaluated using an ohmmeter DT9208A (RESANTA, Latvia).
Tests at elevated temperatures were carried out in an SNOL 3.5 heat chamber (NPF TherMIX, Russia) with a heating rate of ~3°C/min.
The crystallinity of the samples during heating was assessed by differential scanning calorimetry on a DSC 204F1 Phoenix device
(NETZSCH, Germany) with a heating rate of 3°C/min.

Results. The complex PTC and NTC mechanisms in mixed polymer compositions are not solely related to thermal expansion and
melting of the polymer. While changes in the electrical resistance of carbon-filled polymer composites are associated with the presence
of crystalline regions with defects, the destruction of the conductive channels occurs at the earliest stages of polymer melting due to the
formation of expanding amorphous “microdroplets” of the hot melt. For a carbon-filled, electrically conductive mixture of polyethylene
and polypropylene, the magnitude and nature of the change in the peak temperature of the PTC depends on the melting onset temperature
of the lowest-melting phase of polyethylene. At the same time, the heterogeneity of the mixtures of crystallizing polymers with technical
carbon increases the thermal stability of the material by expanding the PTC zone into the melting region of the higher-melting phase of
polypropylene. When comparing electrically conductive compositions of polymers with different melting points and carbon black, the
low-melting polymer determines the temperature of self-regulation and the nature of PTC, while the high-melting polymer shifts the
jump in electrical conductivity to the region of elevated temperatures.

Conclusions. The activation energies of carbon-filled mixtures of polyethylene and polypropylene, which are weakly dependent on the
mixing method, are approximately 44 + 3 kJ/mol. The obtained values are consistent with the activation energy values for the viscous
melt flow process. The method of mixing the components in mixtures of carbon-filled compositions based on crystallizing polymers was
found to have little effect on PTC. The use of carbon-filled polymer compositions with a mixed matrix of polyethylene and polypropylene
allows for the regulation of the intensity of PTC and NTC.
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conductive polymer composites, positive and negative temperature coefficients, polyethylene, Revised: 27.11.2025
polypropylene, carbon black, degree of crystallinity, specific electrical resistance Accepted: 12.02.2026
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AHHOTaUus

Hesn. Nccnenosats 3h(heKTH MOIOKUTEITEHOTO U OTpHLIATEIbHOTO TeMneparypHbix kodpduuuertoB (IITK u OTK cootBeTcTBEeHHO)
CaKCHATIOJHEHHBIX AJICKTPOIPOBOIHBIX MOIMMEPHBIX KOMITO3UIIMOHHBIX MaTepHallOB Ha OCHOBE MOJIMATHJICHA BBICOKOH IJIOTHOCTH
Mapku 277-73 u nomunpornmieHa Mapku 01050, rae B kauecTBe HATOTHATEIS HCIIOIB30BAIIN TEXHHYESCKUI YIIIEPO]] CIIEIUAIBEHON dJIeK-
TpornpoBonHOi Mapku Omcarb C-140 (YM-76).

Mertoabl. Jlist ucclieIOBaHUS NEKTPUYECKUX XapaKTEPUCTHK KOMITO3ULMH ObLIM OTHPECCOBAHbI IUIACTUHBI C 3allPeCCOBAHHBIMH Ha
KOHI[AX KOHTAKTHBIMH JICKTPOIAMH U3 00E3KHPEHHOM JIATYHHOH CETKH, MOACIHUPYIOIINE MOIMMEPHbIC HarpeBaTein. DIeKTPUUecKoe
COTMPOTHBIIEHUE 00Pa3LOB OIleHUBaH ¢ moMoibio omMmeTpa DT9208A (PECAHTA, JlatBus). VicnbITanus IpH MOBBILICHHBIX TEMIIEPATy-
pax mposoaunu B repmortkady CHOJI 3.5 (HII® TepmHKC, Poccust) co ckopocThio HarpeBaHus ~3°C/muH. CTeneHb KPUCTAUTHIHOCTH
00pa3LoB Mpu HarpeBaHUK OLIEHUBAIHA METOOM IU(epeHINaTbHON cKaHupylomei kanopuMeTpun Ha npudope DSC 204F1 Phoenix
(NETZSCH, I'epmanusi) co CKOpocTbio HarpeBanus 3°C/MHH.

Pesynbratel. [Tokasano, yro mexanusmsl IITK 1 OTK B cMeceBBIX MOAMMEPHBIX KOMIO3UIMSAX HOCAT KOMIUIEKCHBII XapakTep U He
CBSA3aHbI TOJIBKO C TEIUIOBBIM PACIIMPEHUEM U TIABJIEHUEM NToaumepa. Mi3MeHeHNe 3JeKTPUYeCKOTr0 COTPOTUBIIEHHUS CaXKEHAIOTHEHHBIX
HOJTUMEPHBIX KOMITO3UIMI TIPOMCXOIUT M3-3a HATNUHS Je(PEeKTHBIX KPHCTAJUTMYECKNUX ydacTKoB. Ha paHHHMX cTaausx Hayama riaBlie-
HHSI IOJIUMEPA TOKOITPOBOISIINE KaHAIIBI PAa3pyILIAIOTCs 32 CYET MOSIBICHHS PACIIHPSIIOIINXCS aMOP(HBIX «MUKPOKAIIETb» ero pacriiaBa.
Jln1s caskeHanOIHEHHOM AIIEKTPOIIPOBOIHON CMECeBO KOMITO3ULIMY MTOIMITUIICHA U MOJIUIIPONMICHA BEJIMYMHA U XapaKTep U3MEHEHUs
nuka [ITK 3aBucsT oT Temneparypbl Hadaja IIaBjieHus Haubosee HU3KOIIIaBKoi (a3bl moiaudTiieHa. [Ipu 9TOM reTeporeHHOCTh CMe-
cell KpUCTAJIIIM3YIOLUXCS OJMMEPOB C TEXHUUECKUM YITIEPOAOM MOBBIIIAET TEPMUYECKYIO YCTONYMBOCTh MaTepHaa 3a C4eT paciuupe-
Hust 30061 [ITK B 00nacTh rurasineHust 6ojiee BHICOKOIUIABKOW (ha3bl OMHITpOnuIeHa. J{JIs 371eKTpOpPOBOAHBIX KOMIO3HUIINH ABYX MOJH-
MEpOB C Pa3IMYHON TeMIepaTypoil IUIaBIeHHs U TEXHUYECKOTO yIlIepo/ia ITOKa3aHo, YTO HU3KOIUIABKUH MOIUMED 3a1aeT TeMIIEpaTypy
«camoperynupoBanus» 1 xapakrep [ITK, B To Bpems kak BBICOKOIJIABKHIA IMOJUMEP CMELIAET CKaYOK 3JIEKTPUUECKON MPOBOAUMOCTH
Marepuaia B 00J1acTh ITOBBIIIEHHBIX TEMIEPATYD.

BbIBoABI. YCTaHOBJICHO, UTO SHEPrUM aKTHUBALIMHA CMECEBBIX CAXKEHAIOJHEHHBIX KOMITIO3ULIMI MOJMITHUIICHA C MOJIMIPOIMICHOM Majo
3aBUCST OT CIIOCOOOB CMEIICHHUS U COCTABISIOT 44 + 3 kJI>x/Moub. [TonyueHHbIC BETHMYHHBI COBIAIAIOT CO 3HAYCHUSIMH SHEPTHU aKTHBA-
LMY TIPOIIECCa BA3KOTO TCUCHHUS paciljiaBa. YCTaHOBJICHO, YTO CIIOCO0 COBMEIICHHUSI KOMITOHCHTOB CMECEil CaKEeHAIOTHCHHBIX KOMITO3H-
LU HA OCHOBE KPUCTAIUTU3YIOLIUXCS MTOJTUMEPOB Majio BiuseT Ha dddekt [ITK. YeraHoBIeHO, YTO UCOJIB30BAHUE CAKCHATIOTHEHHBIX
MOJIMMEPHBIX KOMITO3HIIUI CO CMECEBON MATPHUIICH MOJMATHIICHA U TIOJIMIIPOITHIICHA MTO3BOJISICT PETyIUPOBaTh HHTCHCUBHOCTH d(dek-
ToB IITK u OTK.

Kniouesbie cnoBa MocTtynuna: 07.11.2024
9IIEKTPONPOBOHBIE MOJTMMEPHBIC KOMIIO3HIIMOHHBIC MaTECPHAIIBI, HOopa6oTaHa: 27.11.2025
HOJIOKUTEIIBHBIN U OTPHIATENBHBIN TeMIeparypHble KO3((HUIUEHTBI, TTOIU3TUIIEH, MpuHsTa B neyats: 12.02.2026

MOJUTPONUIIEH, TEXHUYECKUH yIepos, CTeneHb KPUCTaUIMYHOCTH,
YZENBHOE SIEKTPUUECKOE CONPOTHBIIEHHE
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INTRODUCTION

Although the effects of abnormally high positive and
negative temperature coefficients (PTC and NTC,
respectively) in polymer composites (PCs) have been
known since the mid-20th century [1-3], researchers
have yet to reach a consensus on the causes of these
phenomena. At the same time, there are many patents
for the application of carbon black-filled conductive
polymer composites (CPCs) exhibiting PTC and/or
NTC effects as various heating and thermostatic devices,
heating elements with thermoregulation, self-regulating
cables, etc. [4-16]. Such an abundance of patents and
scientific publications, which indicates the promising
industrial application of such materials, stimulates new
research in the field of CPCs in order to understand the
mechanism of PTC and NTC effects.

The selections of special grades of carbon black (CB)
typically used as an electrically conductive filler in
the production of CPCs is due to the peculiarity of the
CB structure, in which the conductivity reaches 2.4 S/cm [17].
The electrical conductivity of CB polymer composites is
achieved through the formation of conductive channels
within the matrix structure, through which electrical charges
flow [18-21]. The flow of electrons through interconnected
carbon particles and their aggregates can occur through the
mechanism of electronic conductivity [18, 22]. In polymer
composites filled with CB, electron tunneling through thin
dielectric layers (polymer matrix) at distances of ~5-10 nm
also becomes possible [18, 22, 23].

In the case of crystallizing polymers, whose
spherulites consist of dense crystallites and amorphous
regions between them, local agglomeration of carbon
particles is observed [24]. The observed concentration of
carbon particles between crystallites during the growth
of spherulites in polyethylene (PE) [24-27] permits the
achievement of higher electrical conductivity values as
compared to PCs based on amorphous polymers [28].

A significant increase in the electrical conductivity
of polymer composites is achieved at a certain CB
content, which is referred to as the percolation threshold,
while the corresponding content at which the transition
of CPCs from a dielectric to a semiconductor and

1

further to a conductor occurs is called the percolation
transition  [29]. However, additional electrical
conductivity with further increases in the CB content
of the CPCs is impeded due to the formation of a stable
electrically conductive cluster whose predominantly
contact conductivity occurs in the volume of the polymer
composite. The instability exhibited by the system of
current-conducting channels at lower CB contents prior
to the appearance of such clusters, which are stable and
resistant to external influences, responds to thermal and
deformation effects with a sharp increase in electrical
resistance, giving rise to the PTC phenomenon in the
studied polymer composites with CB.

The electrical characteristics of blended polymer
compositions depend on the distribution of electrically
conductive filler between polymer phases. In a study
of high-density polyethylene (HDPE) compositions
with polypropylene (PP) filled with CB with a primary
particle diameter of 27 nm, CB was found to concentrate
in the matrix of lower-melting PE [30]. The electrical
conductivity of the CPCs can be increased by concentrating
electrically conductive filler at the interface between the two
polymers [30, 31]. The example of PE/PP mixtures shows that,
despite the fact that carbon is concentrated in the PE phase,
the percolation threshold of the composition remains virtually
unchanged compared to filled PE [30, 32]. The distribution of
CB along the phase boundary forms electrically conductive
channels with a lower filler content [30, 31].

Analysis of scientific and technical information
indicates accelerated annual growth in the number of
publications and new developments in this field over the
last two decades. However, the proportion of publications
revealing the mechanism of the PTC phenomenon
in polymer mixtures is relatively small. This work is
devoted to the study of the peculiarities of the mechanism
of the PTC phenomenon in mixtures of crystallizing
polymers (PE and PP) prepared by various methods.

EXPERIMENTAL

The objects of the study were HDPE 277-73 Stavrolen
(GOST 16338-85") and PP 01050 Balen (CB 2211-074-
05766563-20152). CB grade OMCARB C-140 (UM-76)

GOST 16338-85. Interstate Standard. Low-pressure polyethylene. Specifications. Moscow: Standartinform; 2005 (in Russ.).

2 nhttps://polimermsk.ru/image/catalog/product/passport/ TU%202211-074-05766563-2015.pdf. Accessed January 21, 2026 (in Russ.).
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(Carbon, Russia, CB 38-10001-94) was used as an
electrically conductive filler. The preparation of the
composite mixtures was carried out under the same
conditions as in [33] using several methods to combine
CB with PE and PP. The total content of CB in all
composites was 20 wt % (11.7 vol %). The components
were combined in two stages: following the preparation
of two-component mixtures of PE/CB, PP/CB, or PE/PP,
either a third component (PE, PP, or CB) was introduced
or two mixtures were combined. Thus, various mixed
composites (PE/CB)/PP, (PP/CB)/PE, (PE/PP)/CB, and
(PP/CB)/(PE/CB) were obtained with PE and PP ratios
equalto 1 to 1.

Test specimens having a length of L = 120 = 2 mm,
width 5 =10 £+ 0.5 mm, and thickness 6 = 1.0 + 0.05 mm
were pressed with contact electrodes made of
L-80 brass mesh (GOST 6613-863) onto the ends at
180°C for 3 min and cooled in the press to 50°C. This
helped to stabilize the crystal structure of the samples
to prevent the appearance of the “calender” effect.

The electrical resistance of the samples was
measured using a DT9208A ohmmeter (RESANTA,
Latvia). Tests at elevated temperatures were carried out
ina SNOL 3.5 oven (ThermIKS, Russia) at a heating rate
of ~3°C/min. The temperature coefficient of electrical
resistance o (1/°C) was calculated using Eq. (1):

Ap

o= , 1
AT (1)

where p is the measured specific volume electrical
resistance (Ohm-cm); Ap is the change in specific
volume electrical resistance (Ohm-cm) with a change
in temperature AT (°C); p, is the specific volume
electrical resistance of samples (Ohm-cm) under
normal conditions: PE/CB = 32.5 Ohm-cm and
PP/CB =11.5 Ohm-cm.

The change in the degree of crystallinity of
polymers upon heating was studied using differential
scanning calorimetry on a DSC 204F1 Phoenix device
(NETZSCH, Germany) at a heating rate of 3°C/min.
The degree of crystallinity D (%) was calculated using

Eq. (2):

AH
D =100 AHm , )
cr
where AH_ is enthalpy of melting of the crystalline
phase of the sample, calculated taking into account the
CB mass fraction (kJ/mol); AH_ is the melting enthalpy
of the crystalline phase of the polymer (kJ/mol).
Values of D under normal conditions: PE/CB = 70.5%,
PP/CB = 48.5%.

3

RESULTS AND DISCUSSION

Figure 1 shows the dependencies of the specific
volume electrical resistances of the initial PE and
PP compositions with CB during heating. The nature
of the change in these dependencies corresponds to that
described in the introduction. The presence of peaks on
the curves ensures self-regulation of the heaters’ power
when the external temperature rises. The mechanism of
this phenomenon was described in detail by in an earlier
study [33]. The difference in the course of crystallization
processes leads to a shift of the peak of the PTC of PP
relative to the peak of PE to a higher temperature range,
as well as to an expansion of the temperature range of
the NTC of PP.

L
< s \ﬁz
a I

. i
Ou——mﬂﬂﬂﬁﬁ%}@

20 60 100 140 180 220
T,°C

Fig. 1. Change in the specific volume electrical resistances (p/p,)
for PE/CB (1) and PP/CB (2) compositions when heated [33]

The phenomenon of NTC (decrease in electrical
resistance) can result in a sharp increase in the power
of the heater and its subsequent failure or even a fire.
Currently, such phenomena are eliminated by radiation
or chemical cross-linking of the polymer [28].

For greater clarity of these features and understanding
of the mechanism of the PTC phenomenon, Fig. 2
shows graphs of the dependencies of the reduced
degree of crystallinity D/D,, (1) and reduced electrical
conductivity o/c, (2) of PE (a) and PP (b) compositions
with CB during heating. It should be noted that the
CPCs samples were heated at a constant heating rate of
~3°C/min. For this reason, the data are considered to be
kinetic, since the changes in time and temperature are
proportional. The change in these dependencies for PE
and PP compositions is similar, but here the electrical
conductivity indicators decrease with increasing
temperature. In PP CPCs, due to the higher melting point,
this dependence is shifted to the higher temperature
range. This indicates a connection between PTC and the

GOST 6613-86. Interstate Standard. Square meshed woven wire cloths. Specifications. Moscow: Standartinform; 2005 (in Russ.).
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Fig. 2. Comparison of the dependence of the reduced degree of crystallinity D/D,, (1) and reduced electrical conductivity /6 (2)

for (a) PE/CB and (b) PP/CB compositions when heated

process of decreasing crystallinity, which runs parallel
to the decrease in their electrical conductivity until the
onset of the NTC effect.

At the studied temperatures, the degree of
crystallinity is characterized by a period of slow decline,
followed by an accelerating decline until the polymer
becomes completely amorphous. Unlike the degree of
crystallinity, the electrical conductivity of CPCs begins
to decrease significantly at much lower temperatures.
This slow decrease in the electrical conductivity of
CPCs can be partially attributed to thermal expansion
during the heating of polymers, which is associated with
the intensification of molecular thermal motion. But
further in the experiment, as the temperature approaches
the melting point of the crystalline formations that
appeared in the final stages of polymer crystallization
at low temperatures, this decline significantly outpaces
the process of decreasing crystallinity. In contrast to the
degree of crystallinity, which decreases to zero (Fig. 2),
the PTC stage of the accelerated decrease in electrical
conductivity of CPCs transitions to the NTC stage,
in which electrical conductivity begins to gradually
increase.

The above results of the study of the effect of heating
on the properties of CPCs confirm the conclusions [28]
that the mechanisms of PTC and NTC are not only related
to thermal expansion and melting of CPCs. To clarify
the described features of changes in electrical resistance
in mixed CPCs, the activation energies of the described
processes in the PTC temperature zone were determined.
Figure 3 shows the dependence of the temperature
coefficients of electrical resistance o on temperature in
coordinates corresponding to the Arrhenius equation
(the PTC temperature range of mixed compositions is
highlighted with a dotted line).

The calculated activation energies of the studied
mixed compositions, which are only weakly dependent

on the methods of mixing the components, amount to
44 + 3 klJ/mol. These values differ from the activation
energies of their melting, but coincide with the values of
the activation energy of the viscous flow of melts (£, )
and the energy of destruction of conductive channels in
the PTC zone (E£,)) of the studied HDPE and PP [28]. For
this reason, we may speak of their common mechanism.

Thus, the rate of increase in electrical resistance in
polymer mixtures in the PTC temperature range depends
on the presence of defective crystalline regions in the
polymers. Due to the concentration of CB particles
in the least heat-resistant interspherulite regions of
crystallizing polymers and their mixtures, the destruction
of conductive channels occurs at the earliest stages of
polymer melting with the appearance of expanding
amorphous microdroplets of its melt.

The effects of heating on changes in the electrical
resistance of the CPCs under study are not limited to this
phenomenon. Figure 4 shows the generalized results of
electrical tests conducted on all of the above-described
mixture samples. From Fig. 4 onwards, the dotted lines

Ino

sk
. A

0.0020 0.0025 0.0030 0.0035 0.0040
T, K

Fig. 3. Dependence of In a on the reverse temperature
(1/T, K1) for CPCs: (PE/CB)/PP (m), (PP/CB)/PE (A ),
and (PE/PP/CB) (e)
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highlight the detail previously studied [33] dependencies
of two-component composites (PE/CB, PP/CB) used for
comparison. Solid lines are used for three-component
composites: (PE/CB)/PP, (PP/CB)/PE, (PE/PP)/CB,
(PP/CB)/(PE/CB).
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Fig. 4. Change in the specific volume electrical resistances (p/p;)
when CPCs are heated: PE/CB (1), PP/CB (2), (PE/CB)/PP (3),
PP/CB/(PE/CB) (4), (PE/PP)/CB (5), and (PP/CB)/PE (6)

The first thing that catches the eye is the coincidence
of all lines of mixed compositions in the PTC temperature
range with the dotted line PE/CB, as well as the
appearance of additional peaks of varying heights in the
NTC temperature range of mixed PP/CB compositions.
It should be noted that, unlike the PTC phenomenon
in polymer heating devices, the NTC phenomenon is
undesirable, since, at high operating temperatures of
CPC heating elements, a drop in resistance can cause
a sharp jump in power and destruction of the heater. As
mentioned above, polymer heaters made of CPCs are
currently subjected to radiation or chemical cross-linking
to eliminate the NTC effect [28]. This is a technologically
complex process that requires special equipment and
reagents. This feature of electrical resistance change in
mixed CPCs indicates the possibility of reducing the
NTC effect. However, in Fig. 4 in the NTC temperature
ranges, all lines diverge and intertwine, which makes
it difficult to analyze the effect of the composition of
mixed composites on the change in their specific volume
electrical resistances (p/p,,). Therefore, the dependencies
shown in the generalized Fig. 4 will be divided into three
groups to take into account the intensity of the influence
of the PP phase (the numbering of the lines is preserved
in all figures).

The least influence on the nature of the change in
specific volume electrical resistance is expected to be

4
Fine Chemical Technology; 2006 (in Russ.).

observed in the (PE/CB)/PP composite, in which CB is
initially mixed with PE before mixing the concentrated
PE/CB composition with PP. Due to the increased content
of CB in the PE phase, the height of the PTC peak
decreases.

Figure 5 shows the results of a study of the change in
electrical resistance during heating of CPCs (PE/CB)/PP.
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Fig. 5. Change in the specific volume electrical resistances (p/p;)
when CPCs are heated: PE/CB (7), PP/CB (2), and (PE/CB)/PP (3)

It should be noted that when melts with similar PE
and PP contents are mixed, heterophase systems in which
two continuous microfibrous phases are formed* [34].
The concentration of CB particles in the low-melting
phase (PE) of the mixture leads to an increase in the
stability of the system of conductive channels in its
fibers and a consequent decrease in the peak height of
the material’s PTC. The NTC temperature zone of this
mixture expands into the higher temperature region to
partially capture the NTC zone of the PP/CB mixture.
The appearance of PP traces in mixtures is commonly
explained by the migration of CB particles from the
PE phase into its phase [31, 32]. Although this factor
cannot be ruled out, a more likely explanation may
be the above-described beginning of the appearance
of expanding microregions of amorphous PP melt.
However, this increase (p increased approximately
2 times) is not sufficient for completely eliminating the
undesirable NTC phenomenon in this composition.

Figure 6 shows the results of a study of changes in the
electrical resistance of two CPCs with similar behavior
when heated: (PE/CB)/(PP/CB) and (PE/PP)/CB.

The increased CB content in PP in these compositions
results in the trace of PP in the temperature zone of its
PTC becoming more noticeable and distinct to increase
the resistance of the CPC data to overheating.

Markov A.V. Technology of oriented multicomponent polymer films. Dr. Sci. Thesis (Eng.). Moscow: Lomonosov Moscow State Academy of
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Fig. 6. Change in the specific volume electrical resistances (p/p,,)
when CPCs are heated: PE/CB (7), PP/CB (2), (PE/CB)/(PP/CB) (4),
and (PE/PP)/CB (5)

From the point of view of stable operation of CPCs
at elevated temperatures, the best composition is
(PP/CB)/PE (Fig. 7). The graph of the change in specific
volume electrical resistance (p/p,) during heating of the
CPCs actually consists of two adjacent PTC peaks: the
PE peak and the PP peak, which cover a wide temperature
range from 120 to 160°C. This makes the latter CPCs the
most resistant to overheating.
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Fig. 7. Change in the specific volume electrical resistances (p/p;)
when CPCs are heated: PE/CB (7), PP/CB (2), and (PP/CB)/PE (6)

Thus, the method of combining components of
crystallizing polymer mixtures with CB has little effect
on the position of the PTC peak. The magnitude and

nature of the change in the PTC peak of crystallizing
polymer mixtures with CB is determined by the melting
start temperature of the lowest melting phase (PE).
Meanwhile, the heterogeneity of mixtures of crystallizing
polymers with CB increases their thermal stability by
expanding the PTC zone into the melting region of the
higher-melting phase (PP).

CONCLUSIONS

The application of CPCs with a mixed polymer matrix
consisting of two polymers having different melting
points (e.g., PE and PP) permits adjustments to the
intensity of the PTC and NTC effects. In this case, it is
the low-melting polymer (PE) component of CPCs that
determines the nature of PTC and the self-regulating
temperature of the heater, while the higher-melting
polymer with higher PTC and NTC (PP) shifts the jump
in electrical conductivity of the mixed CPCs to the region
of elevated temperatures, thus disrupting the operation of
the heater. The results of the work made it possible to
establish a number of phenomena occurring in CB-filled
CPCs with PTC and NTC effects. For further research, it
is necessary to consider PCs with PTC and NTC effects
from the point of view of the filler, in particular, the
geometric parameters of the technical specifications of
special grades.
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Abstract

Objectives. The work sets out to model the ozone corrosion of vulcanizates as a percolation phase transition, similar in the scheme of
development of continual percolation on a plane, during which the growing regions of the new phase form a single “spanning” cluster.
In this case, the continuity of the sample is broken, being divided into two parts. In the presented model, the ozone corrosion process
is divided into two stages. At the first stage, ozone corrosion of the material occurs mainly along the perimeters of already ozonized
surface areas, which leads to their growth and subsequent merging. Upon contact of adjacent surface areas consisting of ozonolysis
products loaded with two-dimensional tension, corrosion cracks begin to appear on the surface. At the second stage of the corrosion
process, corrosion cracks that grow deeply into the material due to its stress state lead to the penetration of ozone into the internal regions
of the sample. The article presents the results of computer-simulation and real experiments carried out on ozone corrosion of technical
vulcanizates in a plane stressed state.

Methods. Computer simulation of the time dependence of the total contact length of the areas of ozone corrosion products and the initial
vulcanizate was carried out using a C++ program developed by the authors. Real experiments were carried out on a TOM-1000 setup.
Samples for research by the TOM (technical ozone resistance of materials') method comprise thin disks, which are clamped along the
contour and subjected to one-sided two-dimensional tension by compressed air pressure. From the side of the opposite plane, the sample
is exposed to the ozone flow. The installation makes it possible to create in the sample a relative deformation of up to 100% increase in
the surface area.

Results. Computer simulation allowed, in combination with direct measurements of the time dependence of ozone absorption, the
dynamics of the destruction of vulcanizates in an ozone environment to be investigated. A numerical parameter of the ozone resistance
of vulcanizates—the coefficient of ozone resistance—is proposed. This coefficient is almost linearly related to the time before the onset
of cracking, but it is more accurate because it does not require visual observation of the ozonolysis process.

Conclusions. The results of computer simulation are in good agreement with the results of real experiments.

Keywords Submitted: 15.06.2025
hardness, corrosion, ozonolysis, percolation phase transition, aggressiveness of vulcanizates Revised: 18.08.2025
Accepted: 16.02.2026

For citation

Mednikov S.V., Kravchenya P.D., Ponomarev A.S., Tuzhikov O.O. Study of the corrosive effect of ozone on vulcanizates. Tonk. Khim.
Tekhnol. = Fine Chem. Technol. 2026;21(2):237-246. https://doi.org/10.32362/2410-6593-2026-21-2-237-246

I TOM (technical ozone resistance of materials) is a method patented by the authors for testing vulcanizates for ozone resistance under flat stress

conditions.

© S.V. Mednikov, P.D. Kravchenya, A.S. Ponomarev, O.0. Tuzhikov, 2026 237


https://doi.org/10.32362/2410-6593-2026-21-2-237-246
https://elibrary.ru/GEVECB
mailto:mednikov17@yahoo.com
https://doi.org/10.32362/2410-6593-2026-21-2-237-246

Study of the corrosive effect of ozone Stanislav V. Mednikov,
on vulcanizates etal.

HAYYHAA CTATbA

UccnepoBaHne KOPPO3NOHHOIO BO3AENCTBUSA 030HA
Ha BYJIKAaHMU3aTbl

C.B. Meanukos™, I1.JI. KpaBuens, A.C. ITonomapes, O.0. Ty:xkukos

Boneoepaockuil cocyoapcmeennulil mexnuieckuil ynusepcumem, Boneoepao, 400005 Poccus

™ 4emop ons nepenucku, e-mail: mednikovl 7@yahoo.com

AHHOTaUuS

Iean. O30HHAS KOPPO3HS BYJIKAHW3aTOB MOAEIUPYETCSl KaK NMEPKOJSIIMOHHBIN (ha30BBI epexoy, aHAJOTHYHbINA 110 CXeMe Pa3BHTHS
KOHTHHYaJIBbHOH NMEPKOJLIINK Ha INIOCKOCTH, B IIPOIIecce KOTOPOil pa3pacTaromyecs: 001acTi HOBOH (a3bl 00pas3yloT eAMHbINH «IIepeKu-
JBIBatoIIuiics» kiactep. [Iporecc 030HHOM KOPPO3HHU MPEACTABISICTCS pa3eleHHbIM Ha aBe cragun. Ha nepBoii cTaguu nponecc 030-
HOTIOIJIOIIEHHMS IIPOMCXOANT Ha TPAHMIAX KOPPOIUPOBAHHBIX YIACTKOB C OKPYIXKAIOIIECH OBEPXHOCTHIO BYJIKAHHM3aTa, II03TOMY ITOIJIO-
meHre 00pa3oM 030Ha BHAYaJIe BO3PACTAET, 3aT€M YMEHBIIACTCS 10 Mepe CMBIKAHHs YYaCTKOB yBEJINUUBAIOIIEHCS KOPPOJUPOBAHHOM
MOBEPXHOCTH. [IpH CONPUKOCHOBEHNH COCEAHNX YYaCTKOB IIOBEPXHOCTH, COCTOSIIIMX U3 IIPOAYKTOB 030HOJIH3A, T10]] BO3/ICHCTBHEM JIBY-
MEpHOTO HANpPsDKEHHs Ha OBEPXHOCTU HAYMHAIOT MOSIBIISITHCSI KOPPO3UOHHBIE TPEIIUHEL. Ha BTOpoii cTaanyi KOppO3HOHHBIE TPEIIMHBI
MIPOHUKAIOT B INTyOb MaTepralia U3-3a ero HalpsKEHHOTO COCTOSIHUS, COIIPOBOKIAsICH TPOHUKHOBEHHEM 030HA BO BHYTPEHHHE 00JIaCTH
obpasia. Vi3ameHeHue B poriecce 030HOIM3a 00IIeH JUTMHBI JIMHAY KOHTaKTa o0J1acTell MPOyKTOB 030HOJIN3A C TOBEPXHOCTHIO, SIlie He
MIO/IBEPTHYTOH 030HHON KOPPO3MH, OTpaKkaeT 00IIee 030HONOIIOMIEHHE KOPpoaupyoIero oopasma. Llenpio naHHoH paboTHI sBISIeTCS
9KCIIEPHMEHTAIILHOE HCCIICIOBAHNE U KOMITBIOTEPHOE MOIEINPOBAHHE ITPOLECCOB 3apOXKICHNS TPEIIMH B 00pa3IaXx TEXHUUECKHUX BYJI-
KaHHM3aTOB, HAXO/SIIUXCS B ITNIOCKOM HAIPSDKEHHOM COCTOSIHUY, BCIEACTBHE BO3JCHCTBHUS 030HA.

Metoasl. KomMmbroTepHOE MOZICITHPOBAHIE BPEMEHHOH 3aBUCHMOCTH OOIIEH JUTMHBI KOHTAKTa 00IacTeH MPOIyKTOB 030HHON KOPPO3UH
1 NCXOIHOTO BYJKaHH3aTa OCYIIECTBIUIOCH C MOMOIIBIO pa3paboTaHHOM aBTOpaMy POrpaMMEbl Ha s3bike C++. PeanbHble skcriepuMeH-
THI TI0 PETUCTPAINN KHHETHUKH O30HOIIOTNIONIEHHS 030HA MIMHHBIMY BYJIKaHH3aTaMH MpoBoAmiInch Ha ycranoBke TOM-1000. O6pa3usr
JUTA BccenoBanmit 1o Metomy TOM? (TexHEYecKas 030HOCTOHKOCTh MATepHaoB) TIPEICTABIAIOT CO6Oi TOHKHE ICKH, 3alleMICHHBIE
10 KOHTYPY U ITOABEPraeMble OHOCTOPOHHEMY JBYMEPHOMY PACTSHKEHHUIO JIABICHHEM CXKaToro Bo3ayxa. Co CTOPOHBI IIPOTHBOIIOTIOXK-
HOH TIIOCKOCTH 00pas3el] oBepraeTcs BO3AHCTBUIO IIOTOKA 030HA. YCTAHOBKA JaeT BO3MOXKHOCTH CO3JaHus B 00pa3Iie OTHOCUTEIILHOM
nedopmannu 1o 100% yBenndeHns IO TTOBEPXHOCTH.

Pesyinbrarsl. KOMIbIOTEpHOE MOZICIMPOBAHHUE [TO3BOJIMIIO, B COYCTAHUH C IIPSIMBIMH M3MEPEHUSIMH BPEMEHHOMN 3aBUCHMOCTH 030HOIIO-
IJIOLICHUSI, HCCIIE0BATh IMHAMHKY IIpoLecca JeCTPYKIUH BYJIKaHU3aTOB B cpejie 030HA. [Ipe/yIoyKeH YHCIICHHBIN TapaMeTp 030HOCTOMH-
KOCTH BYJIKAHU3aTOB — KO((GHUIHEHT 030HOCTOHKOCTH, KOTOPBIH MPAKTHYESCKH JIMHEHHO CBSI3aH C BPEMEHEM JI0 Hadaa TPELHHO00pa-
30BaHUs, OJHAKO OoJiee TOUEH, T.K. HE TPeOyeT BH3yaJbHOTO HAOMIONCHHS 3 IPOL[ECCOM O30HOIHU3A.

BriBoabl. Pe3ynbraTel MalimHHOTO MOJEIHPOBAHUS HAXOATCSl B XOPOIIEM COIIACHU C PE3ylbTaTaMU PEabHBIX YKCHEPUMEHTOB IO
peTHCTpaluy KUHETUKH 030HOMOIIOMIEHHST 00pa3IloB IIMHHBIX BYJIKAHH3aTOB B MPOIECCE 030HONN3A, YTO CBUAETENLCTBYET B MOJb3Y
MIPaBOMEPHOCTH MOJIETH JIBYXCTaANHHON KOPPO3UH BYIKaHU3aTOB B CPE/ie 030HA.

KnioueBble cnoBa Moctynuna: 15.06.2025
JKECTKOCTh, KOPPO3HsI, 030HOIIH3, EPKOJISIIMOHHBIN (a30BbIii mepexor, Jopa6oTaHa: 18.08.2025
arpecCUBOCTOMKOCTh BY/IKAHM3ATOB NpuHsTa B Nevatb: 16.02.2026

Anga uMTupoBaHus

Menuukos C.B., Kpasuens I1.[1., [TonomapeB A.C., Tyxxukos O.0. HccnenoBanrne KOppO3HOHHOTO BO3ACHCTBHS 030HA HA BYJIKAaHU3ATHI.
Tonxue xumuueckue mexrnonozuu. 2026;21(2):237-246. https://doi.org/10.32362/2410-6593-2026-21-2-237-246

2

TOM (TexHnuYeCcKas 030HOCTOMKOCTh MaTEepHaJOB) — 3allaTCHTOBAHHBII aBTOpaMH METOJ] TECTHPOBAHHS BYJIKAHM3aTOB HA 030HOCTOMKOCTh
B YCJIOBHSX IUIOCKOTo HampsbkeHHOro coctostHus. [TOM (technical ozone resistance of materials) is a method patented by the authors for
testing vulcanizates for ozone resistance under flat stress conditions.]
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INTRODUCTION

The necessity for theoretical research on various aspects
of material corrosion in aggressive environments is due
to the diversity both of corrosive media and materials
operating in these environments. In this work, we focus
primarily on describing the behavior of mechanically
stressed technical vulcanizates (rubbers) in an ozone
environment, to which the established term “ozone
corrosion” (ozonolysis) applies.

Resistance to the aggressive impact of ozone, which
leads to stress cracking of rubber components, is one of
the most important operational characteristics of these
materials [1-3]. The universally accepted numerical
criterion for ozone resistance of vulcanizates, as
prescribed by the standards of many countries, is the
“time to the appearance of the first corrosion crack on
the surface of a vulcanizate sample under uniaxial load
in an ozone environment” [4-5]. This moment in time
is generally recorded visually. With the advancement
of experimental techniques, dynamic testing methods
which still rely on visual observation of the crack
initiation moment have appeared in the practice of ozone
resistance measurements [6]. However, the main focus
in improving the ozone resistance of vulcanizates is
currently directed toward developing new formulations
and modifying existing ones [7-9].

Recently, the processes of crack formation and
evolution in materials under ultimate loads have been
analyzed in terms of geometric phase transitions
(percolation) [10-14]. Without delving into possible
microscopic mechanisms of crack initiation in ozone-
aged vulcanizates, the present work considers ozone
damage to vulcanizates as a geometric phase transition.
The result of this transition is the nucleation of corrosion
cracks in the surface layer of a material under a plane
stress state.

The process of aggressive ozone action on the
surface of rubbers in a mechanically stressed state
begins in those areas where the surface structure is
distorted by defects, such as the presence of filler
particles, areas with uneven filler distribution in the
material, or irregularities in the formed vulcanization
network [15]. The surface density of such distorted
sites, which initiate the interaction process between
ozone and the vulcanizate, varies significantly
depending on the vulcanizate production technology
and its components [16]. Their initial areas are usually
considered to be comparable to the sizes of filler
components. Since ozone action occurs primarily
at the boundaries of these “defective” sites with the
surrounding surface, the areas of these sites increase
as the interaction process between the vulcanizate
and ozone develops. Accordingly, the increased

rate of ozone absorption is proportional to the total
perimeter of the areas of reacted sites on the ozonated
surface. However, ozone diffusion into the bulk of the
vulcanizate only affects the overall ozone absorption
to a minor extent.

Subsequently, the isolated reacted areas begin to
merge, leading to a decrease in their total perimeter and
consequent reduction in the ozone absorption rate.

When the entire sample surface has reacted, further
development of ozone corrosion occurs solely due
to the diffusion of ozone into the vulcanizate. This
initiates the formation and growth of cracks on the
surface undergoing ozonolysis. Under stressed material
conditions, this leads to crack opening and propagation,
along with a continuous increase in the reactive area
of the vulcanizate. Consequently, ozone absorption
continues to increase until a through-crack forms in the
sample.

Thus, the interaction of ozone with the vulcanizate
surface can be divided into two temporal stages: before
and after the moment of the first corrosion cracks
appearing on the surface.

The first stage—the process of growth and subsequent
merging of corroded areas on the vulcanizate surface—
is analogous in its development scheme to continuous
percolation on a plane. This is an abstract geometric
phase transition that concludes with the formation of a
“spanning” cluster, which divides the surface into two
parts [17, 18]. For example, when sequentially punching
holes of a certain predetermined diameter into a
conductive plate, whose positions are chosen randomly,
the electrical conductivity of the plate decreases along
a curve characteristic of second-order thermodynamic
phase transitions [17]. By continuing this procedure,
a chain of interconnected holes is eventually created
which cut the plate into two parts in some location. At
this point, current through the plate ceases due to its
electrical conductivity approaching zero. The region of
the plate at which it becomes divided into two parts is
called the “spanning” cluster.

Unlike a thermodynamic phase transition (e.g.,
ferromagnetic—paramagnetic), the onset of a percolation
phase transition depends on time, whereas in the former
case it depends on the temperature of the substance’s phase.

The difference in our model lies in the fact that it
does not involve the sequential addition of new phase
regions (holes), but the sequential increase in the size of
existing new phase regions (ozonolysis products). These
regions initially exist as an isolated system of structural
defects in the vulcanizate. With a merging of the growing
ozonolysis product regions, crack formation occurs on
the ozonated surface because the material is in a stressed
state, and the second stage begins—the propagation of
corrosion cracks into the sample bulk.
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EXPERIMENTAL

To confirm the percolation nature of the change in the
area of the vulcanizate surface having reacted with
ozone, we conducted machine modeling of the change
over time of the non-corroded surface area of a sample
as a function of the number of modeling steps (i.e.,
time).

Consider a square plate with a certain area S. Place
a square grid of equally spaced circles with initial
radii 7, on the plate. These circles model defects in the
original surface structure of the vulcanizate that initiate
ozonolysis along their perimeters. At each modeling
step, the perimeters of the circles increase by a certain
amount. Then, calculate the new circle radii, the total
area occupied by the circles, the area not yet reacted with
ozone, and the total length of all circle circumferences
in the grid (the total perimeter of the boundary with
the unreacted surface). Within this model, the ozone

Process of corrosion, step = 100

absorption rate is considered proportional to the total
length of this combined perimeter.

During the program’s operation, the areas of the
circles increase. Eventually, the circles begin to overlap,
and the total length of the perimeter where the ozone-
reacted surface contacts the still unreacted surface
decreases. The program continues until the total area
occupied by the reacted surface equals the total area of
the plate S.

Figures 1-4 show the simulation stages for four
time points, corresponding to step numbers: 100, 280,
320, and 400. In Figs. 1a—4a, the dark areas correspond
to the current sizes of the reacted areas on the
vulcanizate surface (hereinafter referred to as clusters).
Figures 1b—4b show the time dependencies of the total
length of cluster perimeters, while Figs. lc—4c show
the time dependencies of the total surface area not yet
reacted at that moment. All quantities on the axes are
given in arbitrary units.

0'05.......
o0 00000 °
0000000 ° 5
000000 ° = =
00416 0000000000000000000 §§ =
©000000000000000000O0 =g 3 < 0-0025'\
©00000000000000000000 28 g" 0.0020-
©000000000000000000O o & 5 5
00316 00000000600000000000 < 7 - 0.0015-
©000000C0Q0COCOOOOCOOQOQOOOOOO ] Q
0000000000000 00000QOO gg 1 § 00010-
Oozoooooc.oooooooooo.oo o S S 0.00054
° 0000000000000 QOO00O0OQO go é
©00000000000000000000 - 2 - 2 T
©00000000000000000O0O gv:: 100 200 300 400 100 200 300 400
001 0000000000000 00O0O0OO0CO = © Time,simulationstep Time,simulationstep
0000000000000 00000C0O0
0000000000000 00Q0Q00OQOECO
00 0000000000000 0Q000OO0OO0
gloceo0cco00c00000000000
0.01 0.02 0.03 0.04 0.05
(a) (©
Fig. 1. Simulation on a time interval of isolated clusters
Process of corrosion, step = 280
0.05
25
0.04 {RLELELLELEL AL LS gsﬁ =
R R RS S g 3 = 0.00254
%gg go.oozo-
0.03 X 23 2 Z 00015
X 53 3
+ =2 1 50.0010-
X =)
0.02 % %”5 T 0.00054
=5 = 5 . . -
:: gfo 100 200 300 400 z 100 200 300 400
0.01 XX = Time, simulation step Time, simulation step
S
IS
SN
0 A A
0.01 0.02 0.03 0.04 0.05
(a) (©)

Fig. 2. Moment of mutual contact of corroded clusters, corresponding to the maximum rate of ozone absorption
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Process of corrosion, step = 320
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Fig. 3. Simulation on a time section of the connected clusters of the reacted surface
Process of corrosion, step = 440
0.05
5
0.04 5 g < 0.0025 4
s& £ 0.0020/
i S 0.0015
0.03 3 2 0010
€5 g ]
S @ 0.00051
0.02 =2 : : - S e :
' g % 100 200 300 400 2 100 200 300 400
= Time, simulation step Time, simulation step
0.01
0
0.01 0.02  0.03 0.04 0.05
(a) (®) (©)

| Fig. 4. Completion of the simulation. The entire surface is corroded

As the clusters grow in size, their total perimeter
increases, and consequently, the ozone absorption rate
increases (Fig. 1). Up to the 280th modeling step, the
change in area over time resembles percolation behavior,
characteristic, for example, of experiments recording
current in a conductive strip as holes are punched with
randomly chosen coordinates [19, 20], or in a system
of parallel conductive buses as they are cut in random
order [21]. Within this model, the maximum ozone
absorption rate corresponds to the moment when the
total perimeter of all growing clusters reaches its
peak, observed when they contact each other at the
280th modeling step (Fig. 2). In continuum percolation
theory, this moment corresponds to the formation of a
“spanning” cluster [20]. In the conditions of our model,
the total perimeter of boundaries with the unreacted
surface subsequently decreases, corresponding to a
reduction in the ozone absorption rate (Fig. 3). The
simulation stops when the entire surface has been
corroded (Fig. 4).

The rate of ozone corrosion and consequent ozone
resistance of a vulcanizate can be most accurately
calculated by analyzing the kinetics of ozone absorption
by its surface. We investigated this process using
the Technical Ozone Resistance of Materials (TOM)
setup, developed at Volgograd State Technical
University (Russia) [22, 23], for testing the ozone
resistance of vulcanizates under conditions of a plane
stress state. Ozone exposure is applied to one surface of
a thin, flat disc-shaped sample, which is clamped along
its perimeter and deformed on the opposite side by
compressed air pressure. The TOM setup allows for the
recording of the amount of ozone absorbed by the sample
(i.e., reacted with the vulcanizate) during ozonolysis
by measuring the ozone concentration in the ozone-air
mixture to which the sample is exposed, at both the inlet
and outlet of the reaction chamber. Figure 5 shows typical
results of recording the time-dependent change in the
ozone absorption rate (mol/s) during testing of a series of
tire vulcanizate samples on the TOM setup. Comparing
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the graphs in Figs. 14 and Fig. 5, a good agreement
between the model and the results of the real ozonolysis
process of a vulcanizate is observed. The formation of the
first corrosion cracks, i.e., the increase in the reaction-
active surface area, for this vulcanizate composition
begins around the 24th second of the ozonolysis process
(Fig. 5). As seen from the graph, the ozone absorption
rate subsequently begins to increase again, indicating
the onset of the second stage of ozonolysis that involves
the propagation of corrosion cracks into the bulk of the
sample.
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Fig. 5. Typical time dependence of the ozone absorption rate
of tire vulcanizates

From a practical standpoint, it is of interest
to investigate the dynamics of the deterioration
(degradation) of the physicomechanical properties of
a material during the first stage of ozonolysis, which
concludes with the formation of corrosion cracks on its
surface.

RESULTS AND DISCUSSION

The main parameter recorded during testing
of wvulcanizates for ozone resistance using the
TOM method is the pressure of the air acting on the
sample in the pressurization chamber of the setup.
Ozonolysis leads to a decrease in the sample’s stiffness
and its subsequent deformation, which is recorded as a
pressure drop. A typical view of the time dependence
of pressure in the pressurization chamber during
sample ozonolysis is presented in Fig. 6 [24]. The
moment of crack initiation is registered by the TOM
method as the beginning of the linear segment on the
time dependence of pressure decrease in the setup’s
pressurization chamber.

A sample that has been clamped along its perimeter
and subjected to compressed air pressure from the
pressurization chamber side represents an elastic
element, which is generally nonlinear. The deformation
of this element can be characterized by the deflection w,
at its center (the apex of the dome). For small
deflection values, it can be considered a linear elastic
element—a spring with stiffness ~—and Hooke’s law can
be applied to it:

P-B=k-w, @)

where P is the current pressure of the compressed air
on the sample; B is the effective area of the sample,
depending on its diameter and the design features of the
TOM setup; w,, is the deflection of the apex of the sample
dome loaded by the compressed air pressure from the
pressurization chamber.
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Fig. 6. Time dependence of pressure in the injection

chamber. ¢, , is the moment of the onset of crack formation

in the sample

In the first stage of ozonolysis, ozone exposure affects
a thin surface layer of the material. According to current
understanding, the decrease in sample stiffness occurs
only due to the deterioration of the physicomechanical
properties of this layer. Let us model the sample as two
elastic elements connected in parallel, having
thicknesses /2, and /, and stiffnesses k, and k,. Stiffness k,
decreases as the area of the surface not yet reacted with
ozone diminishes, while stiffness k, decreases much
more slowly during ozonolysis. At the start of ozonolysis,
the material of the surface layer is identical to the rest of
the sample material. Therefore, the ratio of the initial
stiffnesses of the surface layer klo and the remaining
material kY equals the ratio of their thicknesses, i.c.,

K =hh—h-k1°, @
1

where £, is the thickness of the surface layer; 4 is the

thickness of the sample.

Since the total perimeter in our model is assumed
to increase linearly with time (until the clusters begin
to merge), the total ozonated surface area increases
quadratically with time. Therefore, the time-dependent
law for the decrease in stiffness of the surface layer can
be written as:

k(1) =kD —k'?,

where, k' characterizes the rate of decrease in the
stiffness of the sample’s surface layer during ozonolysis.
Its reciprocal, therefore, serves as an objective criterion
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for the ozone resistance of the sample material (during
the first stage of ozonolysis). The total stiffness of the
sample is:

koo (1) = k) =K't + key (2). 3)

Here, k,(¢) accounts for the slower process of ozone
diffusion through the surface layer into the depth of the
sample.

For small sample deflections (less than 0.4 of the
sample radius), a dependence of pressure P in the
pressurization chamber on the maximum deflection w,
(at the apex of the deformed sample’s dome) was
obtained in the form:

P()= 00 @)

Bw, (t)

which represents Boyle—Mariotte’s law (the ozonolysis
process of vulcanizates on the TOM setup is isothermal).
Here, P, and V, are the pressure and volume of
compressed air in the pressurization chamber at the
start of ozonolysis, while B is the effective sample area
introduced earlier.

Let us write Hooke’s law (1) in the form:

P() B = ki (1) (1) =
=[K0 k7 4 ky (1) ] i (0).

Expressing the deflection w, from (4) and substituting
it into (5), we obtain the time dependence of pressure
change in the pressurization chamber due to the decrease
in sample stiffness on the time interval from the start
of ozonation to the moment of the first corrosion crack
formation:

N o LR I
( )_ B2 = 32 .

)

(5a)

The best agreement of the obtained relationship
with experimental results on the TOM setup is observed
under the assumption of a linear law for the decrease in
stiffness k,(?), i.e.:

KO —k't2 + kY — k't RV,
P(t)=J[ 0 I ©

The negative root in (6) corresponds to negative
gauge pressure in the pressurization chamber. In the
TOM setup, this sample loading option is not used.

Neglecting the change in stiffness 4"’ during the first
stage of ozonolysis, we can rewrite Eq. (6) as:

[0 — k2 | R,

1 070

P(1)= X (6a)
Equation (6a) allows for the calculation of the constant &’

from experimental results obtained using the TOM setup,

which determines the moment of crack initiation, 7_ .
and the initial sample stiffness k. The initial stiffness is
calculated using Eq. (1), based on the condition that at
t =0, P = P,. The set of experimental results constitutes
a two-dimensional array “time ¢ — pressure P,” which,
according to Eq. (6a), expresses a quadratic dependence of
pressure on the sample versus time during the first stage of
ozonolysis. To obtain £’ values from this data, any suitable
computational environment, for example, MATHCAD,
can be used.

Further, the thickness of the surface layer damaged
during the first stage of ozonolysis can be calculated from
the experimental results. For the series of tire vulcanizate
samples used in this work, the thickness of the surface
layer damaged during the first stage of ozonolysis was
approximately 50 um.

Figure 7 shows the relationship between the ozone
resistance coefficient we propose and the standard ozone
resistance parameter—the time to crack initiation in the
ozonated vulcanizate.
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Fig. 7. Relationship between the ozone resistance coefficient
and the time before crack formation in tire vulcanizate samples

The graph is based on the results of statistical
processing of ozone corrosion experiments conducted
on a series of 17 tire vulcanizate samples. The ozone
concentration in the ozone-air mixture at the inlet of the
reaction chamber was 12 mg/L = 10% in all experiments.

As can be seen from the graph, the ozone resistance
coefficient correlates well with the previously mentioned
standard criterion for vulcanizate ozone resistance—the
time to the first corrosion crack formation in the sample.
However, it avoids the subjective aspect of the standard
method, which uses visual observation to record the time
of corrosion crack formation.

CONCLUSIONS

1. Crack formation arising on the surface of vulcanizates
in a mechanically stressed state during corrosive
exposure can be considered in terms of a percolation
phase transition, similar in nature to continuous
percolation.
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2. A model is proposed for the decrease in mechanical
stiffness during ozonation of a sample deformed by
one-sided pressure. The sample is considered as a
system of two elastic elements connected in parallel,
whose stiffnesses decrease during the first stage of
ozonolysis at significantly different rates. The model
is in good agreement with experimental results
obtained on the TOM setup.

3. The numerical indicator of vulcanizate resistance to
aggressive ozone exposure proposed in this work—the
ozoneresistance coefficient—is practically linearly related
to the currently accepted ozone resistance parameter, the
time to crack initiation. However, the numerical indicator
is more accurate as it does not require visual observation
of the ozonolysis process development.
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